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Mechanism of the Photochemical Reaction of 10-(9H-Xanthenylidene)-9(10H)-anthracenone®’
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A novel mechanism of the photochemical reaction of 10-(9 H-xanthenylidene)-9(10H)-anthracenone (XA) was
proposed on the basis of absorption spectrum changes observed upon photoirradiation, and the temperature effects upon
the quantum yields of the radical formation and cyclization reaction.

The cyclization reaction of XA has a negative apparent activation energy value (—8.5kcal/mol), while the radical
formation from XA has a positive activation energy value (7.9 keal/mol). The negative value of the apparent activation
energy of the cyclization reaction was explained as a rasult of the competing effect of radical scavenging by oxygen
associated with the conformation change which occurs with larger activation energy but smaller steric restriction

compared to the cyclization reaction.
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Introduction

Thermochromic as well as photochromic substances have
attracted significant interest from chemists in recent years.
Especially, thermochromic ethylenes have been determined
to posess the unique reversible conformational change due
to twisting around the central bridge. As reported in
previous papers,? the anion radicals of those compounds
are considerably twisted about the central bridge. Thus, the
reversible conformational changes of those compounds can
be explained in terms of a decrease in the double-bond
character of the central bridge caused by electronic ex-
citation. ‘

Some of those compounds are photosensitive. For
example, 10-(9H-xanthenylidene)-9(10H)-anthracenone
(XA) undergoes both the radical formation and the
cyclization reaction when it is irradiated by the light of its
main absorption band.?

The main purpose of this paper is to elucidate the
mechanism of the photochemical reaction of XA associated
with the conformational change and, particularly, to give
a reasonable explanation for the negative value of the
apparent activation energy observed in the photochemical
cyclization process.

Experimental

The synthesis and purification of XA were done according to the
literature models.* Sample solutions of XA were prepared by solving them
in spectrograde tetrahydrofuran and by adjusting the concentration to
5x%1075m.

Absorption spectrum ‘measurements were done using a Shimadzu
UV-360 spectrophotometer. In this case, the temperature of the sample
solutions in 1.00cm cells was controlled in a range from 0 to 80°C by
means of a Shimadzu SPR-5 variable temperature apparatus. The sample

10-(9H-xanthenylidene )-
9(10H)-anthracenone

Chart 1

oxapenenone

solutions of XA were irradiated by the light source (380 nm) of an Ushio
500 W xenon lamp attached with a Toshiba V-C1A glass filter and an
infrared cutting filter. In necessary cases the ultraviolet (UV) sample
solutions were degassed and sealed under a vacuum. To determine the
quantum yield of the photochemical reaction,® the exciting light intensity
was measured by means of a potassium ferrioxalate actinometer.

Electron spin resonance (ESR) measurements were carried out on a
JEOL JES-3BSX spectrometer. In this case the sample solutions in Smm
sample tubes were always degassed and sealed under a vacuum. The
degassed sample solutions were irradiated by the same light source
described-above.

Results and Discussion

From the absorption spectrum change shown in Fig. 1,
we find that as the photoirradiation to the degassed sample
solution is continued, a new peak at 348 nm (assigned to
the XA radical) remarkably appears along with another
peak at 482 nm (assigned to oxapenenone), and the original
peak at 384 nm (XA) decreases. As described in the previous
paper,” an ESR signal of the XA radical was also found
to be generated by photoirradiation to the degassed sample
solution. These findings indicate that in the degassed sample
solution which might contain a trace amount of oxygen,
the XA radical, as well as oxapenenone, is produced from
XA photochemically. When the seal of the sample tube was
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Fig. 1. The Absorption Spectra of the Irradiated Solution

The 4.5 x 10~ % m solution of XA in tetrahydrofuran was degassed under a vacuum
and irradiated at —10°C. Curve “a” refers to the initial absorption spectrum of XA.
Taking the course of a—b—s..., it shifts to curve *“e” during the irradiation in a few
minutes at room temperature. Peaks A, B and C are assigned to the XA radical, XA
and oxapenenone respectively.
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broken after photoirradiation, we observed an interesting
phenomenon: the XA radical peak at 348 nm disappeared
while the oxapenenone peak at 482nm increased. This
suggests that the cyclization reaction which produces
oxapenenone may proceed via the formation of the XA
radical. Moreover, by taking into consideration the ad-
ditional fact that oxapenenone is the dominant photo-
chemical product in the undegassed sample solution, we
can presume that the disappearance of the XA radical
followed by the generation of oxapenenone is highly
accelerated by the existence of oxygen solved in the solution,
even if the XA radical is formed during the primary
photochemical reaction processes.

The scheme of the overall photochemical reactions in an
aerated solution may thus be represented as follows:

XA* (pl) —i%XA" (tw) —-k’—> XA'(tw) —S‘H Oxp
2

T

XA (p) (—k1— XA (tw) XA (p)

where k,, k,, -+ - k; are the rate constants, XA* is the
excited state of XA, XA’ is the radical of XA, the symbols
(pD) and (tw) refer to planar and twisted conformations,
respectively, and Oxp is the abbreviation of oxapenenone.

According to the overall reaction scheme proposed above,
the reaction rate equations for XA* (pl), XA* (tw), XA’
(tw) and Oxp can be formulated as follows:

w::d—(kt +k)[XA*(pD)] m
ﬁ%ﬂ:k;[XA‘(pl)]——(k3+k6)[XA"(tW)] @
%}‘Wﬂﬂ,[mmwn—(k‘+k,)[xz\'(tw)][oz] ®
£i£?ﬂc‘[m'(tw)][oz] @

where o is the quantum yield for producing the XA*(pl),
and [ is the intensity of the irradiation light. By applying
the stationary state approximation to the reaction rates of
the transient species XA*(pl), XA*(tw) and XA'(tw), we
have:

XA*(pl)] =
[(XA*(ph] ik ®)
2

XA*(tw)] = XA*(pl

[XA*(tw)] Ft ks)[ (ph)] ©)
. ks

XA (tw)] =———[XA*(t 7

[XA(tw)] (k4+k5)[02][ (tw)] Q)

Substituting Eqs. 5—7 into Eq. 4, we have

d[oxp] _ alk ksks
dr (kg +k;)(ky+ke)ky+ks)

@®

In the degassed sample solution, the concentration of the
radical [XA'(tw)] was found to increase remarkably with
photoirradiation.® This may be because the radical-
scavenging action of oxygen has been largely suppressed.
In this case, we may then omit the second term of the
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Fig. 2. The Temperature Dependence of Quantum Yields of the Radical
Formation and the Cyclization Reaction

The closed circle refers to the photocyclization of XA and the open circle refers
to the radical formation. The scale on the vertical axis is for photocyclization. The
quantum yield is shown as relative values for the radical formation because the
radical concentration was not determined. (This figure is quoted from the previous
paper.?)

right-hand side of Eq. 3. This leads to the following
equations which may be valid at the initial reaction stage.

@%ﬂ%[m*awn )
d[XA"(tw)] _ alkaky (10)
dt (ky+ky)ky+ke)

The reaction rates of XA'(tw) and Oxp can be expressed
as follows by using the quantum yields ¢ and ¢’, both of
which could actually be measured as shown by Fig. 2.

XA (W] _

1
% ol (11)

d[Oxp]
dt

=¢'1 (12)
The relationships between the quantum yields and the

rate constants can be expressed as follows by comparing

Eq. 10 with Eq. 11, and Eq. 8 with Eq. 12, respectively.

_ ak,k,
(ky +k3) ke + ko)
ak,kaky ks

= =
ey +ho) ks +ke)ko+ks)  kotks

] 13)

4 149

By taking the logarithm of Egs. 13 and 14, we have:

kaks

ln¢=ha+ln—mMF————
(ky +k;) (ks +ke)

15

kq
In¢'=Ind+In

16)
ky+ks (

Equation 15 can be rewritten as follows:

ky

+In
2 k,+k

kZ
In¢=In +hna

k,+k

an
6

In the first term of the right-hand side, k; and k, are the
rate constants for the quenching and twisting reactions of
the planar excited species, respectively. It is generally known
that the quenching reaction of the excited species proceeds
rapidly by the Franck—Condon process free from nuclear
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displacements. On the other hand, the conformational
change of the excited species is to be rate-determined by
the potential barrier along the intramolecular reaction
coordinate. This physically allows us to assume &k, >k,.

The second term of the right-hand side of Eq. 17 is related
to the quenching and radical formation of the twisted excited
species. The mechanisms of the radical formation have
already been discussed in our previous work in terms of the
preference of the twisted conformation in the excited spe-
cies.? Since these processes are not directly accompanied
by temperature-dependent conformational changes, Eq. 15
is thus simplified as follows by introducing the temperature-
independent constants ¢ and d.

k
In ¢=lnk—2+c+d (18)

1

From this equation we can evaluate the activation energy
(E,) of the radical formation reaction according to the
Arrhenius method.

14
134

12

—In ¢

11

10

9
2.5 3.0 3.5 4.0

T-! (10°K™)

Fig. 3. The Arrhenius Plot for the Quantum Yield of the Photochemical
Reaction of XA and the Temperature

The open circle refers to the photocyclization, and the closed circle refers to the
radical formation.
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Fig. 4. A Conceptional Energy Diagram of the Photochemical Reaction
of XA

XA* indicate the excited species and XA’ indicates the radical.
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k,

In_?=—E/RT+Ind (19)
1

in¢=—E/RT+In A+c+d (20)

Moreover, by taking into account the predominant
radical-scavenging effect of oxygen as widely accepted, we
may use an approximate relation of ks>»k,, and thus we
have from Egs. 16 and 20:

k4
In—=2=—E//RT+In &'
k5

Ing'=—(E,+E)RT+In A'+In A+c+d

@n

(22)

where (E,+ E,") corresponds to the apparent activation
energy for the cyclization reaction.

From the Arrhenius plots for Eqs. 20 and 22, we can
estimate the activation energies of E, and E,+ E,. The
Arrhenius plots as stated above are shown in Fig. 3, from
which we can find E,=7.9kcal/mol and E,+E,'=—8.5
kcal/mol. The activation energy of the radical formation
estimated here is only about half of the activation energy
of the twisting reaction of bianthrone (BA).® This suggests
that the excited species associated with the anti-bonding
orbital character plays an important role in twisting of the
molecule.

E, must be negative since the apparent activation energy
(E,+ E,") is negative and E, itself is positive. E,’ corresponds
to the difference in the activation energies of the radical
scavenging and the radical cyclization reactions, both of
which are to be affected by oxygen solved in the sample
solution. Hence, the negative value of E,’ suggests that the
radical scavenging effect of oxygen under consideration may
be accompanied by the conformational change (possibly
from twisted to planar states) which occurs with a larger
activation energy compared to the intramolecular cycliza-
tion reaction. According to this argument, the larger rate
of the radical scavenging relative to the cyclization reaction
may be explained as a result of the radical scavenging
proceeding with a smaller steric restriction compared to the
hydrogen abstraction by oxygen which would be required
for the cyclization reaction. It is thus highly possible that
the relative reaction rates of the radical scavenging and
cyclization reaction are dominated by the compensation
effect of the steric factor (entropy term) and the activation
energy (enthalpy term) which has been recognized in various
chemical reactions.

A conceptional energy diagram is shown in Fig. 4 in order
to give a brief depiction of the overall reaction scheme
proposed in this work.
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High Correlation between Hydrophobic Free Energy and Molecular Surface Area Characterized by

Electrostatic Potential
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For 41 hydrocarbons including paraffins, olefins, acetylenes and aromatics, the solvent accessible surface areas
partitioned according to the electrostatic molecular potential levels have been computed and correlated with the
hydrophobic free energies derived from their aqueous solubilities. The results indicate that the free energy is a linear
function of the areas of two parts of the solvent accessible surface, one of which has an electrostatic potential above
—1kcal/mol and the other has a potential of —1kcal/mol or below. The coefficients of the two parameters are about
25 cal/mol/AZ and 5cal/mol/A2 at 25°C, respectively, and the multiple correlation coefficient is 0.987.

Keywords

Introduction

Hydrophobic free energy, or hydrophobic Gibbs energy
change 4G° has been defined in terms of the unitary free
energy of transfer of a hydrocarbon molecule from a pure
hydrocarbon liquid phase to an aqueous phase by Tanford
and others.! ¥ It can be determined from the solubility
(X, in mole fraction units) of the hydrocarbon in water. If
unc® and uy° are the hydrocarbon’s standard chemical
potentials in mole fraction units in hydrocarbon and
water, respectively, the hydrophobic free energy is given as

AG°=pw’ — e’ = —RTIn X, O]

It is well established that AG° defined by Eq. 1 is a
linear function of the solvent accessible surface area,
alias solvent cavity surface area® (i.e. area measured at
the distance of closest approach of water molecules)
of the saturated aliphatic or the aromatic hydrocarbon
molecule.'>%9 The slopes of their lines, however, are
different as reported by Tanford et al. (AG° per unit area
amounts to about 25cal/mol/A? for paraffins and about
20 cal/mol/A2 for aromatics).»'? So, every given family of
hydrocarbon needs its own equation to represent hydro-
phobic free energy by the above method. The analysis
presented in this paper gives a new method for represent-
ing the 4G° of miscellaneous hydrocarbons (paraffins,
olefins, acetylenes and aromatics) by one equation. The
hydrophobic free energy arises from contacts between
hydrocarbon and water at the solute-solvent interface
and thus, the number of water molecules that can be
packed around the hydrocarbon molecule is an important
quantity in hydrocarbon solubility. Hermann’s idea was
that the number of water molecules is related to the
solvent accessible surface area (solvent cavity surface area)
of the hydrocarbon molecule.” He treated the surface of a
molecule as uniform. The solvent accessible surface of a
molecule, however, is not uniform from the electrostatic
point of view, as shown in Fig. 1,” especially, if the mole-
cule has some unsaturated bonds. In Fig. 1, cyclohexane,
1,3-butadiene, heptadiyne and toluene are representative
of paraffins, olefins, acetylenes and aromatics, respectively,
of which the electrostatic potential levels are symbolized
as depicted in the figure. It is understandable that the
solvent accessible surface of a molecule can be divided
into some electrostatic potential regions. Our method is to
treat the accessible surface as electrostatically irregular
(not uniform) and to correlate the hydrophobic free

hydrophobic free energy; electrostatic potential; molecular surface area; hydrocarbon; QSAR

energy (4G°) of a hydrocarbon molecule with the solvent
accessible surface areas divided according to the electro-
static potential values calculated on the surface of the
molecule.

Calculation of Electrostatic Potential (EP) and Divided
Solvent Accessible Surface Area According to EP Value
As the simple classical formula reproduces the quantum
mechanically calculated EP quite well at van der Waals
distances and beyond,®~'! we used the former formula to
calculate the molecular potential on the solvent accessible
surface. We used the value of a vacuum (1.0) as the
dielectric constant to calculate the electrostatic potential.
The classical representation of EP at a point x, V(x), for a
system of charges ¢; at points r; in a vacuum is given by

V(x)=24i/|’i—x| )]

We used Mulliken net atomic charges obtained by a
semiempirical molecular orbital method, MNDO'? to
represent g;. The three-dimensional coordinates of the
hydrocarbon molecules used here were obtained by the
geometrical optimization method of MNDO using ex-
tended forms as the confomations. As most of the mole-
cules used were small, the surface area can be thought to
be little affected by the conformational change of the
molecule. All calculations were carried out using the
computer (HITAC M-680H) at the Computer Center of
the University of Tokyo. The solvent accessible surface
(SAS) of a molecule is defined as a curved surface
traced out by the center of the sphere of rational radius
representing a solvent molecule, as it slides over the van
der Waals surface of the solute molecule.*> We used
1.7A and 1.0A as the van der Waals radii of a carbon
and a hydrogen atom, respectively, and 1.5 A as the radius
of a solvent (water) molecule as Hermann had done.

The SAS area divided according to EP values was
calculated by a Monte Carlo method. To be more concrete,
a number of points are uniformly generated on the SAS
using three uniform random numbers'® with a density of
the points, 250dots/A (0.004 A2/dot). At each of those
points, the EP value was calculated by Eq. 2 and the
points on the SAS are classified into fourteen categories
according to their EP values. That is to say, the 14
categories were separated by 13 boundaries of electrostatic
potentials from — 6 kcal/mol to +6kcal/mol at an interval
of lkcal/mol. The divided solvent accessible surface
(DSAS) areas can be estimated by multiplying the number

© 1991 Pharmaceutical Society of Japan
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Fig. 1. Electrostatic Potential Images on the Solvent Accessible Surface of Hydrocarbons (a) Cyclohexane, (b) 1,3-Butadiene, (c) Heptadiyne, (d)

Toluene

The meanings of the symbols are as follows, », +3<EP; +, + 1 <EP<+3; -, —1<EP<+1; —, ~3<EP<—1; A, —5<EP<-3; (], EP< —5. The EP means

the electrostatic potential (kcal/mol).

TasLE I. Divided Solvent Accessible Surface (DSAS) Areas According Results

to the Electrostatic Potential Values

Notation of DSAS area (A2) Electrostatic potential (kcal/mol)

Sud+6<EP) +6<EP
Sud+S<EP< +6) +5<EP< +6
Su(+4<EP< +5) +4<EP< +5
Suc(+3<EP< +4) +3<EP< +4
Sud(+2<EP< +3) +2<EP< +3
Sud+1<EP< +2) +1<EP<+2
Suc( 0SEP<+1) 0<EP< +1
Suc(—1<EP<0) —1<EP<0

Suc(—2<EP< ~1) —2<EP<—1
Sud~3<EP<—2) —3<EP< -2
Su(~4<EP< —3) ~4<EP< -3
Sud—~S<EP<—4) —5<EP<—4
Suc(—6<EP< -5) —6<EP< -5
Sucd(EP< —6) EP<—6

Suc(—1<EP)=Su(—1 <EP<0)+ Sy (0<EP< +1)
+8uc(+1 SEP< +2)+ Su(+2<EP< +3)
+Suc(+3<EP< +4)+ Sy +4<EP< +5)
+ Sy +5<EP< +6)+ Sy +6<EP)

Syc(EP< —1) =Sy —2<EP< — 1)+ Sy —3<EP< —2)
+Suc(—4<EP< —3)+Sy(—5<EP< —4)
+ Sy —6<EP< —5)+ Syc(EP< —6)

of the points belonging to each category by 0.004. The 14
areas are shown in Table 1.

The experimental data used for the analysis were the
solubilities of hydrocarbons in water measured by
McAuliffe.!® Those solubility data were used to calculate
4G° at 25°C using Eq. 1 for a variety of hydrocarbon
compounds having carbon numbers of four or above.
Table II gives a list of the 41 compounds with their SAS
areas (Syc(total)) and two DSAS areas (Syc(—1<EP),
Scu(EP< —1)) and 4G° values calculated by the above
method. The electrostatic potentials on the SAS of
these molecules were in the range of —7kcal/mol to
+ Skcal/mol. 90% of the surface areas of the molecules
used here belonged to the range of —5—+ 1kcal/mol
potential, 3% of the areas to the —7——S5kcal/mol
potential range and 2% to the +1—+ 5kcal/mol range.
The values of 4G° for these compounds are plotted against
Suc(total) in Fig. 2. Figure 2 shows that AG° values of
every family of hydrocarbon (paraffins, olefins, acetylenes
and aromatics) may follow a straight line with a similar
slope but the intercepts of these lines are respectively
different. It can also be seen from Fig. 2 that the diynes
(1,6-heptadiyne and 1,8-nonadiyne) follow a different line
from the other acetylenes (monoynes). In order to re-
present AG° of the above hydrocarbons by one equation,
we examined a correlation between AG° and various
combinations of the DSAS areas stated above and we
have found that AG° is a linear function of a SAS area
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TasLe II. Hydrophobic Free Energies and Electrostatic Potential Sur-
face Areas for 41 Hydrocarbons

Shc S S,

oa C HC
Hydrocarbon 4G otal) (—1<EPP (EP<—1)
Paraffins
Isobutane 5.85 243.5 243.5 0.0
n-Butane 5.97 248.4 248.4 0.0
Cyclopentane 6.00 249.5 249.5 0.0
Isopentane 6.72 270.6 270.6 0.0
Cyclohexane 6.72 272.1 272.1 0.0
n-Pentane 6.84 278.8 278.8 0.0
Methylcyclopentane 6.88 277.0 277.0 0.0
2,2-Dimethylbutane 7.39 288.3 288.3 0.0
2-Methylpentane 7.56 302.2 302.1 0.0
Methylcyclohexane 7.63 299.6 299.6 0.0
n-Hexane 7.78 309.8 309.8 0.0
n-Heptane 8.57 344.1 344.2 0.0
2,2,4-Trimethylpentane  8.75 339.9 339.9 0.0
n-Octane 9.53 337.7 337.7 0.0
Olefins
1,3-Butadiene 4.34 229.5 181.5 48.0
1-Butene 5.05 240.2 216.8 234
1,4-Cyclohexadiene 5.19 258.4 202.1 56.3
1,4-Pentadiene 5.23 263.1 214.2 489
Cyclopentene 5.25 2429 211.5 314
2-Pentene 5.84 275.0 245.3 29.7
Cyclohexene 591 265.8 235.6 30.2
1-Pentene 6.03 270.7 246.7 24.0
1-Hexene 6.78 302.9 279.7 23.2
1-Methylcyclohexene 6.84 295.2 261.0 34.2
4-Vinylcyclohexene 6.93 316.3 281.4 349
Acetylenes
1-Butyne 4.12 2320 149.1 82.9
1-Pentyne 4.61 263.3 179.3 84.0
1,6-Heptadiyne 4.76 311.1 164.6 146.5
1-Hexyne 5.60 294.8 211.6 83.2
1,8-Nonadiyne 6.45 376.6 219.3 157.3
1-Heptyne 6.49 327.8 243.0 84.8
1-Octyne 7.38 361.6 278.2 83.4
Aromatics
Benzene 4.62 247.0 181.1 65.9
Toluene 5.45 271.6 207.6 70.0
p-Xylene 6.10 307.1 2322 74.9
m-Xylene 6.11 307.9 233.1 74.8
o0-Xylene 6.18 301.2 227.4 73.8
Ethylbenzene 6.26 307.6 237.5 70.1
Propylbenzene 6.88 339.6 268.0 71.0
1,2,4-Trimethylbenzene  6.91 330.5 252.0 78.5
Isopropylbenzene 6.99 326.4 253.9 72.5

a) Hydrophobic free energy (kcal/mol) calculated by Eq. 1 from McAuliffe’s
solubility data, except for the values of m-xylene and p-xylene which are taken from
ref. 2. b) Surface area (A?) referred to Table I.

having EP above —1kcal/mol, Syc(—1<EP) (see Table
I) as shown in Fig. 3. The following best-fit equation is
found using linear regression analysis through an origin.

AG°=0.025Scy(—1 < EP) 3)
N=41, r=0967, s=0.302

where the unit of 4G° is kcal/mol and that of Syc(—1< EP)
is A2, As the maximum potential value of the molecules
used here is less than + 5kcal/mol, Syc(—1<EP) equals
to Suc(—1<EP< +5). Furthermore, since DSAS areas
between +1 and + 5 kcal/mol were only 2% of the total
SAS areas, Syc(—1<EP)x Sy(—1<EP< +1).

The contribution of the rest DSAS area, Syc(EP<—1)
(see Table I) to AG° is evaluated using multivariate

regression analysis through an origin and an equation

Vol. 39, No. 12

4G° (experimental) (kcal/mol)
o

0 100 200 300 400
Snc (total) (A?)
Fig. 2. Unitary Free Energies of Transfer of Hydrocarbons from the

Pure Liquid to Aqueous Solution at 25°C from the Data Given in Table
II against Solvent Accessible Surface Area

—[1]—, paraffins; ——A—-, olefins; ——»——, acetylenes; —-(O—-, aromatics.

107

AG® {experimental) (kcal/mol)
o
»

0 100 200  _300 400
Suc (—1<EP) (A?)

Fig. 3. The Same Data as in Fig. 2, Plotted as a Function of Solvent
Accessible Surface Area with EP> — | kcal/mol

[, paraffins; A, olefins; », acetylenes; O, aromatics.

giving a better correlation than Eq. 3 is obtained as
follows,

AG° =0.0255,c(— 1 < EP)+0.005S4(EP< —1) @
N=41, r=0.986, s=0.203

In Fig. 1, the surface area represented by the symbols
(+, +, *), corresponds to Syc(— 1 < EP) and that of moiety
represented by (-, A, [0) corresponds to Syc(EP< —1).
As the minimum potential value of the molecules used
here is greater than —7kcal/mol, Syc(EP< —1) equals
to Syc(—7<EP< —1). Furthermore, since DSAS areas
between —7 and — Skcal/mol were only 3% of the total
SAS areas, Syc(EP< — D)~ Syd—5<EP< —1).

The values of AG° calculated by Eq. 4 are plotted
against those estimated from McAuliffe’s solubility data
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Fig. 4. Calculated (by Eq. 4) versus Observed Hydrophobic Free Energies
from the Data Given in Table II

[0, paraffins; A, olefins; », acetylenes; O, aromatics.
in Fig. 4.

Discussion .

Tanford et al. concluded that the hydrophobic free
energy per unit area of the SAS amounts to about
25 cal/mol/A2 at 25°C for saturated aliphatic hydrocarbons
and to 20 cal/mol/A? for aromatic hydrocarbons.” As can
be seen from Fig. 1 and Table I, the electrostatic potential
values on the SAS are absolutely small (limited to the
range of — 1< EP < +1kcal/mol) for paraffins to result in
Suc(EP< —1) being zero, while the other families (olefins,
acetylenes and aromatics) have regions with bigger and
smaller electrostatic potential values. The surface areas
belonged to the range of —5—+1kcal/mol potential,
—7——>5kcal/mol and + 1—+ 5kcal/mol were 90, 3 and
2% of the total surface areas, respectively. Thus, the Eq. 4
can be regarded approximately the same as follows.

4G°~0.0255yc(— 1 < EP <1)+0.005Syc(— S< EP< —1)
+0.000Syc(—T< EP< —5)+0.000Sy(+ | SEP< +5)  (5)

We conclude from Eqgs. 3, 4 and 5 that the hydrophobic
repulsive free energy between water and various hydro-
carbons per unit area on the SAS having the electrostatic
potential above — 1kcal/mol is 25cal/mol/A2 at 25°C, is
the same as Tanford’s conclusion for paraffins. In addition,
it is concluded that the hydrophobic free energy per unit
area on the SAS with the electrostatic potential of —1 or
below amounts to 5cal/mol//3;2, which means the surface
of EP< —1kcal/mol is less hydrophobic by a factor of
about 5 than that of EP> —1kcal/mol. It can be seen
from Table II that Sy(—1<EP) and Sy(EP< —1) are in
the ratio of about three to one for aromatics. The average
free energy per unit area of the two moiety of the SAS for
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aromatics, thus, is calculated to be 20cal/mol/A? (i.e.
(3x25+5)/4=20), which is consistent with Tanford’s
apparent value for aromatics. It is also understandable
from the larger area of EP< —1kcal/mol that the diynes
are different from the other acetylenes. Consequently, our
method of AG° estimation by the DSAS areas is thought
to be a more general method applying to miscellaneous
hydrocarbons. The idea that the hydrophobic free energy
is proportional to the solvent accessible surface (Syc(total))
of a solute molecule is correspondent to that the con-
tribution of the enthalpy term to the hydrophobic free
energy is regarded as almost zero for hydrocarbons. That
is true of paraffins, but with regard to unsaturated hydro-
carbons the solvent accessible surfaces are electrostatically
not uniform as shown in Fig. 1, and hence the contribution
of the enthalpy term to 4G° might not be negligible. It
might be thought that the contribution of the enthalpy
term is taken into account by the use of the DSAS areas.
It is also interesting from the standpoint of understanding
hydration of a solute molecule that the hydrophobic free
energy is little affected by the plus potential region on the
SAS (25cal/mol/A for the SAS of EP> — 1 kcal/mol) but
is affected by the minus potential region (5 cal/mol/A? for
the SAS of EP< —1kcal/mol), which suggests that the
hydrogen atoms of water work more predominantly on
the interaction of water molecules with a solute than the
oxygen atom. The DSAS area parameter is expected to be
applied to a variety of molecules including heteroatoms
as well as hydrocarbons and to be a new measure of
hydrophobicity of compounds.
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An INDO/S (Intermediate Neglect of Differential Overlap/Spectrum) Study of Photochemical
Reactivity of 2,4,6,8(1H,3H,7H,9H)-Pyrimido[5,4-g]pteridinetetrone 5-Oxide
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The specific photochemical reactivity of 2,4,6,8(1H,3H,7H,9H)-pyrimido[5,4-g]pteridinetetrone S-oxide (1), an
effective photochemical oxygen-atom transfer agent, was discussed based on the results of molecular orbital (INDO/S-CI
(intermediate neglect of differential overlap/spectrum-configuration interaction)) calculations of the excited states, in
comparison with several simple aromatic N-oxides, pyridine 1-oxide (2), pyrazine 1-oxide (3), acridine 10-oxide (4),
and phenazine 5-oxide (5). The lowest n-n* excited singlet (ST~ ™) state of 1 was most characterized by the high
proportion of the y,,—y}, transition for the CI (configuration interaction) state and by the marked decrease of the
N-O bond order, distinct from those of 2—S5. The low reactivity in photorearrangement of 1 was interpreted to result
from the decrease of the N—O bond order in the ST ™" state. Also, the high photochemical oxygen-atom transfer
reactivity of 1 was well correlated to the special features of the lowest unoccupied molecular orbital in the ground

state.

Keywords 2,4,6,8(1H,3H,7H,9H)-pyrimido[ 5,4-g]pteridinetetrone 5-oxide; aromatic N-oxide; molecular orbital; INDO/S-

CI; photo-oxidation; photorearrangement

In the photochemistry of N-oxides the photorearrange-
ment and photodeoxygenation have been extensively
studied experimentally and theoretically.? It has been well
established that the photorearrangements of aromatic
N-oxides are responsible for the lowest n—n* excited singlet
(ST~ ™) states and that the photochemical intermediates are
oxaziridines.?’ The formation of oxaziridines in the excited
state and the regioselectivity have also been well explained
based on the molecular orbital consideration by HMO and
PPP-CI methods.® Much experimental data, on the other
hand, has suggested that the triplet state is responsible for
the photodeoxygenation of aromatic N-oxides. The
efficiencies in photodeoxygenation for most N-oxides were
generally low because of the occurrence of photorearrange-
ment as the side reaction. Maki and his colleagues recently
reported, however, that 2,4,6,8(1H,3H,7H,9H)-pyrimido-
[5,4-g]pteridinetetrone S5-oxide (1), unlike most N-oxide
derivatives, acts as an efficient oxygen-atom transfer agent
to various substrates without any appreciable side reac-
tion.>

The photoreaction of 1 is quite different from those of
most N-oxides in the nature of the excited state responsible
for the photodeoxygenation and in the reactivity for the
photorearrangement. It has been clarified that the
photodeoxygenations of 1 proceed through a single electron
transfer (SET) in the ST~ ™" state or in the ST™™ state of
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the charge transfer (CT) complex with a substrate.® It has
also been shown that the photoreactions of 1 gave no
product other than those by oxygen-atom transfer to
substrates and that 1 is quite stable on the ultraviolet (UV)
irradiation in the absence of substrates.”

Thus, with a view to gaining insight into the nature of
the electronic structure of 1 in the excited state, we have
carried out molecular orbital calculations of the excited
states for 1 and several structurally related aromatic
N-oxides, such as pyridine 1-oxide (2), pyrazine 1-oxide (3),
acridine 10-oxide (4), and phenazine 5-oxide (5), using the
INDO/S-CI (intermediate neglect of differential overlap/
spectrum-configuration interaction) method.

Calculations

The geometries of the N-oxides (1—S§) were estimated by
the full geometry optimization in the MNDO method.®
Standard bond lengths and bond angles” were used as the
starting geometric parameters for the calculations. The
equilibrium structures thus calculated for all the N-oxides
(1—5) were of nearly planar C,, symmetry and were
employed for the calculations of the excited states.

The CNDO/S-CI method with standard parametriza-
tion® and use of the Mataga—Nishimoto formula® for

two-center two-electron repulsion integrals did not re-

produce the observed UV spectrum of 1%; the INDO/S-CI
method was therefore applied for calculations of the excited
state. The INDO/S-CI calculations were performed by the
method and parameters given by Ridley and Zerner.!® In
the CI procedure, the number of configurations to be
included was the 60 lowest singly excited states. The cal-
culated transition energies reproduced acceptably the UV
spectra of 1—5.5:11

Calculations were carried out on a FACOM M-780/20
computer at the Computation Center of Nagoya University
and on a HITAC M680-H computer at the Computer Center
of the Institute of Molecular Science.

Results and Discussion
It is plausible that the difference in the photochemical

© 1991 Pharmaceutical Society of Japan
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behavior of 1 from most N-oxides is due to the geometrical
distortion of the N-oxide moiety from the planar structure
which results from the steric hindrance by the carbonyl
oxygen atoms at both the peri-positions. However, the
structures optimized by the MNDO method were nearly
planar for all the N-oxides examined and no anomalous
feature in the geometry was shown for 1.

The calculated singlet-singlet transition energies by the
INDO/S-CI method are shown in Table I, together with
the observed data.>'1

For all the N-oxides examined, the calculated lowest
excited singlet states were the n—n* states, and the SF~=*
states associated with the photoreactions of N-oxides were
the second lowest.
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The configuration mixings in the S7~*" states of 1—S5 are
shown in Fig. 1 together with the coefficient distributions
and nodal properties of the relevant molecular orbitals. The
S7™™ states of 1—5 were mainly constructed (over 95%)
from the transitions between two higher occupied (,, and
¥»,) and two lower unoccupied n-molecular orbitals W3
and ) in the ground state. The ¥s,’s and ¥3,’s have large
orbital polarization on the N-oxide moiety, and the Va,'s
and Y 3’s on carbon atoms of a ring involving the N-oxide
moiety. The y,,’s and Y},’s for 2—S5 are the highest occupied
molecular orbitals (HOMO’s) and the lowest unoccupied
molecular orbitals (LUMO?s), respectively, in the ground
state. The y,, orbital of 1, however, is the next highest
occupied molecular orbital (NHOMO) in the ground state.

TasLe 1. Calculated Transition Energies (4 in eV) and Oscillator Strengths (f)

1 2 4 5
Calc. Calc. Calc. Calc. Calc.
Obs.? Obs.? Obs.? Obs.» Obs.?
Sym, — AZ‘ Sym, ——— Az Sym. A;«Z Sym, ——— A:E Sym, — Aj:"
4E 4E f 4E 4E f 4E  f
4, 247 4, 307 A, 294 4, 282 4, 2.73
B, 3430098 335 B, 3810016 381 B, 399 0004 403422 4, 318 03922745 A, 325 0351 2945
B, 384 4, 420 0449 440 B, 425 B 320 0034372 B, 330 0.021{3%
A, 406 0.040 B, 514 A, 436 0.471 453 B, 427 0.043 B, 389
4, 421 B, 526 B, 537 0.416 5.58 A4, 440 0.000 B, 426 0.117
B 44602} 0 B, 5470373 5T 4y 538 B, 4.3 1026 450 4, 442 0063
4, 472 0.583) 4, 600 B, 552 4, 463 0017 B, 457 1.839 4.58
a) Ref. 5. b) Ref. 11,

o R ecelecse:

Fig. 1. Configuration Mixing in the ST~** States and the Relevant Molecular Orbitals
The proportion (%) of each configuration to the total is shown above the arrow indicating the transition.
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The photoreactions in the N-oxide moiety are apparently
associated with y,, and y,; and the nodal properties of
those orbitals on the hypothetical C-:-O bond between the
oxygen and the ortho-carbon atoms and on the C-N bond
showed that both the electronic transitions from y,, and
those to ¥, are favorable for the formation of oxaziridine.
Examination of Fig. 1 reveals that the configuration mixings
in the ST™™ state vary greatly with the compounds. The
So—ST™™ transitions in 1, 2, and 3 were of B, character
and it was shown that the proportions of the y,,—~yf,
transition for the CI state of the ST~ state increase in the
order of 2<3«1. The high proportion of the y,,—~y3
transition for 1 is due to the small energy separation between
¥,, and ¥, and the large energy separation between y,,
and y}. These features in the energy separation of the
orbitals for 1 result from the lowering in energy of the b,
orbitals due to the electroinductive uracil rings. On the other
hand, the S,—ST ~™transitions for 4 and 5 are of 4, character
and are mainly due to the y,, >y}, transition. This is thought
to be due to the small energy separations between ¥, and
Y ¥, caused by the electronic conjugation with fused benzene
rings.

A quantum chemical study of the reactivity in photo-
rearrangement of N-oxides has been reported by Koyano
et al., who showed that for a series of nitrones an increase
in the quantum yield is correlated to an increase in the
C---O bond order and a decrease in the C-N bond order
associated with the excitation.!? The changes (4P) of the
C:-:0, C-N and N-O bond orders associated with the
excitation to the ST~ state were thus calculated for the
N-oxides (1—S5) based on the configuration mixings and the
orbital coefficients. The results are shown in Fig. 2.

The APqp and APy values for 1 were not much different
from those for 2—5. However, the 4Py, value for 1 was
obviously different from those for 2—5 and was largely
negative. This marked decrease in the N-O bond order of
1 is considered to be due to the high proportion of the
Yq,— V¢, transition for the configuration and the property
of the Y3, orbital which has large orbital coefficients and a
node on the N-O bond. Taking into account that the
changes of the N-O bond order on the excitation are small
for the N-oxides (2—S5) as well as for a series of nitrones

N-O

—0.2}+
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investigated by Koyano et al.,'? the marked decrease for
1is noteworthy and may be related to the distinct difference
in the photoreactivity of 1 from other N-oxides.!®

The decrease in the N-O bond order will lead to an
increase of the N-O bond length, and this might lower the
formation of oxaziridine owing to the change of the
electronic structure induced by the geometric change. Thus,
we have examined the change in N-O bond length associated
with the excitation to the ST~ state and the effects of this
length change on the N-O, C.--O and C-N bond orders in
the ST~™ state for 1. The examinations were also performed
for 2, which showed an increase of the N—O bond order on
the excitation to the ST~ state.

The change in N-O bond length on excitation to the
ST~™ state was examined on the basis of variations in the
energy of the ground (S,) state and in the Sy—ST™™
transition energy which were accompanied by an increase
of the N-O bond length. As shown in Fig. 3, the potential
curve of the ST~ state for 1. had a minimum at an N-O

eV 1 eV
Nk
4.2} 4.2+
4.0 4.0+
_,‘.’/
,,,, -7y ition
38 g e > bl
3.6 3.6
\ : T
341 e __ So 0.61
~ transition &~
energy
041 So
0.2}
] ] L 0 L ]
—0.05 0 +0.05 +0.1 —0.05 0 +0.05 +0.1
ArNo/A drno/A

Fig. 3. Potential Curves in the Change of N-O Bond Length

Aryg represents the change of N-O bond length from its equilibrium bond length
in the ground state. Energies in the ground state were calculated by the MNDO
method. Dashed lines represent the changes in S,-S7 ™™ transition energy.

TasLE II. Effects of an Increase in N—O Bond Length on the Bond Orders
Compound  Bond APy 4P, D AAP? APG"
1 N-O —0.181 —0.177 +0.004 —0.064
C-O +0.144 +0.140 —0.004 —0.004
C-N —0.122 —0.141 —-0.019 +0.039
2 N-O +0.093 +0.098 +0.005 —0.086
C-O +0.208 +0.191 —0.017 +0.027
C-N —0.116 —0.111 +0.005 +0.029

Fig. 2. Changes (4P) in the Bond Order Associated with the Excitation
to the ST™™ State

AP values were calculated as AP, =) d?,_ ,(C/C!—C}C)), in which dy _, is the
coefficient of k-th configuration and C! is the coefficient on r-th atom of j-th molecular
orbital.

a) Change of the bond order associated with the excitation in ground state
equilibrium geometry. b) Change of the bond order associated with the excitation
in the geometry with N-O bond length stretched by 0.1 A from its equilibrium length
in the ground state. ¢) A4dP=A4P,,—-A4P,. d) Change of the bond order in the
ground state accompanied by an increase of N-O bond length by 0.1 A. Values were
calculated by the MNDO method.
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distance longer than that of the ground state. This is due
to a decrease in S,—ST~™ transition energy with an increase
in N-O distance. Thus, it was confirmed that the N—-O bond
length in 1 increases upon excitation to the S¥~™" state. On
the other hand, the potential curve of the ST~™ state for 2
had a minimum at a shorter N-O distance than that of the
ground state, due to an increase in S,—ST™™ transition
energy with an increase in N-O distance.

The effects of increased N-O bond length on the
formation of oxaziridine were investigated on the basis of
the effects of that length on the bond orders in the S~
state. That is, changes of the N-QO, C:--O and C-N bond
orders in the ST~™ state with an increase in N-O bond
length by 0.1 A were evaluated by both changes (44P) of
the AP values and changes (4 Pg) of the bond orders in the
ground state. The results are shown in Table II. We note
that the positive changes for the N~O and C---O bond orders
in Table IT do not necessarily correspond to an increase in
strength of the bond, since a comparison in strength between
bonds of different lengths cannot directly be made on the
bond orders (P values). However, a decrease of bond order
accompanied by an increase of bond length may be
correlated to the weakening of the bond. Since both the
44P and the APg values for the C---O bond of 1 are
negative, it is certain that at least in 1 the increase of N-O
bond length in the ST~ state leads to the weakening of
the C.--O bond, ie. reduction in the formation of
oxaziridine.

From the results described above, it may be concluded
that the marked decrease of the N-O bond order on the
excitation for 1 is responsible for the noticeable stability of
1 towards the UV light, although other factors such as
lifetime of the excited state are also important for
photochemical reactions.

We next discuss the reactivity of the SET which is the
initial step in the photochemical oxygen-atom transfer
reaction of 1. According to the Rehm—Weller treatment!®
for the free energy change of the SET process in the excited
state, the feasibility of the SET from a substrate to the
N-oxides in the excited state is evaluated by the excitation
energy (4E,,), the reduction potential (4E,.4) in the ground
state for the N-oxides and the oxidation potential (4E,,)
for a substrate. Thus, the greater the sum of the 4E,, and
AE, 4 values for the N-oxides is, the more feasible the SET
is. The 4E,, value for the ST™™" state of 1 is smaller than
those of 2 and 3 by ca. 0.6eV and greater than those of 4
and 5 by ca. 0.2eV, as shown in Table I. However, the
AE, 4 value of 1% is greatest among the examined N-
oxides'® and the differences from 2, 3, 4 and 5 are 1.33,
0.84, 0.33, and 0.002V, respectively. These differences in
AE,, and AE,, values among 1—S5 indicate that 1 is the

3113

most feasible for the SET in the ST~™ state, and this is
attributed to the high 4E, 4 value of 1. The correlation of
the AE, , value with the LUMO energy is well known; in
fact, the AE, ; values of 1-—5 were well correlated to the
LUMO (y3,) energies. Also, since the orbital polarization
and the nodal property in the LUMO’s (W8, of N-oxides
are dissociative for the N-O bond, the introduction of an
electron to the LUMO by the SET is considered favorable
for the subsequent deoxygenation. The orbital polarization
on the N-O bond in the LUMO for 1 is greatest among
those for 1—5. Thus, the high photochemical oxygen
transfer reactivity of 1 is well correlated to the features of
the LUMO in the ground state.
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Release Kinetics of Nicotinamide from Fatty Acid-Nicotinamide Equimolar Complexes. IL.1) Activation
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The rates of release of nicotinamide (NAA) from fatty acid (FA)-NAA complexes, FA-NAA, were determined at
various temperatures, and the thermodynamic quantities for the release of NAA were estimated. The results were
compared with the previous results obtained for FA-thiamine disulfide (TDS) complexes, (FA)s(TDS).

The values of activation enthalpy (4 H*) and activation entropy (4S5™*) for the release of NAA from FA-NAA
were positive and negative, respectively,. indicating that the release of NAA is disadvantageous from not only enthalpic
but also entropic viewpoints. The plots of 4 H* against the carbon number (n) in the constituent FA showed a zig-zag
line with an upward convex at an odd-numbered position and the polts of the absolute values of | — 4.5 * | showed a
zig-zag line with a downward convex at an odd-numbered position, though the positive value of AH * increases and the
negative value of 45 ¥ decreases with an increasing » for either even-numbered or odd-numbered FA. It was found that
the release of NAA from FA-NAA formed with odd-numbered FA is more disadvantageous enthalpically but more
advantageous entropically as compared with that from FA-NAA formed with even-numbered FA. This phenomenon
was similar to that observed for (FA),(TDS). Furthermore, it is suggested that FA-NAA is formed at least by van
der Waals forces and hydrophobic interactions and that van der Waals forces are dominant for the formation of
FA-NAA formed with odd-numbered FA and that hydrophobic interactions are dominant for the formation of FA-NAA

formed with even-numbered FA.

Keywords. nicotinamide; complex; fatty acid; release; release rate; kinetics; activation energy; activation enthalpy; activation

entropy; odd—even effect

It has been found? that nicotinamide (NAA) forms the
crystalline complex with higher saturated fatty acid (FA)
whose molar ratio of FA to NAA is 1:1, FA-NAA. The
release behavior of NAA from FA-NAA at 37°C has
already been determined.!® In the study, it was sug-
gested that FA-NAA might be applicable to the prepara-
tion of sustained-release drug formulation and that FA-
NAA is clinically useful from the viewpoint of little side
effects. Furthermore, interesting phenomenon were found”’
from the physicochemical viewpoint: namely (1) the release
rate of NAA from FA-NAA formed with odd-numbered
FA is slower than that formed with even-numbered FA
whose alkyl chain length is one more carbon number long-
er; (2) the relationship between the release rate constant
(k) and the carbon number (n) of the constituent FA is a
zig-zag one with a downward convex at an odd-numbered
position.

On the other hand, FA-drug complexes have been
found for thiamine disulfide (TDS), (FA)¢(TDS), and the
release kinetics of TDS from (FA)g(TDS) has already
been carried out and the activation thermodynamic quan-
tities for the release of TDS from (FA)((TDS) have
been obtained.*

In the previous paper,") it was found that the plots of k
vs. n at 37°C indicate similar patterns for both FA-NAA
and (FA)¢(TDS). In this paper, the values of activation
energy, activation enthalpy and activation entropy will be
estimated by the measurements of the release rates of NAA
from FA-NAA at various temperatures, and the results will
be compared with the results® obtained for (FA)¢(TDS).
Experimental

Materials NAA, tetradecanoic acid (C14), pentadecanoic acid (C15),
hexadecanoic acid (C16), heptadecanoic acid (C17) and octadecanoic acid
(C18) were the same as those used for the previous studies.!”® FA-
NAA were prepared as follows: FA and NAA were dissolved in warm

1,2-dichloroethane, and the solution was set aside to crystallize.! = The
purity of each FA-NAA was examined by measuring the melting point

of FA-NAA..® After it had been confirmed that no extra free FA and/or
NAA was present, crystals of FA-NAA were passed through 48 and 60
mesh sieves, and the particles of 48—60 mesh® were taken for the release
test.

Measurement of the Release of NAA from FA-NAA The release of
NAA from FA-NAA was determined in a JP XI dissolution test apparatus
(paddle method) in 500 ml of JP XI disintegration test medium No. 1 (pH
1.2) as described in the previous papers.!¥ About 29—33mg of each
FA-NAA was used in the test. Experiments were carried out not only at
37°CY but also at 32, 42 and 47+0.2°C. All experiments were carried
out in triplicate and the results were highly reproducible.

Quantitative Analysis of NAA The concentration of released NAA was
determined spectrophotometrically as previously described.!-®

Results

Release Behavior of NAA from FA-NAA The release
behaviors of NAA from C14-NAA, C15-NAA, C16-NAA,
C17-NAA and C18-NAA at four temperatures are shown
as a relationship between the percentage of released NAA
and time in Figs. 1—5, respectively. The percentages of
released NAA were calculated with respect to the theo-
retical total concentration of NAA which is contained

100 T T T
R L 4
~
Q
n | .
2
& 50 1
F ]
1 1 i
0 30 60 90
t(s)
Fig. 1. Effect of Temperature on the Release Behavior of NAA from
Cl4-NAA

Temperature: @,32°C; @, 37 °C; ©,42°C; O, 47 °C. Particle size: 46—60 mesh.
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Fig. 2. Effect of Temperature on the Release Behavior of NAA from
CI5-NAA

Symbols are the same as in Fig,. 1.
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Fig. 3. Effect of Temperature on the Release Behavior of NAA from
C16-NAA.

Symbols are the same as in Fig. 1.
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Fig. 6. Effect of Temperature on the Release of NAA from Cl14-NAA,

In(x,—x) vs. Time

Symbols are the same as in Fig. 1.

In (ze—2x)

t (min)

Fig. 7. Effect of Temperature on the Release of NAA from CI5-NAA,
In(x,—x) vs. Time

Symbols are the same as in Fig. 1.
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Fig. 4. Effect of Temperature on the Release Behavior of NAA from
CI7-NAA L
Symbols are the same as in Fig. 1. ) 310 6IO 30
100 : . : t{s)
Fig. 8. Effect of Temperature on the Release of NAA from C16-NAA,
In(x,—x) vs. Time
< Symbols are the same as in Fig. 1.
-]
¢ 50 i in the 1:1 complex, FA-NAA. The equilibrium percent of
< released NAA was 90—95 under various conditions. The
w= release rate of NAA is faster under the condition of higher
temperature.
Rate Constants for the Release of NAA from FA-NAA It
0 , ) ; was confirmed? that the release of NAA from FA-NAA
0 10 2 30 under the experimental conditions can be treated as a pseudo
. t (min) ) first-order reaction. The rate constant for the release of
Fig. 5. Effect of Temperature on the Release Behavior of NAA from NAA is, therefore, defined as follows:
CI8-NAA ’ i :

Symbols are the same as in Fig. 1.

In(x,—x)=Inx,—kt

M
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where k is the rate constant of release, x is the percentage
of NAA released from FA-NAA during time ¢, and x, is
the equilibrium percent of released NAA. Plots of In(x, —x)

vs. t, calculated from the values shown in Figs. 1-—35, are.

0 1 2
t (h)
Fig. 9. Effect of Temperature on the Release of NAA from C17-NAA,
In(x,—x) vs. Time

Symbols are the same as in Fig. 1.

t (min)

Fig. 10. Effect of Temperature on the Release of NAA from C18-NAA,
In(x,—x) vs. Time
Symbols are the same as in Fig. 1.

T T T T T

-4 | i

r O 1 1 ) L

14 15 16 17 18
n

Fig. 11.
FA-NAA

Symbols are the same as in Fig. 1.

Effect of FA on the Release Rate Constants (k) of NAA from

Vol. 39, No. 12

presented in Figs. 6—10. As can be seen in Figs. 6—10,
good linear relationships were obtained in all cases. The
values of k were obtained from the slopes shown in Figs.
6—10. The values of log k obtained for C14-NAA,
CI15-NAA, C16-NAA, C17-NAA and C18-NAA at three
temperatures are plotted against n of the constituent FA in
Fig. 11. As can be seen in Fig. 11, the plots of log k against
n showed zig-zag lines with a downward convex at
odd-numbered positions. '

Discussion

Activation Energy for the Release of NAA from FA-
NAA The values of k were found to depend on the tem-
perature. The activation energy (E ™) for the release can,
therefore, be calculated from the values of k. According to
the theory of Arrhenius, the relationship between k and the
absolute temperature (7) is represented as follows:

+

E* 1
Ink=———+In4 : )
R T

where R is the gas constant and A4 is a constant which is
called frequency factor. Plots of In k vs. 1/T based on Eq.
2 are shown in Fig. 12. As is clear in Fig. 12, the relationship
between In k and 1/T can be represented by a single line
which depends on the alkyl chain length of FA. The values
of E* were, therefore, obtained from the values of the
slopes, and the results were summarized in Table I. The
positive value of E* for FA-NAA formed with odd-
numbered FA was larger than that for FA-NAA form-
ed with even-numbered FA whose alkyl chain length
is one more carbon number longer, though E* increased
rather regularly witn an increase of n for either even-

‘numbered or odd-numbered FA. The slower release rate of

NAA from FA-NAA formed with odd-numbered FA,
which is shown in Fig. 11, could be explained by the
relationship between E* and n.

/M

9}l J

1
3.4 3.2 3.3
1/T(107®)

Fig. 12. Arrhenius Plots
Carbon numbers in FA: O, 14; A, 15; @, 16; A, 17; @, 18.

TasLE 1. Activation Energies for the Release of NAA from FA-NAA

C14-NAA CI15-NAA C16-NAA C17-NAA CI8-NAA

E* (kJmol™!) 139 54.4 222 92.7 85.2
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Activation Thermodynamic Quantities for the Release of
NAA fromFA-NAA The values of activation Gibbs energy
(4G *) for the release of NAA from FA-NAA were
estimated from the values of k as previously described.¥
The values of AG* were graduated at ordinate in Fig. 13.
All the values of 4G * are positive.

Next, we investigated which activation thermodynamic
parameter contributes to the positive value of AG*. 4G *
is related to activation enthalpy (4H*) and activation
entropy (4S¥) as follows:

AG*=AH*—-TAS* 3)

According to Eq. 3, the values of 4G * were plotted against
T, and the relationship is shown in Fig. 13.

As can be seen in Fig. 13, the relationship between 4G *
and T can be represented by a single line for each complex
with a different chain length of FA. The values of 4S*
were, therefore, obtained from the values of the slope. 4 H*
was approximately estimated from the intercept, which
agreed well with the value from the slope of AG*/T vs. 1/T
and nearly with the approximate evaluation, E¥ —RT.
The results are summarized in Table II. As can be seen in
Table II, the value of 4 H * is positive and the value of 4.5 *
is negative. This indicates that the release of NAA from
FA-NAA is disadvantageous not only enthalpically but
also entropically. These are the same tendencies as the results
obtained for (FA)4(TDS).%

Effect of FA on the Activation Thermodynamic Quanti-
ties The values of AG* at 310.15K, 4AH* and A4S * for

100} .

»

A4G* (kJ mol™!)
T

80

P 4
<

»

L
320

| ) -
310 315
T

Fig. 13. Relationship between Activation Gibbs Energy and Tempera-
ture

305

Symbols are the same as in Fig. 12.
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the release of NAA from FA-NAA are represented graph-
ically against » in Fig. 14. As can be seen in Fig. 14, the
plots of positive values of 4 H* vs. n indicate a zig-zag line
with an upward convex at an odd-numbered position, while
the plots of negative values of 4S* vs. n indicate a zig-zag
line with a downward convex at an odd-numbered position.
This indicates that the release of NAA from FA-NAA
formed with odd-numbered FA is more disadvantageous
enthalpically but more advantageous entropically as
compared with that formed with even-numbered FA.
Furthermore, the positive value of 4 H* increases and the
negative value of 4S* decreases with an increasing n for
either even-numbered or odd-numbered FA. This indicates
that the release of NAA from FA-NAA with a longer alkyl
chain of FA is more disadvantageous enthalpically but more
advantageous entropically. However, the positive value of
AG* increases with an increasing n for either even-
numbered or odd-numbered FA, and the plots of 4G * vs.
n indicate a zig-zag line with an upward convex at an
odd-numbered position.

The comparison of the magnitude of | 4 H™¥ | with | TAS * |
were summarized in Table III. |4 H¥| was larger than
| TAS* | for FA-NAA formed with odd-numbered FA. In
addition, |4 H*| was larger than | TAS*| for FA-NAA
formed with even-numbered FA whose alkyl chain length
is longer, while |AH*| was smaller than |T4S*| for
FA-NAA formed with even-numbered FA whose alkyl
chain length is shorter. This is the only difference from the
results® that | 4 H * | is larger than | TAS ¥ | for all of (FA),-
(TDS). One reason for this cause is considered to be related
to the extremely small values of 4 H* for C14-NAA and
C16-NAA as compared with the value of AH* for (FA),-

L) LI L 1 T
100} {400

T - -
B 3
2 =
= T
¥ M
3 =

#
& 4200 o
ko w
&S |
N

0

Fig. 14. Effect of FA on the Activation Thermodynamic Quantities for
the Release of NAA from FA-NAA

TasLe II. Activation Thermodynamic Quantities for the Release of NAA
from FA-NAA
AG ™ AH*~ aAS ™
(kJmol ~1)? (kJmol 1) (K 'mol™?)
C14-NAA 84.0 11.6 -233
CIS-NAA 89.1 519 —120
Cl6-NAA 85.8 19.3 —214
Cl17-NAA 96.3 90.1 —20.0
CI8-NAA 90.8 83.0 —25.0

a) At 310.15K.

Thermodynamic parameter: @, AG™; @, AH™; O, AS™.

TasLE III. Comparison of the Magnitude of | AH ™| with | T4S ™|
CI4-NAA |4H *|<|TAS *|
CI5-NAA |4H *|>|TAS *|
CI6-NAA |AH*|<|TAS*|
C17-NAA |4H *|>| T4S *|
CI8-NAA |AH % |>|TAS |
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Fig. 15. Comparison of AH™ and 4S™~ between FA-NAA and (FA)-
(TDS)

(a) Plots of AH* vs. n. (b) Plots of 45™ vs. n. Complex: @, FA-NAA; O, (FA),-
(TDS).

(TDS). Taking into account the change in the magnitude
of |AH*| and |TAS*| (AH*|>|TAS*| or |AH*|<
| TAS*|), it is reasonable to regard that FA-NAA is
composed of m molecules of FA and m molecules of NAA,
where m is not unity (m>1).

Regarding the formation of complexes, it has been
reported® that complexes formed by hydrophobic interac-
tions have an approximate zero of AH* and a positive
value of 4S ¥ and that complexes formed by van der Waals
forces have a negative value of AH™* and a negative value
of AS*. According to the report, it is suggested that
hydrophobic interactions are dominant for the formation
of FA-NAA composed of even-numbered FA whose alkyl
chain length is shorter and that van der Waals forces are
dominant for the formation of FA-NAA composed of
even—numbered FA whose alkyl chain length is longer or
composed of odd-numbered FA. This tendency for FA-
NAA is similar to (FA)(TDS).

Comparison of the Activation Thermodynamic Quantities
between FA-NAA and (FA)4(TDS) In order to make a
comparison between the release characteristics of NAA
from FA-NAA and TDS from (FA)(TDS), the values
of AH* and —AS¥ for FA-NAA were shown by closed
circles in Fig. 15 together with the values® for (FA)e-
(TDS) which were shown by open circles. The plots of
AH® vs. n show zig-zag lines with an upward convex at
odd-numbered positions. It is found that the relationship
between AH* and n for FA-NAA is similar to that for
(FA)4(TDS). However, the variation of AH* for FA-
NAA owing to the difference in n is larger than that for
(FA)4(TDS). Namely, the positive value of AH* for
FA-NAA is evidently smaller compared with that for
(FA),(TDS) in the case of 14<n<16, while the value of
AH* for FA-NAA becomes slightly larger than that for
(FA)4(TDS) in the case of n=17.

On the other hand, the polts of 4S* vs. n show zig-zag
lines with a downward convex at odd-numbered positions.
The relationship between A4S and n for FA-NAA is
similar to that for (FA)¢(TDS). The variation of AS* for
FA-NAA owing to the difference in » is larger than that
for (FA)¢(TDS). Namely, the negative value of AS* for
FA-NAA is evidently larger as compared with that for
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(FA)4(TDS) in the case of 14<n<16, while the negative
value of AS* for FA-NAA becomes slightly smaller than
that for (FA)s(TDS) in the case of n=17. As described
above, it is evident that FA-NAA has a similar physico-
chemical property to (FA)g(TDS) and that the variation
of physicochemical property of FA-NAA owing to the
difference in n is larger than that of (FA)(TDS). This
may be considered to the due to that FA-NAA is
composed of m molecules of NAA and (FA),, in contrast
to that (FA)4(TDS) is composed of one molecule of
TDS and (FA). It is considered that FA-NAA with a
longer alkyl chain of FA is more greatly stabilized than that
with a shorter alkyl chain of FA as compared with the
stability of (FA)s(TDS) if the m molecules of NAA are
included in (FA),,. Recently, it was found that the molecular
formula of FA-NAA is (FA)((NAA)¢. The content was
promptly reported.®

(FA)4(TDS) seems to be an inclusion compound.*” The
similar physicochemical properties between FA-NAA and
(FA)¢(TDS) suggest that FA-NAA also may be an
inclusion compound.

The structure formulas of NAA and TDS were shown in
the previous paper.!’ NAA and TDS have the structure of
a six-membered ring. NAA has a pyridine-ring, while TDS
has two pyrimidine-rings which are linked by long side
chains. It is therefore suggested that one molecule of TDS
may be included axially in the (FA)g host structure, whereas
six molecules of NAA may be included equatorially in
(FA)s. This may reflect the larger variation of AS* and
AH* for FA-NAA owing to the difference in n.

Regarding the effect of polar groups, it has been found”
from the measurement of the heat of dissolution of (FA),-
(TDS) that the polar groups (-NH,, -OH and -CHO) do
not contribute much to the binding force between (FA),
host and guest molecule. It is thought that the polar groups
of the guest molecule contribute as a driving force for
inclusion in the (FA)g host structure from the bulk phase,
1,2-dichloroethane solution.

Conclusion

The values of AH* and AS* for the release of NAA
from FA-NAA were positive and negative, respectively.
The plots of AH * vs. nshowed a zig-zag line with an upward
convex at an odd-numbered position, while the plots of AS*
vs. n showed a zig-zag line with a downward convex at an
odd-numbered position. These phenomena were similar to
those observed for (FA)¢(TDS).

It is suggested by comparison of AH* and 4S* among
FA-NAA with various alkyl chains that FA-NAA is
formed at least by van der Waals forces and hydrophobic
interactions and that van der Waals forces are dominant
for the formation of FA-NAA formed with odd-numbered
FA and hydrophobic interactions are dominant for the
formation of FA-NAA formed with even-numbered FA.
These are also the same tendencies as estimated® for the
formation of (FA)¢(TDS). It is suggested that FA-NAA
may be an inclusion compound as well as (FA)s(TDS).

Acknowledgement We are pleased to acknowledge the experimental
assistance of Miss Y. Saitoh.

References
1) Part I: S. Yokoyama, F. Ueda, and T. Fujie, Chem. Pharm. Bull.,



December 1991

)
3)
4

5)

39, 2696 (1991).

F. Ueda, T. Higashi, Y. Ayukawa, A. Takada, T. Fujie, A. Kaneko,
and S. Yokoyama, Bitamin, 62, 669 (1988).

S. Yokoyama, F. Ueda, and T. Fujie, Chem. Pharm. Bull., 39, 3075
(1991).

S. Yokoyama, F. Ueda, and T. Fujie, Chem. Pharm. Bull., 38, 1819
(1990).

a) J. Martinle, J. Michon, and A. Rassat, J. Am. Chem. Soc., 97,

6)

7

3119

1818 (1975); b) M. Komiyama and M. L. Bender, ibid., 100, 2259
(1978); c) M. R. Eftink, M. L. Andy, K. Bystrom, H. D. Perlmutter,
and D. S. Kristol, ibid., 111, 6765 (1989).

S. Yokoyama, F. Ueda, and T. Fujie, Chem. Pharm. Bull., 39, 1634
(1991).

a) 8. Yokoyama and T. Fujie, Chem. Pharm. Bull., 38, 2249 (1990);
b) S. Yokoyama, F. Ueda, A. Kaneko, and T. Fujie, ibid., 39, 1573
(1991).



3120

Chem. Pharm. Bull. 39(12) 3120—3122 (1991) Vol. 39, No. 12

Synthetic Studies for Novel Structure of a-Nitrogenously Functionalized a-Fluorocarboxylic Acids.
I1.1 Synthesis and Some Reactions of a-Fluoro-a-nitrocarboxylic Ester and Carboxamide Derivatives
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The first synthesis of a-fluoro-a-nitrocarboxamides 11b, ¢ has been achieved by ammonolysis of the corresponding
ethyl esters 6b, c. However, a-fluoro-a-nitrocarboxylic acids 8a—c derived from the corresponding esters 6a—c were
found to decarboxylate readily to form 1-fluoro-1-nitroalkanes 9a—c. Reduction of the a-fluoro-a-nitrocarboxamide
derivatives 11b, ¢ produced the defluorination products 12b, c instead of the desired novel a-fluoro-z-aminocarboxamide 2.

Keywords o-fluoro-z-amino acid; fluoroglycine; fluorination; perchloryl fluoride; a-fluoro-a-nitrocarboxamide; a-nitro-

carboxamide; reductive defluorination

a-Fluoro-a-amino acids 1 and the amides 2 have aroused
much interest from both biological? and structural®
chemistry viewpoints. However, the interest has been
theoretical, since no report of success in the construction
of such a-halogenated amino acid structures exists in the
literature. We have recently reported® the first synthesis of
some N-protected a-fluoroglycine derivatives, 3 and 4, and
the attempted conversion of them into a-fluoroglycine 1
(R =H) itself. However, we could not find conditions mild
enough for complete removal of the N-protecting groups
in 3 or 4 without damaging the C-F bond. We therefore
attempted the synthesis of novel a-fluoro-a-nitrocarboxylic
acid and a-fluoro-a-nitrocarboxamide precursors and the
conversion of these new candidates into the o-fluoro-a-

amino acid derivatives. The chemical behavior -of the
geminally functionalized molecules toward hydrogenolysis
was also a point of interest.

Results and Discussion’

In our previous work," we selected bis(alkoxycarbonyl)-
amino groups as an amino group precursor, as shown by the
structures 3 and 4. However, the carbamate structure
generated at the final deprotecting stage easily formed an
oxazolone with a free carboxylic acid, ultimately producing
unwanted products instead of the free amine. We have
therefore focused on the nitro group as an amino func-
tionality precursor, since a nitro group can usually be re-
duced easily into an amino group under neutral conditions.
Furthermore, fluorination of the position « to the nitro

F F group seemed to proceed smoothly.¥
A— é_ COR' H—C — COOH The direct introduction of a nitro group into fluoro-
i '[l COOR) carboxylic esters proved to be difficult.> Therefore, some
NH, ¢ 2 a-fluoro-a-nitrocarboxylic acid esters 6a—c were prepared
by direct fluorination of ethyl nitroacetate 5Sa with perchloryl
1: R'=OH 3: R=tert= Bu fluoride® or by fluorination of alkylated products 5b, ¢
2: R'=NH, 4: R=CHzPh which were prepared from 5a.” Reduction of 6a—c with
Fig. 1 H,/Pd—C, H,/Raney Ni T-1, or H,/Pd-BaSO,,* however,
i;' 1) spray-dried KF ';; catalytic hydrogenation I-'I
R'— ¢ - COOR? » R'—C—COOR? » R'—C-COOR?
! 2) FCIO, i [
NO, 45—-73% NO, NH,
5a—d 6a—d 7a—d
a: R'=H, R®=Et a: R'=H, R®=Et
b: R'=Me, R®=Et LMS(':(‘: b: R'=Me, R2=Et
a
¢: R'=CH,Ph, R%=Et Zv=s ¢: R'=CHyPh, RZ=Et
d: R'=H, R?2=CH,Ph d: R'=H, R2=CH,Ph
¥ §
I
R'—C—-H = H‘—(l:—COOH
!
NO; 77-86% NO,
9a—c a: R'=H 8a—c
b: R'=Me TMSI = trimethylsilyl iodide
¢: R'=CH,Ph
Chart 1

© 1991 Pharmaceutical Society of Japan



F F
1 NHg/EtOH a .
H = C - COOEt > C - COOEt H—?—CONHZ
i " ,
NO, N(O)O'N*H, NO,
6a 10 11a
F F . . H
) NH3/EtOH ) catalytic hydrogenation ]
R—C-COOEt ~——————» R—C-CONH; > R=-C-CONH;
1 1
NO, 62-89% NO, NO,
6b,c 11b, ¢ 12b, ¢
b: R=Me b: R=Me b: R=Me
¢: R=CHoPh c: R=CHyPh c: R=CHgPh

Chart 2

did not afford the desired products, usually giving the
corresponding amino acid ethyl esters 7a—e in good yield.

We thought that the free carboxylate form, which is
deactivated as compared with the ester, would allow us to
avoid the problematic step of hydrogenative defluorination.
However, attempted conversion of the ethyl esters 6a—c
into the corresponding carboxylic acids 8a—¢ by saponifica-
tive!® and nonsaponificative!” methods resulted in the
formation of the decarboxylated!? products 9a—c instead
of the desired 8a—c.

We next focused on the benzyl ester 6d, an analogous
compound to the ethyl esters 6a—c. Hydrogenative de-
benzylation and concomitant reduction of the nitro group
should certainly form the zwitterion of the target structure
1.V Thus, benzyl a-fluoro-a-nitroacetate 6d prepared from
benzyl nitroacetate 5d'* was subjected to hydrogenation
using Pd-C or Raney Ni T-1® as a catalyst. However, only
glycine benzyl ester 7d was obtained, which suggested that
both cleavage of the fluorine atom and reduction of the
nitro group had proceeded prior to debenzylation (Chart 1).

The second carbonyl candidate chosen as an alternative
to the ester group was the corresponding carboxamide
structure, which would be expected to suppress the removal
of fluorine under conditions of hydrogenolysis. However,
the synthesis of a-fluoro-a-nitrocarboxamides has not yet
been reported. Reaction of 6a with ethanolic ammonia
did not give the corresponding amide 11a, yielding instead
simply the salt 10, presumably due to the presence of a
proton « to the nitro group. We then investigated alkylated
analogues having no acidic protons. Treatment of 6b, ¢
with ethanolic ammonia produced successfully the desired
amides 11b, ¢ (82—89%).

The key compounds 11b, ¢ now being in hand, we started
to investigate their possible conversion into the novel
a-amino-a-fluorocarboxamide structure 2. «-Fluoro-a-ni
trocarboxamides 11b, ¢ were submitted to reduction under
various conditions.?*14~16) To our extreme disappoint-
ment again no amine compounds were obtained and the
only detectable products were the defluorinated amides 12b,
¢. Therefore, direct defluorination occurred before nitro
group reduction even for the amide structure (Chart 2).

In the course of our study, we showed that a-fluoro-o-
nitrocarboxamides can be obtained as stable molecules,
although we were unable to achieve the construction of

an a-amino-o-fluorocarboxamide structure. We are now
investigating the use of an azido group as an amino group
precursor, since an azido group can generally be reduced
much more easily than the corresponding nitro group.!”
However, the synthesis of a-azido-a-fluorocarboxylic acid
derivatives seems at this time to be very challenging.

Experimental

Infrared (IR) spectra were recorded on a JASCO A-102 spectrometer.
Proton nuclear magnetic resonance ({H-NMR) spectra were measured in
CDCl,, unless otherwise noted, with Me,Si as an internal standard and
recorded on JEOL PMX-60 (60 MHz), Varian XL-200 (200 MHz), and
JEOL GX-270 (270 MHz) spectrometers. !°F-NMR spectra were measured
in CDCl; with CFCl, as an internal standard and taken with a JEOL
GX-270 (254 MHz) spectrometer. Upfield shifts are quoted as negative.
Electron impact mass spectra (EI-MS) were taken with a JEOL JMS-D300
spectrometer. Melting points were determined on a Yanagimoto micro-
melting point apparatus and are uncorrected. Elemental analyses were
performed with a Hitachi 026 elemental analyzer. Column chroma-
tography and preparative thin layer chromatography were performed
using Kieselgel 60 (Merck, Art. 9385 and Art. 7748, respectively).
a-Fluoro-a-nitrocarboxylic esters 6a—c were prepared according to our
method.'®

Benzyl Fluoronitroacetate (6d) Spray-dried KF'® (1.16g, 20 mmol)
was added to a solution of benzyl nitroacetate 5d (1.95 g, 10 mmol) in dry
MeOH (30 ml), and the mixture was stirred at room temperature for 0.5 h.
The solvent was evaporated off, and the residual salt was dissolved in dry
tetrahydrofuran (THF) (50 ml). Into this solution was introduced diluted
perchloryl fluoride generated from KClO, (4 g) and FSO,H (40 g) at 0°C
for 1h. Evaporation of the solvent gave a solid, which was dissolved in
AcOEt (50 ml) and washed with water (10 ml). The organic layer was dried
on MgSO, and concentrated to give an oil. Purification by silica gel
chromatography gave 6d as a colorless oil in 54% yield (1.15 g).
IR v, (neat) cm™*: 1770 (CO), 1590 (NO,). 'H-NMR é: 5.3 (2H, s, CH,),
6.0 (IH, d, J=48Hz, CH), 7.3 (5H, s, Ph). MS m/z: 213 (M*), 267
(M* —NO,), 266 (M* —HNO,). High MS: Calcd for C,HsFNO, (mol.
weight 213.0435), Found: 213.0397 (M *). Calcd for CyHgFO, (mol. weight
167.0508), Found: 167.0478 (M* —NO,). Calcd for CoH,FOQ, (mol. weight
166.0428), Found: 166.0416 (M* —HNO,).

General Procedure for Catalytic Hydrogenation of «-Fluoro-a-nitro-
carboxylic Acid Esters (fa—d) A solution of one of 6a—d (2.5 mmol) in
EtOH (50ml) was hydrogenated over Pd-C, Raney Ni T-1,% or Pd—
BaSO,® using a Parr apparatus (4kg/cm?) for 20—24h. Removal of
the catalyst and evaporation of the solvent afforded the corresponding
amino acid ethyl or benzyl ester 7a—d as a colorless oil in 68—81% yield.
The products were characterized through the spectral data.2®

Hydrolysis of «-Fluoro-a-nitrocarboxylic Acid Esters (6a—d) The esters
6a—d were hydrolyzed by a saponificative!® or non-saponificative!?
method according to the literature. After usual work-up, 1-fluoro-1-
nitroalkanes 9a—c were obtained as colorless oils in 77—86% yields. The
products were characterized through the spectral data.!®
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General Procedure for Preparation of a-Fluoro-a-nitrocarboxamides (11b,
¢) A solution of an ethyl ester 6b or ¢ (2 mmol) in EtOH (5 ml) was added
to ammonia-saturated EtOH (15ml) in an ice-bath and the whole was
stirred at 0 °C for 2h. Evaporation of the solvent under reduced pressure
afforded colorless crystals, which were collected on a filter and dried.

2-Fluoro-2-nitropropionamide (11b) Colorless leaflets in 82% yield
(224mg). mp 50.0—50.5°C (CCl,/hexane). IR v, (KBr)em™!: 3400
(NH), 1690 (CO), 1570 (NO,). 'H-NMR §6: 2.13 3H, d, J(H-F)=21.0 Hz,
Me), 6.57 (2H, brs, NH,). '°F-NMR §: —123.78 (q, J (F-H)=20.8 Hz).
MS m/z: 136 M™*), 90 (M* —NO,), 46 (M* —NO,—CONH,). Anal.
Caled for C;H;FN,0;: C, 26.48; H, 3.70; N, 20.59. Found: C, 26.27; H,
3.72; N, 20.47.

2-Fluoro-2-nitro-3-phenylpropionamide (11c) Colorless needles in 89%
yield (377mg). mp 116.5—118.5°C (CHCl,). IR v, (KBr)em™!: 3450
(NH), 1690 (CO), 1570 (NO,). 'H-NMR é: 3.72 (1H, dd, J(H,-F)=21.5,
JH,-H,)=149Hz, CHH,), 389 (1H, dd, J(H,F)=26.5, J(H,-
H,)=14.9Hz, CH,H,), 5.83 (IH, brs, NH,H,), 6.23 (1H, brs, NH,H,),
7.30—7.34 (5H, m, Ph). *F-NMR &: —131.86 (dd, J(F-H,)=26.5,
J(F-H,)=21.5Hz). MS m/z: 212 (M*), 166 (M* —NO,), 122 (M* —
NO,—-CONH,), 103 (M*—-NO,—CONH,—F), 91 (PhCH,*). Anal.
Calcd for C;HgFN,05: C, 50.95; H, 4.28; N, 13.20. Found: C, 51.13; H,
4.36; N, 13.32,

General Procedure for Reduction of a-Fluoro-a-nitrocarboxamides (11b,
¢) A solution of 11b or ¢ (2mmol) in EtOH (40 ml) was hydrogenated
over Raney Ni T-1,® Raney Ni T-4,'¥ Pd-BaSQ,,” or PtO,'* using a
Parr apparatus (4kg/cm?) for 10—36h. Removal of the catalyst and
evaporation of the solvent under reduced pressure afforded the corres-
ponding oa-nitrocarboxamide derivative 12b or ¢ as a colorless solid

in 68—77% yield. These products were characterized through spectral’

data.2?
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A Regioselective Lithiation of ortho-Cresols Using the Bis(dimethylamino)phosphoryl Group as a
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A general synthetic method was developed for 2-aryl-2,3-dihydrobenzo[b]furans via regioselective lithiation of
ortho-tolyl tetramethylphosphorodiamidates followed by addition of aromatic aldehydes as a key step. ortho-Tolyl
tetramethylphosphorodiamidates were regioselectively lithiated with sec-BuLi in tetrahydrofuran at — 105°C to give
benzylic lithio species. The resulting lithio species were reacted with aromatic aldehydes to provide 1,2-diarylethanol
derivatives. Reductive removal of the phosphoryl group with lithium aluminum hydride followed by acidic treatment
led to 2-aryl-2,3-dihydrobenzo[h]furans in good overall yields. The utility of this strategy was demonstrated in
regioselective syntheses of highly substituted neolignan natural products, such as (% )-licarin B and (1 )-carinatol,
starting from O-bis(dimethylamino)phosphorylated eugenol or isoeugenol.

Keywords lithiation; ortho-cresol; bis(dimethylamino)phosphoryl group; trans-2-aryl-2,3-dihydro-3-methylbenzo[b]furan;
cis-2-aryl-2,3-dihydro-3-methylbenzo[b]furan; threo-1,2-diaryl-1-propanol; erythro-1,2-diaryl-1-propanol; neolignan; (+)-licarin

B; (1 )-carinatol

Several 2-aryl-2,3-dihydrobenzo[b]}furans have been
found among the lignans and neolignans.! Moreover, a
number of 2,3-dihydrobenzo[b]furans exhibit many in-
teresting pharmacological properties such as adrenergic
a-blocking and diuretic activities.2? Many synthetic methods
have been developed and used for their construction,?
Thermal transformation of ortho-allylphenols, which were
prepared by Claisen rearrangement of allylethers of phenols,
in N,N-diethylaniline at 225 °C has been widely employed
for the synthesis of 2,3-dihydrobenzo[b]furans.?"¥ In this
paper, we describe a new and convenient synthetic method
for 2-aryl-2,3-dihydrobenzo[b]furans via regioselective
lithiation® of ortho-cresols using the bis(dimethylamino)-
phosphoryl group as a directing group.® An application
of the new methodology to a total synthesis of naturally
occurring neolignans?’ is also described.

Recently, we developed a general method for the synthe-
sis of 2-arylbenzo[b]furans via regioselective lithiation of
ortho-tolyl N,N,N’,N’-tetramethylphosphorodiamidates
followed by reaction with aromatic esters as a key step.”

@Me
OPO(NMey),

1a

1) sec-BuLi / THF / TMEDA / -105°C /1 h

2) PhCHO (28) /-105°C — -80°C

@CH-;CH(OH)-Ph "
50 OPO(NMe2), Ca:o:\Ph

This method was successfully applied to total syntheses of
highly substituted neolignan natural products’®? and
phytoalexins.®® In order to extend the utility of this
regioselective lithiation, we became interested in the
syntheses of 2-aryl-2,3-dihydrobenzo[b]furans, especially
neolignan natural products having a 2-aryl-2,3-dihydro-3-
methylbenzo[b]furan? skeleton.

Synthesis of 2-Aryl-2,3-dihydrobenzo[b]furans Lithia-
tion®*? of ortho-tolyl N,N,N’,N’-tetramethylphosphoro-
diamidate (1a) with 1.2eq of sec-BuLi in tetrahydrofuran
(THF) at —105°C for 1h resulted in the formation of the
yellow benzylic anion, which upon treatment with
benzaldehyde (2a) at —105°C followed by quenching with
saturated NH,Cl solution at —90°C gave the 1,2-
diarylethanol derivative® (3a)*® in 43% yield. When this
reaction was carried out in the presence of 1.2eq of
N,N,N',N’-tetramethylethylenediamine (TMEDA), the
yield of 3a was improved to 69% yield. Treatment of 3a
with 1.1eq of LiAlH, in refluxing THF for 1 h removed the
bis(dimethylamino)phosphoryl group to give 2-(2'-hydroxy-

CH=CH-Ph
- QX
OH

6
cyclization conditions 5a 8 yield (%)
L] THE 90% HCOOH | refiux / 3 h 12 54
90% CHyCOOH /reflux /7 h nd. 9
CHa-CH(OH)-Ph H*
D —— 5a + 6
OH
4a cyclization conditions 5a

980% HCOOH /reflux /3 h 13

8 Yyleld (%)
10

90% CHsCOOH [reflux/4h 56 10
20% H3PO, / reflux/9 h 31 nd.

n.d. : not detected

Chart 1

© 1991 Pharmaceutical Society of Japan
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phenyl)-1-phenylethanol (4a) in 67% yield.>® For the
synthesis of 2,3-dihydrobenzo[b]furans, acidic cyclization
of 3a and 4a was investigated under various conditions
(Chart 1). Treatment of 3a with 90% formic acid under
reflux for 3h gave the desired 2,3-dihydro-2-phenyl-
benzo[b]furan (5a) in 12% yield along with the stilbene
derivative (6) in 54% yield as a major product, which
resulted from dephosphorylation and dehydration. When
3a was refluxed in 90% acetic acid for 7h, 6 was obtained

Vol. 39, No. 12

in only 9% yield and no 5a was detected. On the other
hand, treatment of 4a with 90% formic acid gave 5a in 13%
yield accompanied with 6 in 10% yield. The above results
clearly suggested that dehydration was faster than de-
phosphorylation in 3a. Finally, Sa was obtained in sat-
isfactory yield by the cyclodehydration of 4a using 90%
acetic acid or 20% phosphoric acid (Chart 1). As shown in
Table 1, various 2-aryl-2,3-dihydrobenzo[b]furan deriva-
tives (5) were synthesized starting from 1a, b and 2a—e

TaBLE 1. Synthesis of 2-Aryl-2,3-dihydrobenzo[b]furans (5)
Me
Ar: phenyl (a), 4-methoxyphenyl (b),
OPO (NMe,), 3,4-dimethoxyphenyl (c),
R 1 3,4-methylenedioxyphenyl (d),
1) sec-BuLi/TMEDA/~105"C 3.4,5-trimethoxypheny! (e)
2) ArCHO (2)/—105°C
CH,-CH(OH)-Ar LiAIH, CH,—CH (OH)-Ar 90% CH, COOH
—_— e A e
OPO (NMe,), reflux OH reflux/1h 07 NAr
R 3 R4 R
Entry 1 R 2 3 Yield (%) 4 Yield (%) 5 R Ar Yield (%)
1 1a H 2a 3a 69 (43)? 4a 67 5a H a 55
2 1a H 2b 3b 77 (54)° 4b 77 5b H b 87
3 1a H 2c 3c 89 (52) dc 58 5c H ¢ 88
4 1a H 2d 3d 77 (44)? 4d 62 5d H d 94
5 1a H 2e 3e 88 (80)? de 54 Se H e 94
6 1b Me 2d 3f 69 af 89 5f Me d 99

a) Yields were obtained in the absence of TMEDA.

TaBLE II. Physical Properties and Spectral Data of 1,2-Diarylethanol Derivatives (3 and 4)

Compound mp (°C) Formula Analysis (%) UV AEtoH A . .
No. (Recryst. solv.)  (MS, m/z M*) Caled (Found) nm (log &) IR voil em ™! 'H-NMR® § (CDCl,, J=Hz)
3¢ oil CroHyoN,0,P C: 57.96(58.15) 229(s) (3.98), 276 (3.51), 3360, 2940, 1590, 1510,  2.67 (12H, d, J=10.2), 2.98—3.12 (2H, m),
(408) H: 7.21( 7.22) 285(s) (3.43) 1490, 1460, 1305, 1260,  3.77 (3H, s), 3.79 (3H, s), 4.33 (H, brs),
N: 6.76 ( 6.67) 1225, 1175, 1100, 1000°  4.75—4.84 (1H, m), 6.79—7.12 (TH, m)
3 156—158 C,oH,sN,0,P C: 58.15 (57.88) 236.5 (3.65), 267(s) (3.11), 3350, 2920, 2880, 1485,  2.74 (12H, d, J=9.6), 3.00—3.14 (2H, m),
(CH,Cl,hexane) (392) H: 642 ( 634) 275(s) (3.37), 287 (3.57) 1435, 1305, 1230, 1170,  3.52—3.70(1H, m), 4.81—5.03 (1H, m), 5.94
N: 7.14( 7.10) 1090, 1040, 990 (2H, 5), 6.79—7.27 (TH, m)
3e oil C1Hy N,OP C: 56.74(56.82) 230(s) (4.02), 268 (3.20), 3360, 2970, 1590, 1490,  2.70 (12H, d, J=10.2), 2.97—3.26 (2H, m),
(438) H: 7.18 ( 7.15) 271.5(s) (3.20) 1460, 1230, 1130, 1000° 3.7 (6H, s), 3.79 (3H, 5), 4.58—4.85 (1H,
N: 6.30( 6.11) m), 6.56 (2H, brs), 7.14 (SH, brs)
3. H1—112 C,oH,,N;OP C: 59.10 (58.91) 236 (3.69), 287 (3.62) 3400, 2940, 2880, 1490,  2.29(3H, ), 2.69 (6H, d, /=9.6), 2.71 (6H,
_ (Ether-CH,Cl,) (406) H: 6.70 ( 6.62) 1465, 1305, 1260, 1225,  d, J=9.6), 2.89—3.19 (2H, m), 4.78—5.01
N: 6.89 ( 6.86) 1175, 1000 (H, m), 5.87 (2H, s), 6.62—6.79 (2H, m),
6.96—7.18 (SH, m)
4a 84—86 C.H,,0, C: 78.48(78.20) 275.5 (3.42), 280 (3.39) 3350, 3025, 1585, 1490,  2.93—3.03 (2H, m), 3.72 (IH, brs), 4.75—
(Ether-pentane) 214) H: 6.59 ( 6.63) 1425, 1240, 1105, 1045,  4.94(1H, m), 6.76—6.95(3H, m), 7.25 (6H,
1025 brs), 8.40 (IH, brs)
4 5153 C,H, 0y  C: 73.75(73.53) 225(4.30),276 (3.64), 3175, 1610, 1510, 1460,  2.87—3.04(2H,m),3.73 3H, s), 4.76—4.95
(Ether-pentane) (244) H: 6.60( 6.74) 281(s) (3.58) 1420, 1300, 1250, 1175,  (LH, m), 6.72—7.28 (9H, m), 8.48 (1H, brs)
1100, 1040
4c 8588 C,eH;s0,  C: 7005 (70.11) 221(s) (4.16), 277.5(s) 3450, 3220, 1580, 1510,  2.90—3.03 (2H, m), 3.67 (3H, s), 3.75 (3H,
(Ether—pentane) (274) H: 661 (665 (3.76) 1485, 1460, 1260, 1250,  s), 4.15 (1H, brs), 4.77—4.95 (1H, m),
1140, 1120 6.61—7.11 (TH, m), 8.63 (1H, brs)
4d 110—113 C,H,,0, C: 69.75 (69.62) 234(s) (3.78), 275(s) 3190, 1590, 1505, 1495,  2.88—3.06 (2H, m), 3.30—3.53 (1H, m),
(Ether—pentane) (258) H: 5.46 ( 5.53) (3.74), 282.5 (3.82) 1445, 1260, 1240, 1100,  4.78—4.97(1H, m), 5.91(2H, 5), 6.76 7.16
1040, 1000 (7H, m), 8.17 (1H, brs)
de 144—147 CHp0s  C: 67.00 (66.91) 274 (431), 278(s) (427) 3325, 2960, 1595, 1495,  2.90—3.02 (3H, m), 3.70 (6H, 5), 3.72 (3H,
(Ether—pentane) (304) H: 6.62( 6.53) 1460, 1425, 1325, 1240, ), 4.76—4.94 (1H, m), 6.44 (2H, 5),
1125, 1010 6.71—7.11 (5H, m)
4 65—67 CieH, 0,  C: 70.57(70.64) 234(s) (381), 282.5(s) 3550, 3350, 2900, 1500, 2.2 (3H, s), 2.80—3.02 (2H, m), 4.56 (1H,
(Ether—pentane) @712) H: 592(601) (3.78) 1480, 1435, 1235, 1035,  brs), 481 (1H, dd, J=8.4, 2.4), 5.88 (2H, 5),

935 6.66—7.08 (6H, m)

Physical properties and spectral data of 3a and 3b have been published in ref. 54. a) Listed as chemical shifts (number of protons, multiplicity, coupling constant
d) For C,,H,,N,04P-1/3H,0.

in Hz).

b) For C;,H,oN,0P*1/3H,0.

c) Neat.
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TasLe III.  Physical Properties and Spectral Data of 2-Aryl-2,3-dihydrobenzo[b]furan Derivatives )

Compound mp (bp) (°C) Formula Analysis (%) UV jEoH . §
No (Rel::ryst. solv.) (MS, mjzz M*) Caled (Found) nm (108.) IR vilem ™! !H-NMR® 6 (CDCl,, J=Hz)
5a 170 (30) CiH;;0  C: 8568 (85.69) 225(s) (3.85), 281.5 (3.56), 3040, 2910, 1600, 1480,  3.14 (IH, dd, J=15.6, 8.4), 3.63 (IH, dd,
(196)  H: 6.16( 6.35) 287(s) (3.51) 1460, 1230, 1170, 1015,  J=15.6, 8.4), 5.73 (IH, t, J=8.4), 6.79—6.95
9759 (2H, m), 7.04—7.35 2H, m), 7.35 (5H, s)
s 51—52 CisH, 0,  C: 79.62 (79.51) 228.5 (4.28), 279 (s) (3.69), 2910, 1610, 1520, 1480,  3.10 (1H, dd, J=15.6, 9.0), 3.50 (1H, dd.
(Ether-hexane) (226)  H: 6.24( 647) 282 (3.70), 288(s) (3.57) 1300, 1250, 1235, 1175,  J=15.6,9.0),3.71 3H.s), 5.63 (1H, t, /= 9.0),
1025 6.84(2H, d, J=9.6), 6.80—7.06 (4H, m), 7.30
@H, d, J=9.6)
5 145 (0.25) CieH,60;  C: 7498 (74.70) 230 (4.15), 281 (3.83), 2940, 1600, 1520, 1480,  3.04—3.56 (2H, m), 3.78 (3H, s), 5.60 (IH, t,
(256)  H: 6.29( 6.33) 285(s) (3.80), 314 (3.07), 1460, 1260, 1235, 1160,  J=9.0), 6.66—7.14 (TH, m)
327(s) (2.97) 1140, 10259
sd 41—42 CisH,,0;  C:74.99 (74.85) 228 (3.96), 285(s) (3.88), 2900, 1595, 1500, 1480,  3.09 (IH, dd, J=15.0, 8.4), 3.55 (IH, dd,
(Ether—pentane) (240) ~  H: 503 ( 5.23) 288 (3.88) 1440, 1395, 1245, 1040  J=15.0, 8.4), 5.62 (1H, t, J=8.4), 5.87 (2H,
5), 6.63—7.16 (4H, m)
Se 150 (0.3) C,;H,50,  C: 7131 (71.16) 225(s) (4.97), 280 (4.39), 2940, 1590, 1510, 1480,  3.12—3.55 2H, m), 3.83 (9H, s), 5.66 (1H, t,
(286)  H: 6.34(634) 287(s) (4.29), 310 (3.52), 1460, 1420, 1230, 1125,  J=9.0), 6.63 (2H, 5), 6.79—7.25 (4H, m)
325(s) (3.38) 1000”
st 72-75 CigH 405  C: 75.57 (75.80) 231(s) (3.91), 287 (3.85) 2880, 1595, 1500, 1490,  2.19 (3H, s), 3.00 (IH, dd, J=15.0, 9.0), 3.47
(Ether) (254)  H: 5.55( 5.64) 1445, 1250, 1190, 1035,  (1H, dd, J=15.0, 9.0), 5.54 (1H, t, J=9.0),

930 5.79 (2H, s), 6.57—6.87 (6H, m)

a) Listed as chemical shifts (number of protons, multiplicity, coupling constant in Hz). b) Neat.

for 7b

7
1) sec-ByLi / TMEDA — —
Et ) sec-BuLi/ CH cu—@— CH CH o
OPO(NMe,), 2)2d/-105°C OPO(NMeg)g OPO(NMag)g
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under the reaction conditions described above via 3—+4—5
reaction sequences, which provide a general and efficient
route to 2,3-dihydrobenzo[b]furans. The structures of all
compounds were established by infrared (IR), ultraviolet
(UV), proton nuclear magnetic resonance (H-NMR), mass
spectral (MS) data and elemental analyses as summarized
in Tables II and III.

Syntheses of 2-Aryl-2,3-dihydro-3-methylbenzo[5]furans
and Naturally Occurring Neolignans For the application
of the above method to the synthesis of 2-aryl-2,3-dihydro-
3-methylbenzo[b]furan derivatives including naturally
occurring neolignans, lithiations of 2-ethylphenyl- (7a) and
2-ethyl-6-methoxyphenyl N,N,N’,N’-tetramethylphosphor-
odiamidate (7b) were examined. The lithiation behavior of
these 2-ethyl-substituted compounds” in connection with
2-aryl-3-methylbenzo[b]furan synthesis has already been
reported by us.>? Lithiation of 7a under the standard
conditions (sec-BuLi/TMEDA/—105°C/1h) followed by
addition of p-anisaldehyde (2b) and dephosphory]ation
(L1A1H4/THF) gave 8, formed from the ring deprotonation
species,®® in 25% overall yield (Chart 2). Previous results
indicated that when the ortho-position of the phosphor-
odiamidate group was substituted with a methoxy group

such as in 7b, ring deprotonation was prevented and side
chain deprotonation from the ortho-ethyl group took
place.> When a THF solution of piperonal (2d) was injected
into a solution of lithiated 7b, two diastereomers of the
1,2-diaryl-1-propanol® derivative (9a and b) were obtained
after silica-gel column chromatography in 72% and 13%
yield, respectively (Chart 2): 9a (mp 107—110°C) and 9b
(mp 131—132 °C). Characteristic differences between 9a and
9b were observed in their 'H-NMR (400 MHz) spectra.
Thus, the proton absorptions of the propanol protons for
these compounds appeared at different chemical shifts with
different coupling constants [9a: § 0.92 (3H, d, J=6.96 Hz),
0 3.56 (1H, dq, J=10.62, 6.96Hz), § 4.49 (IH, d,
J=10.62Hz); 9b: 6 1.21 (3H, d, J=7.33Hz), 6 3.75 (1H,
dq, J=7.33, 4.76 Hz), 6 4.90 (1H, d, J=4.76 Hz)]. From
these observatlons especially the coupling constants of
C1-H (9a, J=10.62 Hz; 9b, /=4.76 Hz), 9a was assigned as
the threo-> (anti-)®® diastereomer and 9b as the erythro-?
(syn-)®? diastereomer. This stereoselectivity (9a:9b=5.5: 1)
may be rationalized in terms of the transition states (A and
B in Chart 3), in which approach of the lithiated 7b to
aromatic aldehyde (2d) favors the transition state A to
minimize steric interaction between the methyl group of 7b
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and the aromatic group of 2d (Chart 3).”® Depho-
sphorylation of 9a and 9b with LiAlH, in refluxing THF
gave threo-10a (mp 125—126°C) and erythro-10b (mp
90—93 °C), each in 65% yield. As determined by 'H-NMR
analysis, the products (10a and 10b) obtained in each
reaction were single diastereomers.

Lithiation of 7b in the presence of TMEDA followed by
reaction with methyl piperonylate was reported to give the
deoxybenzoin derivative (11) in 58% yield.*® We examined
the reduction of this compound in an attempt to find an
alternative route to 9 and 10 (Chart 4). Treatment of 11
with LiAlH, in refluxing THF for 3h gave a mixture of
threo-10a and erythro-10b, resulting from dephosphoryla-
tion and reduction of the ketone, in 10% and 32% yields,
respectively. On the other hand, when 11 was treated with
‘NaBH, in MeOH at room temperature for 3 h threo-9a was
obtained in almost quantitative yield accompanied with a
trace amount of erythro-9b. In the case where the
threo-diastereomer is desired, this method using NaBH, can
be adopted because threo-9b can be easily converted into
threo-10b as shown before. The diastereoselectivity of the
above reductions may be explained as follows.?® Reduction
using NaBH, in a protic solvent proceeds via the basic
model of Cram’s rule. On the other hand, reduction using
LiAlH, in an aprotic solvent predominantly proceeds via
the chelation-controlled cyclic model.

The synthesis of 2,3-dihydro-7-methoxy-3-methyl-2-
piperonylbenzo[b]furan (12) was accomplished by two
different cyclization routes (Chart 5). Acidic treatment of
threo-10a in refluxing 90% acetic acid for 1 h gave trans-12a
in 97% vyield as the sole stereoisomer. The trans-
stereochemistry of 12a was determined from its 'H-NMR
spectrum. Determination of the stereochemistry of cis- and
trans-isomers of the series of 2,3-dihydro-2,3-disubstituted-
benzo[b]furans has been achieved on the basis of the
chemical shifts of C3-Me and C2-H, because the vicinal
coupling constants of C2-H and C3-H are almost the same
in each isomer.'® In general, the C3-Me protons in the
cis-isomer are shielded by the C2-aromatic group and appear

at 6 0.7—0.8 (6 1.3—1.4 in the trans-isomer). In addition,
the C2-H protons in the cis-isomer and trans-isomer are
observed at & 5.7—5.8 and near § 5.1, respectively.'® In
our case, the C3-Me and C2-H in 12a appeared at ¢ 1.38
(J=6.96Hz) and ¢ 5.10 (J=9.15Hz), respectively. From
this observation, 12a was identified as the trans-isomer.
When erythro-10b was refluxed in 90% acetic acid for 1h,
the same trans-12a was obtained in quantitative yield. These
results indicate that the cyclizations of threo-10a and
erythro-10b in acetic acid proceed via the same carbocation
intermediate.

Next, the cyclization of 10 under the Mitsunobu reaction
conditions'? was investigated. A mixture of 1.0eq of
erythro-10b, 1.5eq of triphenylphosphine, and 1.5eq of
diethyl azodicarboxylate in THF was stirred at room
temperature for 32h. After usual work-up and chromato-
graphic purification, the expected trans-12a was obtained
in almost quantitative yield. We envisaged that if threo-10a
was employed in this reaction, one would obtain cis-12b,

- which is quite difficult to synthesize and which has

previously been obtained only as a minor product in the
thermal cyclization of ortho-allylphenols.>” However, when
threo-10a was submitted to the Mitsunobu reaction, a
mixture of cis-12b and trans-12a were obtained in 59% yield,
and they were inseparable by column chromatography. The
!H-NMR spectrum of the mixture showed a ratio of
cis-12b: trans-12a=2:1 by integration of the C3-Me and
C2-H signals of the cis-isomer (6 0.87, J=7.33Hz and ¢
5.76, J=8.79Hz)*» and those of the trans-isomer. The
stereoselective synthesis of cis-12b from threo-10a under the
Mitsunobu reaction condition probably fails because the
corresponding benzylic carbocation is rapidly formed
during the cyclization process, which leads to the
themodynamically stable trans-isomer. Nevertheless, this
method using the Mitsunobu reaction should find gener-
al application for the synthesis of 2,3-dihydro-2,3-cis-
disubstituted-benzo[b]furan natural products which have
not been synthesized so far.?

On the basis of these model studies, total synthesis of
some benzofuranoid neolignans and related compounds was
investigated. Licarin B (19) is a 2,3-dihydrobenzo[b]furan
natural product isolated from the trunk wood of Licaria
aritu DUCKE (Lauraceae) in 1973 and identified as
(28,35)-2,3-dihydro-7-methoxy-3-methyl-2-piperonyl-
5-(E)-propenylbenzo[b]furan.'? The synthesis of (+)-
licarin B (19) was reported in 1975 by Aiba and Gottlieb
using the pyrolysis3? of 2-hydroxy-3-piperonyl-1-propyl[2-
methoxy-4-(E)-propenyl]phenyl ether as a key step, in 2.6%
overall yield.!?? Before this total synthesis, Taylor et al.
had synthesized (& )-19 starting from dehydrodiisoeugenol,
which was readily obtained by FeCl, oxidation of
isoeugenol, in 11% overall yield during their investigation
of eupomatene synthesis.'® The neolignan 21 was isolated
from Krameria cystisoides in 1987 and identified as
(2R,3R)-2,3-dihydro-2-(4-hydroxyphenyl)-7-methoxy-
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3-methyl-5-(E)-propenylbenzo[b]furan by spectroscopic
analysis.'® The 1,2-diaryl-1-propanol derivative carinatol
(23) was isolated from the bark of Virola carinata and
identified as (1S,2S)-1-(3',4-dimethoxyphenyl)-2-(3"-allyl-
5"-methoxy-6"-hydroxyphenyl)-1-propanol, which was
identical with the major product derived by the reduction
of carinatone. The structure of carinatol (23) was assigned
on the basis of its conversion using phosphoric acid into
dihydrocarinatin (24).!5%

The syntheses of 13 and 14 had been reported by us’?
using a tandem lithiation strategy'® of O-bis(dimethyl-
amino)phosphorylated isoeugenol and eugenol, respecti-
vely. Compound 13 was lithiated with sec-BuLi at —105°C
in the presence of TMEDA followed by addition of 2d
to give two diastereomers of the 1,2-diaryl-1-propanol
derivative. After silica-gel column chromatography, threo-
15a (mp 164—166 °C) and erythro-15b (mp 110—112°C)
were isolated in 70% and 11% yields, respectively (Chart
6). When 4-(tert-butyldimethylsilyloxy)benzaldehyde (2f)
instead of 2d was employed in the above reaction, threo-16a
(a viscous oil) and erythro-16b (a viscous oil) were obtain-

ed in 56% and 8% yields, respectively, after column
chromatography. Each of them (threo-15a, erythro-15b,
threo-16a, and erythro-16b) was treated with LiAlH, to
provide threo-17a, erythro-1Tb, threo-18a, and erythro-18b
in 62%, 80%, 68%, and 44% yields, respectively. Acidic
cyclization of threo-17a in 90% acetic acid for 1h gave
trans-19 (a viscous oil) in 81% yield. When threo-17a was
cyclized with 20% phosphoric acid for Sh, trans-19 was
obtained in 57% yield. On the other hand, acidic treatment
of threo-18a in 90% acetic acid gave trans-20 in 37% yield
and this product, without purification, was desilylated with
tetra-n-butylammonium fluoride (TBAF) in THF for 10 min
at room temperature to furnish trans-21 (mp 103—105 °C)
in 82% yield (30% overall yield from trans-18a). Synthetic
trans-19 was shown to be identical with (+)-licarin B on
the basis of spectroscopic comparisons with the reported
data.!?? The structure of synthetic trans-21 was confirmed
by spectroscopic (‘H-NMR, UV, and IR) comparisons
with an authentic sample of the neolignan 21.14
Neolignans (t)-carinatol and (+)-dihydrocarinatin
were synthesized as follows (Chart 7). The reaction of
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lithiated 14 with 2c gave threo-22a and erythro-22b in 55%
and 16% yields, respectively, after silica-gel column
chromatographic separation. Dephosphorylation of threo-
22a and erythro-22b under the standard conditions gave
threo-23a (a viscous oil) and erythro-23b (a viscous oil) in
53% and 44% yields, respectively. (+)-Dihydrocarinatin
was obtained by the cyclization of threo-23a with 90% acetic
acid in 41% yield. The structures of synthetic threo-23a and
24 were confirmed by spectroscopic (*H-NMR, UV, and
IR) comparisons with authentic samples'® of carinatol and
(+)-dihydrocarinatin, respectively.

In conclusion, we have shown that lithiation of ortho-tolyl
N,N,N’,N’-tetramethylphosphorodiamidates gives the cor-
responding benzylic anions, which, upon reaction with
various aromatic aldehydes, give 1,2-diarylethanol deriva-
tives. Dephosphorylation followed by acidic cyclization of
these compounds gave 2-aryl-2,3-dihydrobenzo[b]furans
in good overall yields. The present methodology was applied
for the stereoselective synthesis of 2-aryl-2,3-dihydro-3-
methylbenzo[b]furan derivatives starting from 2-ethyl-6-
methoxyphenyl N,N,N’,N’-tetramethylphosphorodiami-
date. During this investigation, diastereomers of 1,2-diaryl-
1-propanol derivatives, and trans- and cis-2-aryl-2,3-di-
hydro-3-methylbenzo[b]furans were characterized. Final-
ly, total syntheses of highly substituted naturally occurring
neolignans and related compounds were achieved.

Experimental

All melting points are uncorrected. The IR spectra were measured neat
on an NaCl plate or in a KBr disk with a JASCO 810 spectrophotome-
ter. The UV spectra were recorded in 95% ethanol on a Hitachi 323
spectrophotometer. The 'H-NMR spectra were obtained with Hitachi R
600 (60 MHz), JEOL FX 90Q (90 MHz), and JEOL GX-400 (400 MHz)
spectrometers using CDCI; or (CD3),CO as a solvent and tetramethylsilane
as an internal reference. The MS and high-resolution MS (HRMS) were
determined on a JEOL DX-303 mass spectrometer. Elemental analyses
were performed at the Microanalytical Laboratory of the Center for
Instrumental Analysis in Nagasaki University. All solvents used for
lithiation reaction were freshly distilled from sodium benzophenone ketyl
before use. All metalation reactions were carried out in a nitrogen
atmosphere by using the septum cap techniques. Conventional column or
flash chromatography was carried out on a column of Kieselgel 60
(230—400 mesh).

O-Bis(dimethylamino)phosphorylated Phenol Derivatives The prepara-
tions of compounds 1a, 1b, 7a, 7b, 13, and 14 have already been reported
by us.® ]

Lithiation Reaction of 1a, b with Aromatic Aldehydes (2). Synthesis of
3 The following procedure for the synthesis of 2-[2'-bis(dimethyl-
amino)phosphoryloxy]phenyi-1-phenylethanol (3a) is representative; the

other compounds (3b—f) were obtained similarly.

2-[2"-Bis(dimethylamino)phosphoryloxy]phenyl-1-phenylethanol (3a):
A solution of sec-BuLi (0.98M in cyclohexane, 7.89 ml, 7.50 mmol) was
injected into a stirred solution of ortho-tolyl tetramethylphosphor-
odiamidate (1a, 1.45g, 6.00 mmol) in the presence of TMEDA (1.13ml,
7.50mmol) in THF (50ml) at —105°C (liquid nitrogen—ethanol bath)
under a nitrogen atmosphere. The mixture was stirred at —105°C for 1h,
and then a solution of benzaldehyde (2a, 0.85 g, 8.00 mmol) in THF (10 ml)
was injected into the yellow lithiated solution at —105°C. Stirring was
continued for an additional 1 h at —105°C. The reaction was quenched
with saturated NH,Cl solution at —90 °C and the solution was allowed to
warm to room temperature. THF was removed under reduced pressure.
The residue was extracted with CH,Cl, and the CH,Cl, layer was dried
over Na,SO,, and then evaporated to give a viscous oil. Crystallization
with hexane and recrystallization from ether-pentane gave pure 3a (1.45g,
69%), mp 61°C, see Table II. When TMEDA was not added in this
reaction, 3a was obtained in 43% yield.’® Compounds 3a and 3b have
already been synthesized and characterized by us.’®

Dephosphorylation of 3. Synthesis of 4 The following procedure for the
synthesis of 2-(2'-hydroxy)phenyl-1-phenylethanol (4a) is representative;
the other compounds (4b—f) were obtained similarly.

2-(2'-Hydroxy)phenyl-1-phenylethanol (4a): A solution of 3a (1.04g,
3.00mmol) and LiAlH, (0.17 g, 3.00mmol) in THF (50 ml) was refluxed
for 4h, then allowed to cool. Water (5ml) was added to the solution.
Standard work-up and chromatographic purification (CH,Cl, : acetone =
9:1 as an eluent) gave 4a (0.43 g, 67%), mp 84—86°C (ether—pentane),
see Table II.

Acidic Cyclization of 4. Synthesis of 5 The following procedure for the
synthesis of 2,3-dihydro-2-phenylbenzo[b]furan (5a) is representative; the
other compounds (5b—f) were obtained similarly.

2,3-Dihydro-2-phenylbenzo[b]furan (5a): A solution of 4a (0.10g,
0.47 mmol) in 90% CH;COOH (10 ml) was refluxed for 4h. Acetic acid
was removed under reduced pressure to give the residue. Then 5% NaHCO,
solution was added to neutralize the residue and the mixture was extracted
with CH,Cl,. The CH,Cl, layer was dried over Na,SO,, and evaporated
to give a residue, which was chromatographed with CH,Cl, as an eluent
to give 2,3-dihydro-2-phenylbenzo[b]furan (5a, 0.05g, 55%), see Table
I11, and ortho-styrylphenol (6, 0.01 g, 10%). _

ortho-Styrylphenol (6): mp 139—142°C (ether—pentane). MS m/z: 196
(M ™). IR (KBr): 3570, 1580, 1500, 1450, 1330, 1250, 1195, 1095,975cm ™.
UV nm (loge): 223.5 (4.14), 229 (s) (4.13), 288 (4.22), 298.5 (s) (4.17), 326
(4.14). 'H-NMR (acetone-dg) 6: 6.77—7.06 (3H, m), 7.20—7.61 (6H, m).
Anal. Caled for C,,H,,0: C, 85.68; H, 6.16. Found: C, 85.37; H, 6.20.
When the cyclization of 3a or 4a was carried out in 90% formic acid or
20% phosphoric acid, the results shown in Chart 1 were obtained after
usual work-up as above.

Lithiation Reaction of 7a with 2b A solution of p-anisaldehyde (2b,
0.41 g, 3.00 mmol) in THF (10 ml) was injected into a lithiated solution of
7a (0.51 g, 2.00mmol) in THF (50ml), generated with sec-BuLi (0.95M,
2.63ml, 2.5mmol) at —105°C, with stirring at —105°C. Stirring was
continued for an additional 1h and standard work-up gave 1-[2'-
bis(dimethylamino)phosphoryloxy-3'-ethylphenyl]-1-(4'-methoxyphenyl)-
methanol (0.44 g, 56%) after silica-gel column chromatography (CH,Cl, :
acetone=9:1 as an eluent). A viscous oil. ‘H-NMR é: 1.14 (3H, d,
J=17.8Hz), 2.48—2.78 (2H, m), 2.58 (6H, d, J=9.6Hz), 2.70 (6H, d,



December 1991

J=9.6Hz), 3.64 (3H, s), 5.72 (1H, brs), 6.07 (1H, brs), 6.77 (2H, d,
J=10.2 Hz), 6.81—7.01 (3H, m), 7.26 (2H, d, J = 10.2 Hz). Without further
purification, the above product was used in the next step. A mixture of
the above product (0.44 g, 1.12 mmol) and LiAlH, (0.043 g, 1.12 mmol) in
THF (20 ml) was refluxed for 4 h. Standard work-up and chromatographic
purification (CH,Cl,:acetone=9:1 as an eluent) gave 1-(3'-ethyl-2'-
hydroxyphenyl)-1-(4-methoxyphenyl)methanol (8, 0.13 g, 45%), mp 57°C
(ether). MS m/z: 258 (M*). IR (KBr): 3390, 3230, 2950, 1610, 1510, 1460,
1400, 1240, 1170, 1030, 990 cm ™ L. UV nm (log g): 226.5 (4.25), 276.5 (3.63),
283 (s) (3.41). '"H-NMR é: 1.15 (3H, t, J=7.8 Hz), 2.61 (2H, q, /=7.8 Hz),
3.90 (3H, s), 5.81 (1H, 5), 6.59—7.30 (9H, m). Anal. Calcd for C,cH,405:
C, 74.39; H, 7.02: Found: C, 74.71; H, 7.06.

Lithiation Reaction of 7h with 2d. Synthesis of threo-9a and erythro-9 A
solution of piperonal (2d, 1.31 g, 8.75mmol) in THF (10ml) was injected
into a lithiated solution of 7h (2.00 g, 7.00 mmol) in THF (50 ml), generated
with sec-BuLi (0.95M, 8.85ml, 8.40 mmol) in the presence of TMEDA
(1.28 mi, 8.40 mmol) at — 105 °C for 1 h, with stirring at — 105 °C. Standard
work-up and chromatographic separation gave threo-9a (2.19g, 72%)
(CH,Cl;:acetone=9:1 as an eluent) and erythro-9b (0.40g, 13%)
(CH,Cl; :acetone=1:1 as an eluent).

threo-2-[2'-Bis(dimethylamino)phosphoryloxy-3’-methoxy]phenyl-
1-piperonylpropanol (9a): mp 107—110°C (ether—pentane). MS my/z: 436
(M*). IR (KBr): 3275, 2880, 1605, 1580, 1480, 1440, 1300, 1245,1205,
1035, 1000cm ™. UV nm (loge): 237 (s) (3.84), 280 (3.71), 287 (s) (3.70).
'H-NMR (400MHz) 6 : 092 (3H, d, J=6.93Hz), 2.71 (6H, d,
J=10.25Hz), 2.83 (6H, d, J=10.25 Hz), 3.56 (1H, dd, J=10.62, 6.96 Hz),
3.87 (3H, s), 449 (1H, d, J=10.62Hz), 5.94 (2H, dd, J=1.45, 6.60 Hz),
6.76—6.80 (2H, m), 6.92 (1H, dd, J=1.66, 7.88 Hz), 7.08 (1H, dd, J=1.09,
7.70Hz), 7.11 (1H, d, J=1.83Hz), 7.19 (1H, dt, J=1.09, 8.06 Hz). Anal.
Calcd for C,H,0N,04P: C, 57.79; H, 6.70; N, 6.42. Found: C, 58.29; H,
6.72; N, 6.40."

erythro-2-[2'-Bis(dimethylamino)phosphoryloxy-3'-methoxyJphenyl-
1-piperonylpropanol (9b): mp 131—132°C (ether-hexane). MS m/z: 436
(M*). IR (KBr): 3325, 2940, 1605, 1580, 1480, 1440, 1295, 1250, 1220,
1170, 1000cm ™. UV nm (log &): 237.5 (s) (3.73), 280 (3.68), 286 (s) (3.64).
'H-NMR (400 MHz) 6: 1.21 (3H, d, J=7.33 Hz), 2.74 (12H, d, J = 9.90 Hz),
3.74—3.77 (1H, m), 3.82 (3H, 5), 4.90 (1H, d, J=4.76 Hz), 5.90—5.92 (2H,
m), 6.67—6.71 (2H, m), 6.75—6.79 (2H, m), 6.87 (1H, d, J=1.47 Hz), 6.99
(1H, dt, J=1.10, 8.06 Hz). Anal. Calcd for C,,H,oN,O4P: C, 57.79; H,
6.70; N, 6.42. Found: C, 57.40; H, 6.55; N, 6.37.

Dephosphorylation of threo-9a and erythro-9b. Synthesis of threo-10a and
erythro-10b A mixture of threo-9a (1.09 g, 2.00 mmol) and LiAIH, (0.10 g,
2.50mmol) in THF (50ml) was refluxed for 4h. Standard work-up and
chromatographic purification (CH,Cl, : acetone=9:1 as an eluent) gave
threo-10a (0.39 g, 65%).

threo-2-(2’-Hydroxy-3'-methoxyphenyl)-1-piperonylpropanol (10a): mp
125—126°C (ether-pentane). MS m/z: 302 (M *). IR (KBr): 3510, 3300,
1610, 1490, 1445, 1280, 1250, 1220, 1090, 1030cm 1. UV nm (logs): 235
(s) (4.06), 283 (3.79). 'H-NMR (400 MHz) 5: 1.05 (3H, d, J=6.96 Hz), 2.25
(1H, brs), 3.37—3.45 (1H, m), 3.89 (3H, 5), 4.70 (1H, d, J=9.16 Hz), 5.95
(2H, 5), 6.12 (1H, brs), 6.75—6.86 (SH, m), 6.92 (1H, d, J=1.83 Hz). Anal.
Calced for C,,H,405: C, 67.54; H, 6.00. Found: C, 67.39; H, 6.03. Similarly,
erythro-10b was obtained in 65% yield by the reaction of erythro-9b (0.38 g,
0.87 mmol) with LiAIH, (0.04 g, 1.04 mmol).

erythro-2-(2'-Hydroxy-3'-methoxyphenyl)-1-piperonylpropanol  (10b):
mp 90—93°C (CH,Cl,—pentane). MS m/z: 302 (M*). IR (KBr): 3370,
1610, 1480, 1440, 1280, 1260, 1220, 1090, 1040cm~!. UV nm (loge): 225
(s) (4.00), 283 (3.71). '"H-NMR (400 MHz) 3: 1.21 (3H, d, J=4.40Hz),
2.30 (1H, brs), 3.50—3.53 (1H, m), 3.89 (3H, s), 4.97 (1H, d, J=4.40Hz),
5.91—5.92 (2H, m), 6.15 (1H, brs), 6.67—6.82 (6H, m). Anal. Calcd for
C,,H,505: C, 67.54; H, 6.00. Found: C, 67.22; H, 6.36.

Reaction of the Deoxybenzoin Derivative 11 with LIAIH, A mixture of
11 (1.04 g, 2.40 mmol) and LiAIH, (0.11 g, 2.88 mmol) in THF (50 ml) was
refluxed for 4h. Standard work-up and chromatographic separation
(benzene: acetone=9:1 as an eluent) gave threo-10a (0.07g, 10%) and
erythro-10b (0.23 g, 32%).

Reaction of the Deoxybenzoin Derivative 11 with NaBH, A mixture of
11 (1.50 g, 3.40mmol) and NaBH, (0.16 g, 4.25mmol) in MeOH (50 ml)
was stirred for 3h at room temperature. Standard work-up and
chromatographic purification (CH,Cl, : acetone=4: I as an eluent) gave
threo-9a (1.47g, 99%) and erythro-9b (0.008 g, 0.5%).

Cyclization of threo-10a and erythro-10b. Synthesis of trans-12a and
cis-12b i) Using Acetic Acid: A solution of threo-10a (0.12 g, 0.40 mmol)
in 90% CH,COOH (20 ml) was refluxed for 1h. Acetic acid was removed
under reduced pressure. Standard work-up and chromatographic
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purification (CH,Cl, as an eluent) gave trans-2,3-dihydro-7-methoxy-3-
methyl-2-piperonylbenzo[b]furan (12a, 0.11g, 97%). 12a: bp 145°C
(0.3mmHg). MS m/z: 284 (M*). IR (neat): 2960, 2900, 1620, 1590, 1490,
1440, 1280, 1250, 1195, 1100, 1040, 935cm™!. UV nm (loge): 232.5 (s)
(4.03), 286 (3.80). 'H-NMR (400 MHz) 6: 1.38 (3H, d, J=6.96 Hz), 3.44
(1H, dq, J=6.96, 8.79 Hz), 3.88 (3H, s), 5.10 (1H, d, J=9.15Hz), 5.94
(2H, 5), 6.75—6.80 (3H, m), 6.85—6.89 (2H, m), 6.94 (1H, d, J=1.83 Hz).
Anal. Caled for C,,H,40,: C, 71.82; H, 5.76. Found: C, 71.66; H, 5.70.
Similarly, when erythro-10b (0.09 g, 0.30 mmol) was employed, trans-12a
was obtained in 99% yield.

ii) Using Mitsunobu Reaction Conditions: A solution of diethyl
azodicarboxylate (0.083g, 0.48mmol) in THF (2ml) was added to a
solution of erythro-10b (0.08¢, 0.265mmol) and triphenylphosphine
(0.13 g, 0.48 mmol) in THF (10 ml) at room temperature with stirring. The
mixture was stirred for 32h at room temperature. THF was removed to
give a residue, which was chromatographed with CH,Cl, as an eluent to
give trans-12a (0.08g, 99%). Similarly, a solution of threo-10a (0.29g,
0.96 mmol), diethyl azodicarboxylate (0.30 g, 1.73mmol), and triphenyl-
phosphine (0.47g, 1.73 mmol) was stirred for 32h at room temperature.
Standard work-up gave a mixture of trans-12a and cis-12b (0.16g, 59%,
1:2).

cis-2,3-Dihydro-7-methoxy-3-methyl-2-piperonylbenzo[ ]furan (12b):
'H-NMR (400 MHz) é: 0.87 (3H, d, J=7.33 Hz), 3.61—3.68 (1H, m), 3.91
(H, s), 5.76 (IH, d, J=8.79Hz), 5.94 (2H, s), 6.75—6.80 (3H, m),
6.85—6.89 (2H, m), 6.94 (1H, d, J=1.83Hz). These 'H-NMR data for
12b were determined from the 'H-NMR spectrum of the mixture of
trans-12a and cis-12b.

Syntheseis of (1 )-Licarin B (19) A solution of 2d (0.90 g, 6.00 mmol)
in THF (10ml) was injected into a lithiated solution of 13%¥ (1.30g,
4.00 mmol), generated with sec-BuLi in the presence of TMEDA under
the standard conditions, at —105°C. Stirring was continued for an
additional 1h and standard work-up gave threo-15a (1.34g, 70%) and
erythro-15b (0.21g, 11%) after silica-gel column chromatography
(CH,Cl;:acetone=9:1to 1:1 as an eluent).

threo-2-[ 2'-Bis(dimethylamino)phosphoryloxy-3'-methoxy-5'-(1-pro-
penyl)]phenyl-1-piperonylpropanol (15a): mp 164—166°C (ether). MS
m/z: 476 (M*). IR (KBr): 3330, 2940, 2880, 1585, 1485, 1460, 1440, 1305,
1245, 1225, 1190, 1145, 990, 930cm™!. UV nm (loge): 219 (4.56), 257
(4.22), 287 (3.89), 308 (s) (3.42). 'H-NMR (400 MHz) é: 0.91 (3H, d,
J=6.96Hz), 1.89 (3H, dd, J=6.60, 1.47Hz), 2.71 (6H, d, J=10.26 Hz),
2.82 (6H, d, J=10.26 Hz), 3.53 (1H, dq, J=10.26, 6.96 Hz), 3.88 (3H, s),
4.50 (1H, d, J=10.26 Hz), 5.79 (1H, dd, J=9.16, 1.83 Hz), 5.94 (2H, s),
6.20 (1H, dq, J=15.75, 6.60Hz), 6.39 (1H, d, J=15.75H2), 6.77 (1H, d,
J=1.88Hz), 6.78 (1H, s), 6.93 (1H, dd, J=7.88, 1.46 Hz), 6.99 (1H, d,
J=1.83Hz), 7.11 (1H, d, J=1.83 Hz). Anal. Calcd for C,,H;,N,0,P: C,
60.50; H, 6.98; N, 5.88. Found: C, 60.40; H, 6.99; N, 5.81.

erythro-2-[2'-Bis(dimethylamino)phosphoryloxy-3'-methoxy-5'-(1-pro-
penyl)]phenyl-1-piperonylpropanol (15b): mp 110—112°C (ether—pen-
tane). MS mj/z: 476 (M*). IR (KBr): 3299, 2930, 1585, 1490, 1460, 1445,
1310, 1250, 1220, 1195, 1140, 1040, 1000, 920, 900cm ', UV nm (loge):
216 (s) (4.51), 257 (4.17), 287 (3.86), 306 (s) (3.37). 'H-NMR (90 MHz) §:
1.19(3H,d, J=7.29 Hz), 1.84 (3H, d, /= 5.50 Hz), 2.72 (6H, d, /=9.89 Hz),
2.73 (6H, d, J=9.89 Hz), 3.55 (1H, brs), 3.72—3.82 (1H, m), 3.82 (3H,
s), 490 (1H, d, J=4.62Hz), 5.90 (2H, s), 6.04—6.18 (2H, m), 6.57—6.86
(5H, m). Anal. Calcd for C,,H,3N,04P-1/3H,0: C, 59.73; H, 7.03; N,
5.81. Found: C, 59.72; H, 6.75; N, 6.17. A mixture of threo-15a 0.85g,
1.70 mmol) and LiAlH, (0.08 g, 2.00 mmol) in THF (50 ml) was refluxed
for 4h. Standard work-up gave threo-17a (0.36g, 62%).

threo-2-[2'-Hydroxy-3'-methoxy-5'-(1-propenyl)Jphenyl- | -piperonyl-
propanol (17a): A viscous oil. MS m/z: 342 (M*). IR (KBr): 3425,
2975, 2880, 1600, 1490, 1440, 1300, 1250, 1150, 1095, 1040, 935cm 1. UV
nm (log ¢): 272 (4.09), 285 (s) (3.98), 307 (s) (3.54). *H-NMR &: 1.00 (3H,
d,J=7.2Hz), 1.81 (3H, d, J=6.0Hz), 2.42 (1H, brs), 3.19—3.45 (1H, m),
3.84 (3H, s), 4.65 (1H, d, J=8.4Hz), 5.89 (2H, s), 6.06—6.22 (2H, m),
6.73—6.89 (6H, m). Anal. Calcd for C,oH,,05 - 1/3H,0: C, 68.92; H, 6.57.
Found: C, 68.85; H, 6.58. Similarly, erythro-1Th was obtained in 80%
yield by the reaction of erythro-15b (0.07g, 0.147 mmol) with LiAlH,
(0.001 g, 0.190 mmol).

erythro-2-[2'-Hydroxy-3'-methoxy-5'-(1-propenyl)]phenyl-1-pipe-
ronylpropanol (17b): A viscous oil. MS m/z: 342 (M*). IR (neat): 3460,
2970, 2940, 1710, 1600, 1490, 1445, 1370, 1300, 1240, 1155, 1100, 1040,
940cm ™. UV nm (log ¢): 265 (4.11), 285 (s) (3.91). 'H-NMR §: 1.20 (3H,
d, J=6.8Hz), 1.84 (3H, d, J=5.4Hz), 2.45 (1H, brs), 3.22—3.61 (1H, m),

3.87 (3H, s), 4.94 (IH, d, J=3.6Hz), 5.90 (2H, s), 6.06—6.21 (2H, m),

6.66—6.82 (6H, m). Anal. Calcd for C,,H,,0s5: C, 70.16; H, 6.48. Found:
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C, 69.85; H, 6.97. A solution of threo-17a (0.34g, 0.99 mmol) in 90%
CH,COOH (20ml) was refluxed for 1h. Standard work-up and
chromatographic purification (CH,Cl, as an eluent) gave (+)-licarin B
(19, 0.26 g, 81%).

(%)-Licarin B (19): An oil (lit.!2® mp 91—92°C, lit.'?¥ an oil, lit.'® a
gum). MS m/z: 324 (M ™). IR (neat): 1600, 1490, 1450, 1335, 1250, 1210,
1145, 1040, 965, 940cm ™. UV nm (log &): 216 (s) (4.47), 273 (4.21).
H-NMR (400 MHz) §: 1.37 (3H, d, J=6.96 Hz), 1.86 (3H, dd, J=6.60,
1.47Hz), 3.38—3.48 (1H, m), 3.88 (3H, s), 5.09 (1H, d, /=8.79Hz), 5.94
(2H, s), 6.09 (1H, dq, J=15.57, 6.60 Hz), 6.35 (1H, dd, J=15.57, 1.83 Hz),
6.72—6.81 (3H, m), 6.87 (1H, dd, J=8.43, 1.83Hz), 6.93 (IH, d,
J=1.84Hz). When 20% phosphoric acid was used in this cyclization, 19
was obtained in 57% yield. The above 'H-NMR, IR, and UV data for
19 were essentially identical with the reported data.'?

Synthesis of the Neolignan (+)-21 The neolignan 21 was synthesized
via the sequence shown in Chart 6 under the conditions described above.

4-(tert-Butyldimethylsilyloxy)benzaldehyde (2f): Compound 2f was
prepared by the reaction of 4-hydroxybenzaldehyde with tert-butyl-
dimethylsilyl chloride in the presence of imidazole in dimethyl formamide
(DMF) at room temperature. 82% yield. bp 100 °C (0.4 mmHg). MS m/z:
236 (M*). IR (neat): 2940, 2860, 1700, 1600, 1580, 1510, 1215, 1160,
910cm ™~ !. UV nm (log ¢): 217.5 (4.09), 272 (4.20). 'H-NMR §é: 0.25 (6H,
8), 0.99 (9H, s), 6.94 2H, d, J=8.9Hz), 7.79 (2H, d, J=8.9 Hz), 9.88 (1H,
s). Anal. Caled for C,3H,,0,Si: C, 66.06; H, 8.53. Found: C, 65.82; H,
8.37.

1-(4-tert-Butyldimethylsilyloxyphenyl)-2-[ 2'-bis(dimethylamino)phos-
phoryloxy-3’-methoxy-5'-(1-propenyl)]phenylpropanol (16): threo-16a:
56% yield. A viscous oil. 'H-NMR é: 0.19 (6H, s), 0.89 (3H, d, /=7.2 Hz),
0.99 (9H, s), 1.88 (3H, d, J=5.4Hz), 2.05 (1H, brs), 2.70 (6H, d,
J=10.2Hz), 2.81 (6H, d, J=10.2Hz), 3.56—3.68 (1H, m), 3.84 (3H, 9),
4.43 (1H, d, J=9.0Hz), 6.21—6.32 (2H, m), 6.74—7.00 (4H, m), 7.38 (2H,
d, J=9.0Hz). erythro-16b: 8% yield. A viscous oil. 'H-NMR é: 0.20 (6H,
s), .02 (9H, s), 1.28 (3H, d, /=5.4Hz), 1.87 (3H, d, J=4.8 Hz), 2.73 (12H,
d, /=10.2Hz), 3.40—3.70 (1H, m), 3.80 (3H, s), 4.85 (1H, d, /=7.8 Hz),
6.12—6.23 (2H, m), 6.66—6.79 (4H, m), 7.18 (2H, d, /=8.4 Hz). Without
further purification, each of these compounds was used in the next
dephosphorylation reaction.

1-(4-tert-Butyldimethylsilyloxyphenyl)-2-[ 2"-hydroxy-3’-methoxy-5"-(1-
propenyl)]phenylpropanol (18): threo-18a: 68% yield. A viscous oil. MS
mjz: 428 (M*). IR (neat): 3400, 2940, 1605, 1510, 1460, 1250, 1150,
910cm™!. UV nm (log &): 224 (4.36), 272 (3.77). 'H-NMR 4: 0.18 (6H,
s), 0.99 (9H, s), 1.04 (3H, d, J=6.0Hz), 1.85 (3H, d, J=5.4Hz), 2.70 (1H,
brs), 3.34—3.50 (1H, m), 3.84 (3H, 5), 4.69 (1H, d, J=12.0 Hz), 6.16—6.36
(2H, m), 6.71—6.85 (4H, m), 7.13—7.28 (3H, m). HRMS m/z: M* Calcd
for C,sH,40,Si 428.2383. Found: 428.2394. erythro-18b: 44% yield. A
viscous oil. MS m/z: 428 (M*). IR (neat): 3420, 2940, 1610, 1510, 1460,
1295, 1255, 915cm ™!, UV nm (log &): 223 (s) (4.29), 278 (3.80), 309 (s)
(3.52). 'H-NMR 4: 0.15 (6H, s), 0.96 (9H, s), 1.18 (3H, d, J=7.8 Hz), 1.81
(3H, d, J=4.8 Hz), 2.60 (1H, brs), 3.36—3.71 (1H, m), 3.81 (3H, s), 4.94
(I1H, d, J=4.2Hz), 6.01—6.15 (2H, m), 6.43—6.78 (5H, m), 7.12 (2H, d,
J=9.0Hz). HRMS m/z: M* Calcd for C,;H;40,Si 428.2383. Found:
428.2364. A solution of threo-18a (0.48 g, 1.12 mmol) in 90% CH,COOH
(20 ml) was refluxed for 1 h. Standard work-up gave trans-20in 37% yield.

2-(4'-tert-Butyldimethylsilyloxyphenyl)-7-methoxy-3-methyl-5-(1-pro-
penyl)benzo[b]furan (20): ‘A viscous oil. MS m/z: 410 (M™*). 'H-NMR é&:
0.18 (6H, s), 0.98 (9H, s), 1.34 (3H, d, J=7.2Hz), 1.84 (3H, d, J=4.8 Hz),
3.28—3.55 (1H, m), 3.85 (3H, s), 5.10 (1H, d, J=9.0 Hz), 6.09—6.25 (2H,
m), 6.73—7.35 (6H, m). Without further purification, this product was
used for the next desilylation reaction. A solution of trans-20 (0.15g,
0.37 mmol) and TBAF (1.0M in THF, 0.44 ml, 0.44 mmol) in THF (10 ml)
was stirred for 10min. THF was removed to give a residue, which was
chromatographed with CH,Cl, as an eluent to give trans-21(0.09 g, 82%).

2-(4-Hydroxyphenyl)-7-methoxy-3-methyl-5-(1-propenyl)benzo[5]-
furan (21): mp 103—105°C (hexane). (lit.!*? mp 100—103 °C). MS m/z:
296 (M*). IR (KBr): 3400, 1610, 1600cm~'. UV nm (log ¢&): 222.5 (4.49),
271 (4.19), 304 (s) (3.50). 'H-NMR (400 MHz) é: 1.37 (3H, d, /=6.59 Hz),
1.87 (3H, dd, J=6.60, 1.84Hz), 3.40—3.45 (1H, m), 3.88 (3H, s), 4.95
(1H, brs), 5.11 (1H, d, J=8.79 Hz), 6.10 (1H, dq, J=15.39, 6.60 Hz), 6.39
(1H, dd, J=15.39, 1.84 Hz), 6.73—6.84 (4H, m), 7.29 (2H, d, /=8.43 Hz).
The above 'H-NMR, IR, and UV data of 21 agreed well with those of
an authentic sample of the neolignan 21.14

Synthesis of (1)-Carinatol (threo-23a) and (1 )-Dihydrocarinatine
(24) The neolignan ()-carinatol (23a) and (1 )-dihydrocarinatine (24)
were synthesized via the sequence shown in Chart 7 under the conditions
described above.
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2-[5'-Allyl-2'-bis(dimethylamino)phosphoryloxy-3’-methoxy}phenyl-
1-(3,4-dimethoxy)phenylpropanol (22): threo-22a: 55% yield. A viscous
oil. 'H-NMR 4: 0.88 (3H, d, J=7.2Hz), 2.70 (6H, d, J=10.2Hz), 2.81
(6H, d, J=10.2Hz), 3.36 (2H, d, J=6.6Hz), 3.41—3.80 (1H, m), 3.80
(6H,s), 3.88 (3H, s), 4.40—4.97 (2H, m), 5.17 (1H, d, J=3.6 Hz), 5.67—5.90
(1H, m), 6.59—7.14 (SH, m). erythro-22b: 16% yield. A viscous oil.
'H-NMR é: 1.16 (3H, d, J=7.2Hz), 2.71 (6H, d, J=10.2Hz), 2.73 (6H,
d, J=10.2Hz), 3.47 (2H, d, J=7.0Hz), 3.63—3.93 (1H, m), 3.82 (3H, s),
3.86 (6H, s), 4.60—4.95 (2H, m), 4.95—5.10 (1H, m), 5.70—6.10 (1H, m),
6.59—6.94 (5H, m).

2-(5'-Allyl-2'-hydroxy-3'-methoxy)phenyl-1-(3,4-dimethoxy)phenyl-
propanol (23): (+)-Carinatol (threo-23a): 53% yield. A viscous oil. (lit.!*
a viscous oil). MS m/z: 358 (M™*). IR (KBr): 3430, 2940, 1600, 1515, 1500,
1460, 1265, 1235, 1225, 1140, 1025cm ™!, UV nm (log &): 229 (4.30), 280
(3.87). '"H-NMR (400 MHz) é: 1.05 (3H, d, J=6.96Hz), 2.61 (1H, brs),
3.29 (2H, dd, J=6.59, 13.56Hz), 3.38 (1H, dq, J=147, 6.96Hz), 3.83
(3H, s), 3.84 (3H, s), 3.85 (3H, s), 4.73 (1H, d, J=8.79 Hz), 5.00—5.09
(2H, m), 5.85—5.99 (1H, m), 6.39 (1H, s), 6.60 (1H, d, /=2.93 Hz), 6.61
(1H, s), 6.77—6.81 (1H, m), 6.88 (1H, dt, J=6.96, 1.84 Hz), 7.00 (1H, d,
J=1.84Hz). Anal. Calcd for C,H,405- 1/2H,0: C, 68.46; H, 7.40. Found:
C, 68.72; H, 7.21. The above 'H-NMR, IR, and UV data for 23a agreed
well with those of an authentic sample of carinatol.'® erythro-23b: 44%
yield. A viscous oil. IR (neat): 3500, 2940, 2840, 1600, 1515, 1495, 1460,
1440, 1290, 1265, 1230, 1140, 1025, 915cm L. UV nm (log ¢): 202.5 (4.77),
226 (s) (4.27), 277.5 (3.82), 282.5 (s) (3.78), 'H-NMR ¢: 1.20 (3H, d,
J=6.6Hz), 2.93 (1H, brs), 3.24 (2H, d, J=6.6Hz), 3.29—3.70 (1H, m),
3.73 (3H, s), 3.80 (6H, s), 4.87—4.94 (1H, m), 4.94—5.10 2H, m),
5.58—5.83 (1H, m), 6.43—6.54 (3H, m), 6.96 (3H, brs). HRMS m/z: M*
Calcd for C,,H,605 358.1780. Found: 358.1765.

(%)-Dihydrocarinatin (24): 41% yield from threo-23a. mp 73—74°C
(ether). (lit.*® resinous product). MS m/z: 340 (M*). IR (KBr): 2950,
2870, 1600, 1520, 1480, 1450, 1270, 1220, 1140, 1120, 1020, 960cm™~!. UV
nm (log ¢): 232 (s) (4.24), 282 (3.78), 286 (s) (3.76). 'H-NMR (90 MHz)
4: 1.37 (3H, d, J=6.81 Hz), 3.35 (2H, d, J=6.81 Hz), 3.40—3.54 (1H, m),
3.88 (9H, s), 4.98—5.10 (1H, m), 5.10 (1H, d, J=9.70 Hz), 5.11—5.20 (1H,
m), 5.83—6.13 (1H, m), 6.61 (2H, brs), 6.77—6.93 (2H, m), 6.99 (1H, d,
J=1.97Hz). The above 'H-NMR, IR, and UV data for 24 agreed well
with those of an authentic sample of dihydrocarinatin.!"
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Three New Flavonoids, 3’-Methoxylupinifolin, Laxifolin, and Isolaxifolin from the Roots of Derris

laxiflora BENTH

Yun-Lian LiN,*® Yuh-Lin CHEN,® and Yueh-Hsiung Kuo*»*¢
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The following constituents were isolated from the roots of Derris laxiflora BENTH: flemichapparin-B (1),
3’-methoxylupinifolin (2a), lupinifolin (2b), f-amyrin (3), lupeol (4), prunetin (5), laxifolin (6a), and isolaxifolin (7a).
Compounds 2a, 6a, and 7a are new flavonoids, and their structures were determined on the basis of spectral and chemical

evidence.

Keywords Derris laxiflora; root; flavonoid; 3'-methoxylupinifolin; laxifolin, isolaxifolin

Extensive chemical studies on the constituents of the
species of Derris (D.) have been reported,” and many
interesting components including flavones, flavonols,
chalcones, dihydrochalcones, isoflavans, rotenones, stil-
benes, coumarins, aurones, pterocarpans, coumestans,
triterpenes, and glycosides have been isolated. There are
only three species of genus Derris (Leguminosae) indigenous
to Taiwan: D. trifoliata, D. laxiflora, and D. oblonga. The
chemical constituents of the first species have been
investigated.? The latter two species are climbers and are
distributed in forests at low altitudes in southern parts of
Taiwan. The roots of both plants have been reported to
possess insecticidal and pisicidal activities. In connection
with our interest in flavonoids and in view of the biological
activity of the root, chemical studies on D. laxiflora were
undertaken in our laboratory. This paper deals with the
chemical constituents of an ethanol extract of the root.

The air-dried roots of D. laxiflora were repeatedly
extracted with ethanol. The ethanol extract was evaporat-
ed in vacuo to give a residue which was partitioned with
ether and water. After repeated purification by silica gel
chromatography, four components, flemichapparin-B (1),
3'-methoxylupinifolin (2a) (a new prenylated flavanone),
B-amyrin (3),* lupeol (4),> and lupinifolin (2b)® were
isolated from the ether layer. The water layer was
subsequently partitioned with butanol. The butanol layer
was purified repeatedly by silica gel and Sephadex LH-20
chromatography and yielded three components, prunetin
(5),” laxifolin (6a), and isolaxifolin (7a). Four known
compounds were identified by the comparison of their
physical data with those reported in the literature. This
paper deals with the structural elucidation of the three new
compounds 2a, 6a, and 7a.

3’-Methoxylupinifolin (2a), mp 82—=83 °C, yellow needles
from methanol, was formulated as C,cH,30¢ on the basis
of elemental analysis, and gave a positive Mg-HCl test. The
infrared (IR) spectum shows strong absorptions at 3220
(OH) and 1635cm ™! (chelated CO). Its ultraviolet (UV)
spectrum (AM<OH 268, 276, 299, 315 and 367 nm) and signals
of an ABX system at 6 2.77 (1H, dd, /=17.1, 3.0 Hz), 3.01
(1H, dd, J=17.1, 12.7Hz), 5.29 (1H, dd, J=12.7, 3.0Hz)
in the proton nuclear magnetic resonance (*H-NMR)
spectrum (Table I) indicated that 2a is a flavanone.® The
addition of sodium acetate caused no bathochromic shift
of band II (240—280nm) in the UV spectrum.? The
evidence suggests that the C-7 phenolic hydroxyl group is
not free. The doublets at 6 548 and 6.62 (each 1H,

J=9.9Hz), and two singlets at 6 1.42 and 1.43 (each 3H) are
characteristic of a cis double bond and gem-dimethyl group
of the 2,2-dimethylchromene moiety.”’ The presence of a
C-y,y-dimethylallyl group was inferred from the singlets at
0 1.64 and 1.65 (each 3H, br s), the doublet at 6 3.28 (2H, d,
J=17.3Hz), and the triplet at § 5.17 (1H, t, J=7.3 Hz).!?
Signals due to three aromatic protons were discernible at
4 6.89 (1H, d, J=8.9Hz), 6.92 (1H, d, /=89 Hz), and 6.97
(1H, s), and these could be readily assigned to a 1,3,4-

OR,

; *" OR,0
2a . R1:OMe, Rz:H
2b N R]‘—"Rz:H

2¢ : Ri=0Me, R:=Ac
2d : R,=0Me, Rz=Me

OMe

OMe

© 1991 Pharmaceutical Society of Japan
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TaBLE 1. 'H-NMR Data for 3'-Methoxylupinifolin (2a), Lupinifolin (2b),
Laxifolin (6a) and Isolaxifolin (7a)
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TaBLe 1I. '*C-NMR Data (5 Values) for 3'-Methoxylupinifolin (2a),
Lupinifolin (2b), Laxifolin (6a) and Isolaxifolin (7a)

H 2a 2b 6a Ta C 2a 2b 6a Ta
2 5.29dd 5.31dd 2 78.8d 78.5d 163.7s 163.0s
(12.7, 3.0)® (12,9, 3.0) 3 43.1t 43,1t 103.4d 103.5d
3 2.77dd 2.77dd 6.49s 6.49s 4 196.3s 196.7s 182.5s 182.9s
(17.1, 3.0) (17.0, 3.0) 5 159.2s 159.4s 160.8s 157.0s
3.01dd 3.00dd 6 102.7s 102.8s 100.9s 105.0s
(17.1, 12.7) (17.0, 12.9) 7 159.6s 160.0s 160.7s 159.4s
2 6.97s 7.30d (9.0) 7.72d (8.5) 7.72d (8.7) 8 108.4s 108.7s 112.6s 107.6s
¥ 6.61d (9.0) 6.89d (8.5) 6.89d (8.7) 9 156.5s 156.5s 158.7s 154.5s
5 6.89d (8.9) 6.61d (9.0) 6.89d (8.5) 6.89d (8.7) 10 102.5s 102.6s 103.2s 103.6s
6 6.92d (8.9) 7.30d 9.0) 7.72d (8.5) 7.712d4 8.7) 1 125.8s 126.0s 127.0s 123.7s
1” 3.284d (7.3) 3.10d (7.0) 3.28d (7.1) 3.47d (6.9) 2 108.6d 127.7d 128.0d 128.3d
2" 517t (7.3) 5.12t (7.0) 5.16t (7.1) 5.17t (6.9) ¥ 146.7s 115.5d 116.2d 116.2d
3"-CH; 1.64, 1.65s 1.63s 1.61, 1.75s 1.62, 1.76s 4 145.8s 156.0s 156.0s 154.3s
2"-CH, 142,1.43s 1.42, 1.43s 142s 141s § 115.5d 115.5d 116.2d 116.2d
3 5.48d (9.9) 5.48d (9.9) 5.59d (10.0) 5.57d (10.0) 6 119.1d 127.7d 128.0d 128.3d
4" 6.62d (9.9) 6.61d (9.9) 6.73d (10.0) 6.70d (10.0) 1” 21.3t 21.4t 21.7t 21.6t
O-CH; 3.89s 2" 122.4d 12244 122.2d 122.2d
3” 130.6s 130.7s 128.3s 131.7s
300MHz in CDCl, (TMS as internal standard). a) Figures in parentheses are 4" 25.6q 25.7q 25.8q 25.7q
coupling constants. 5 17.7q 17.6q 18.1q 18.0q
2" 78.0s 78.1s 77.8s 78.6s
3 130.8d 131.1d 131.4d 131.9d
4" 114.4d 115.6d 115.6d 115.8d
- OMe 5" 28.1q 28.4q 28.1q 28.0q
2a —chs 3 o 6" 28.2q 283q 28.2q 28.1q
. OH OCH, 55.8q
m/z 436(67)
OH O 75MHz in CDCl; (TMS as internal standard). Assignments established by
~ C3H7 off-resonance and DEPT methods. s, singlet; d, doublet; t, triplet; q, quartet.
m/z 421(100)
J failed to give chroman and only the starting materials was
recovered. This result suggested the presence of a C-8
o 7,7-dimethylallyl side-chain in 2a. Recently, Fukai et al.1?
. reported that the MS base peaks of 8-prenylated flavanone
4 o 0 OMe and 6-prenylated flavanone are M* —CHyand M* —C,H,,
* I—O- OH respectively. Due to the fragment in the MS, the y,y-
m/2383(5) C‘-o dimethylallyl side-chain was therefore determined to be
OH at C-8 and the structure of 2a is assigned as 3'-me-
m/z 271(36) m/2180(7) thoxylupinifolin. The structure of 2a was further con-
Chart 1

trisubstituted benzene ring. A phenolic methyl ether signal
was seen at 6 3.89 (3H, s). The singlets at § 5.81 and 12.25
(each 1H, s), which both disappeared upon addition of D,0,
were assigned to the two phenolic protons.

The substitution pattern of 3'-methoxylupinifolin (2a) was
determined from 'H-NMR and mass spectral data. The
presence of a chelated C-5 hydroxyl was evident, as one of
the phenolic protons resonated at low field (6 12.25). The
non-chelated OH group (6 5.81) could thus be located either
in the A- or B-ring. The mass spectrum (MS) of 2a (Chart
1) showed fragments at m/z (%) 271 (36) and 150 (7), which
can be rationalized only when non-chelated OH and -OMe
groups are present in the B-ring, and y,y-dimethylallyl
and 2,2-dimethylchromene side-chains in the A-ring. The
non-chelated OH was assigned to C-4' on the basis of a
nuclear Overhauser effect (NOE) experiment, in which
NOEs were observed between the -OMe and a signal at
66.97 (1H, s, H-2, 20.8% enhancement), showing that
—-OMe is located at C-3'. Cardillo ef al.'?) have shown that
acid cyclization of ortho-y,y-dimethylallylphenol gives the
corresponding chroman. Treatment of 2a with formic acid

firmed by carbon-13 nuclear magnetic resonance (*3C-
NMR) spectroscopy (Table II).

The reaction of 2a with methyl iodide and potassium
carbonate in dry acetone under reflux gave two products,
a trimethoxyflavanone (2d) and a chalcone (9) [ 6.91 and
7.34 (each 1H, J=16Hz),  3.67, 3.70, 3.88, and 3.88 (each
3H, s)]. Compound 2d, an amorphous solid, shows three
methoxyl signals [ 3.81 (3H, s) and 3.89 (6H, s)] and an
ABX system [42.79 (1H, dd, J=17.0, 3.1 Hz), 2.87 (1H,
dd, J=17.0, 13.2Hz), and 5.33 (1H, dd, J=13.2, 3.1 Hz)]
characteristic of the flavanone moiety in its 'H-NMR
spectrum. In an NOE experiment, NOEs were observed
between the chromene olefinic proton (5 6.61) and 5-OMe
(6 3.89) and between H-2' [6 6.99 (1H, d, J=2.0Hz)] and
one methoxyl group [63.81 (3H, s)] in 2d. The results
supported the proposed structure of 2a.

Laxifolin (6a) and isolaxifolin (7a) were separated by
medium-pressure liquid chromatography (MPLC). The
former melted at 259—260 °C. It shows peaks at m/z (%)
404 (M*, 70), 389 (M* —CH,, 49), 361 (M* —C,H,, 100)
and 349 (M* —C,H,, 49) in the MS, was formulated as
C,sH,,0;5 on the basis of elemental analysis, and gave a
positive Mg-HCIl test. The UV absorption of 6a at AMOH

max
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(log ¢): 236 (4.12), 279 (4.14), 314 (4.18), and 337 (4.06)
nm indicated it to be a flavone. The 'H-NMR spectrum
(Table I) of laxifolin (6a) showed the presence of one
2,2-dimethylchromene, one 7y,y-dimethylallyl group, one
olefinic proton, an A,B, system of four aromatic protons,
and two phenolic protons (6 5.50 and 12.36). Similarly
isolaxifolin (7a), yellow needles, mp 230—232°C, was
formulated at C,sH,,05 based on its elemental analysis. It
also gave a positive Mg-HCl test. The *H-NNR data (Table
I) for isolaxifolin indicated it to possess one 2,2-di-
methylchromene, one y,y-dimethylallyl group, one olefinic
proton, an A,B, system of four aromatic protons, and two
phenolic protons (6 5.96 and 12.47). The UV absorption of
isolaxifolin (7a) is similar to that of laxifolin (6a). The
fragment peaks assignable to M* —CH,, M* —C;H,, and
M*—C,H, in the MS also confirmed the presence of a
dimethylchromene and a y,y-dimethylallyl group in both
compounds.!® From the above evidénce, laxifolin and
isolaxifolin are considered to be isomers. The base peaks,
M* — CHj; (isolaxifolin) and M * — C;H, (laxifolin), proved

the presence of the 8-prenyl group for isolaxifolin and the .

6-prenyl group for laxifolin.'? Acetylation of 6a and 7a
with acetic anhydride in pyridine at 60 °C overnight afforded
the diacetates, 6b [mp 125—126 °C; v¥Br 1750cm™!; 6 2.33

max

and 2.45 (each 3H, s)] and 7b [mp 105—107°C; vEE:

max

1755cm™~1; § 2.32 and 2.45 (each 3H, s)], respectively. In
the 'H-NMR spectrum of 7b, the signal of H-4"" at § 6.48
(d) is shifted upfield (0.22 ppm) compared with that in 7a
(6 6.70, d). On the other hand, the chemical shifts of H-4""
of 6a and 6b exhibit opposite shifts. This result provides
additional proof that the y,y-dimethylallyl side-chain is
located at C-6 for laxifolin (6a) and at C-8 for isolaxifolin
(7a).!*'9 Finally, the location of the y,y-dimethylallyl group
was determined by chemical transformation of 6a to
chroman (10) by heating in acetic acid and sulfonic acid*®
[(10), mp 272—274°C; vKBr 3300 cm ™ !; MS m/z 404 (M *);
0 1.74 and 2.55 (each 2H, t, J=7.0Hz)]. Under the same
conditions, isolaxifolin (7a) did not react at all. Thus, the
structures of laxifolin and isolaxifolin were established as
6a and 7a, respectively. The !3C-NMR data (Table I) also
confirm these structures.

Experimental

Melting points were determined on a Yanagimoto melting point ap-
paratus and are uncorrected. IR spectra were recorded on a Perkin-Elmer
781 spectrometer. 'H- and '3C-NMR spectra were run on a Brucker AM
300 at 300MHz and 75MHz in the indicated solvent with tetra-
methylsilane (TMS) as an internal standard. Chemical shifts are given in
é-values and coupling constants (J) are given in hertz (Hz). Electron
impact mass spectra (EI-MS) and UV spectra were taken on JEOL JMS-100
and Hitachi U-3200 instruments, respectively.

Extraction and Isolation The roots of Derris laxiflora were crushed into
small pieces and dried at 50°C to give 5.7 kg of raw material, which was
extracted with 95% ethanol (501) three times (8 h each time) at 60 °C. The
combined extracts were evaporated in vacuo to give a residue, which was
subsequently subjected to partition with ethyl acetate and H,O (each 11).
The upper layer was purified by silica gel chromatography with gradient
(hexane—CHCl;) system to afford flemichapparin-B (1) (87mg), 3'-
methoxylupinifolin (2a) (156 mg), f-amyrin (3) (283 mg) and lupeol (4)
(165mg) (a crystalline mixture of 3 and 4 was separated on silica gel
impregnated with 10% AgNO,), and lupinifolin (2b) (4.6 g). The aqueous
layer was subsequently partitioned with BuOH (3 1), and the BuOH layer
was purified by silica gel chromatography (CHCl,—MeOH gradient) to
yield prunetin (5) (143 mg) and a yellow crystalline mixture, which was
separated by Sephadex LH-20 column chromatography (MeOH) and
then silica ge]l MPLC (hexane: ethyl acetate=3:1) to give laxifolin (6a)
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(120 mg) and isolaxifolin (7a) (128 mg).

Flemichapparin-B (1)¥: mp 182—184°C. UV A¥<%nm (log e): 250
(4.08), 328sh (4.35), 338 (4.48), 357 (4.46). IR vXBrcm™!: 3080, 1640, 1610,
1600, 1510, 1320, 1035, 1015, 935. MS m/z (%): 296 (100). 'H-NMR
(CDCly) 6: 3.78 (3H, s), 5.50, 5.97 (each 2H, s), 6.48 (1H, d, J=2.4Hz),
6.52 (1H, dd, J=8.3, 2.4Hz), 6.71 (1H, s), 7.00 (1H, s), 7.35 (1H, d,
J=8.3Hz).

3'-Methoxylupinifolin (2a): mp 82—83 °C. [«}3° —250° (c=0.5, CHCl,).
MS m/z (%): 436 (M *, 67), 421 (M* —CH,, 100), 271 (36), 243 (17), 231
(11), 215 (61). UV AMOHnm (log €): 228 (4.34), 268 (4.62), 276 (4.66), 297
(4.11), 315 (4.12), 367 (3.54). UV AMcOH+NOAc i (log &): 226 (4.34), 268
(4.62), 276 (4.66), 314 (4.11), 366 (3.51). IR vEB:cm™': 3220, 1635, 1610,
1590, 1510, 1370. 'H-NMR: Table 1. *3C-NMR: Table II. 4nal. Calcd for
C,6H1506: C, 71.54; H, 6.47. Found: C, 71.89; H, 6.55.

B-Amyrin (3)*: mp 196—197°C. IR vKBrem™1: 3280, 1380, 1370, 1035,
995, 875, 810. MS m/z (%): 426 (M™, 2), 411 (1), 218 (100), 203 (62), 189
(26). 'H-NMR (CDCl,;) 6:0.77,0.81, 0.85, 0.85,0.92, 0.95, 0.98, 1.11 (each
3H, s), 3.20 (1H, dd, J=10.2, 5.7Hz), 5.16 (1H, t, J=3.3 Hz).

Lupeol (4)®: mp 206—208°C. IR vKBrem™1: 3420, 3040, 1635, 1010,
980, 870. MS m/z (%): 426 (M*, 12), 411 (6), 218 (42), 207 (60), 203 (38),
189 (100), 175 (37), 135 (60), 121 (60). 'H-NMR (CDCl;) é: 0.74, 0.77,
0.81, 0.92, 0.94, 1.01 (each 3H, s), 1.66 (3H, brs), 2.34 (1H, dt, J=11.0,
5.6Hz), 3.16 (1H, dd, J=11.0, 5.6 Hz), 4.56, 4.66 (each 1H, brs).

Prunetin (5)”: mp 178—179°C. UV AM:%nm (log &): 262 (4.69), 327
(3.79). IR vE¥Brem™1: 3360, 1660, 1610, 1560, 1510, 1050, 945, 820, 745.
MS mjz (%): 284 (M*, 100), 166 (14), 138 (5), 118 (2). 'H-NMR
(DMSO-dg) é: 3.80 (3H, s), 6.26, 6.40 (each 1H, d, J=2.1 Hz), 6.78, 7.28
(each 2H, d, J=8.5Hz), 8.04 (1H, s), 9.28, 12.82 (each 1H, s, -OH).

Lupinifolin (2b)®: mp 178—179°C. MS m/z (%): 406 (M *, 82), 391
(100), 271 (27), 243 (10), 215 (29). UV AM%Hnm (log e&): 266 (4.52), 275
(4.56), 299 (3.95), 314 (3.99), 366 (3.39). IR vKB:cm ™ !: 3240, 1640, 1610,
1590, 1520. *H-NMR: Table 1. 13C-NMR: Table II.

Laxifolin (6a): mp 259—260°C. IR vXBrem™1: 3430, 1645, 1605, 1580,
1510, 1175, 1125, 835. MS m/z (%): 404 (M*, 70), 389 (49), 361 (100),
349 (49). 'H-NMR: Table 1. !3C-NMR: Table II. Anal. Calcd for
C,sH,,04: C, 74.25; H, 5.94. Found: C, 74.20; H, 5.97.

Isolaxifolin (7a): mp 230—232°C. UV AM:% nm (log ¢): 234 (4.25), 282
(4.15), 311 (4.13), 341 (4.10). IR vKB:cm™!: 3400, 1655, 1605, 1560, 1510,
1205, 1170, 1125, 830. MS m/z (%): 404 (26), 389 (100), 361 (26), 349 (13).
'H-NMR: Table I. 13C-NMR: Table II. 4nal. Calcd for C,sH,,0O;. Found:
C, 74.19; H, 5.98.

Acetylation of 2a with Acetic Anhydride and Pyridine 3'-Methoxy-
lupinifolin (2a) (5mg) was allowed to react with Ac,0 (1 ml) in pyridine
(0.5ml]) at 60°C overnight. Usual work-up gave a diacetate (2¢) (5mg).
IR vKBrem—1: 1750, 1670, 1600, 1500, 1200, 1155. 'H-NMR (CDCl,) é:
1.42, 1.43, 1.63, 1.69, 2.31, 2.39, 3.84 (each 3H, s), 2.71 (1H, dd, J=16.8,
2.5Hz), 2.93 (1H, dd, J=16.8, 13.2Hz), 3.28 (2H, d, /=7.0Hz), 5.17 (1H,
t, J=7.0Hz), 5.40 (1H, dd, /=13.2,2.5Hz), 5.63, 6.36 (1H, d, J=10.0 Hz),
6.97 (1H, dd, J=8.0, 1.2Hz), 7.05 (1H, d, J=8.0Hz), 7.07 (1H, d,
J=12Hz).

Methylation of 2a A mixture of 3'-methoxylupinifolin (2a) (20 mg),
methyl iodide (1ml), dry acetone (5ml), anhydrous potassium carbonate
(1g), and a few drops of dimethyl sulfoxide (DMSO) was heated under
reflux for 24 h. The mixture was filtered, and the filtrate was evaporated
to dryness. The residue was subsequently purified by silica gel chro-
matography (CHCl;) to afforded two amorphous compounds, a tri-
methoxyflavanone (2d) (10mg) [IR vKBrem™!: 1670, 1580, 1510, 1150,
1110. *H-NMR (CDCl,) 4: 1.41, 1.43, 1.64, 1.65, 3.81, 3.89, 3.89 (each
3H, s), 2.79 (1H, dd, J=17.1, 3.1 Hz), 2.97 (1H, dd, J=17.1, 13.0Hz),
3.28 (2H, d, J=7.2Hz), 5.19 (1H, t, J=7.2Hz), 5.33 (1H, dd, J=13.0,
3.1Hz), 5.57, 6.61 (each 1H, d, /=10.1 Hz), 6.87 (1H, d, J=8.0 Hz), 6.97
(1H, dd, J=8.0, 2.0 Hz), 6.99 (1H, d, /=2.0 Hz)] and a chalcone (9) (9 mg)
(IR vKBrcm™1: 1660, 1635, 1580, 1500, 1130. "H-NMR (CDCl,) 6: 1.43,
1.43, 1.67, 1.76, 3.67, 3.70, 3.88, 3.88 (each 3H, s), 3.27 (2H, d, J=7.1 Hz),
5.18 (1H, t, J=7.1Hz), 5.59, 6.52 (each 1H, d, J=10.0Hz), 6.83 (1H, d,
J=8.4Hz), 6.91, 7.34 (each 1H, d, J=16.0Hz), 7.05 (1H, d, /=19 Hz),
7.10 (1H, dd, J=8.4, 1.9Hz)].

Acetylation of Laxifolin (6a) and Isolaxifolin (7a) Acetylation of 6a
(5mg) and 7a (5 mg) in the same was as mentioned above yielded 6b (5 mg)
and 7b (5 mg) respectively. 6b; IR vXB em~1: 1750, 1645, 1635, 1590, 1500,
1190. 'H-NMR (CDCl,) é: 1.45, 1.45, 1.65, 1.65, 2.33, 2.45 (each 3H, s),
3.25 (2H, d, J=7.1Hz), 5.08 (1H, t, J=7.1 Hz), 5.71, 6.84 (each 1H, d,
J=10.0Hz), 6.53 (1H, s), 7.23, 7.84 (each 2H, d, J=8.5Hz). 7b; IR
vKBr em~1: 1755, 1645, 1630, 1590, 1500, 1195. 'H-NMR (CDCl,) 6: 1.46,
1.46, 1.67, 1.81, 2.32, 2.45 (each 3H, s), 3.56 (2H, d, J=6.8 Hz), 5.21 (1H,
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t, J=6.8 Hz), 5.74, 6.48 (each 1H, d, J=10.0 Hz), 6.53 (1H, s), 7.22, 7.85
(each 2H, d, /=8.5Hz).

The Chroman 10 from 6a by Acidic Cyclization A mixture of laxifolin
(6a) (5 mg), acetic acid (1 ml), and concentrated H,SO, (0.2 m]) was heated
at 100 °C overnight and then allowed to stand at room temperature for
36 h. The reaction mixture was poured into excess ice water. The organic
compounds were extracted with ethyl acetate and purified by silica gel
column chromatography (MeOH-CHClI,, 5:95) to give the chroman (10)
(3mg) [mp 272—274°C. IR vXBrcm™1: 3300, 1650, 1160, 1565, 1500. MS
m/z(%): 404 (50), 389 (100), 361 (35), 349 (31). 'H-NMR (DMSQ-d,) é:
1.29, 1.43 (each 6H, s), 1.74, 2.55 (each 2H, t, J="7.0 Hz), 5.74, 6.84 (each
1H, d, J=10.1Hz). 6.31 (1H, s), 6.64, 7.66 (each 2H, d, J=8.5Hz)].
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Highly Diastereoselective Reaction of Chiral 0-[2-(1,3-Oxazolidinyl) ]benzaldehydes with Alkylmetallic
Reagents: Synthesis of Chiral 3-Substituted Phthalides
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Highly diastereoselective reaction of chiral o-[2-(1,3-oxazolidinyl)]benzaldehydes (4—6) with alkylmetallic
reagents provides a new synthetic method for chiral 3-alkylphthalides.
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butylmagnesium chloride;
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(S)-N-isopropylvalinol; highly diastereoselective reaction; 0-[2-(1,3-oxazolidinyl)]benzaldehyde; pyridinium chlorochromate

Many papers' ~* and reviews*~® have been published
on the synthesis of phthalides. In particular, asymmetric
synthesis of chiral phthalides has recently been achieved
by diastereoselective reaction of ortho-substituted benzal-
dehydes and lithiobenzenes bearing a chiral heterocyclic
group, e.g., 2,6a-diazaperhydropentalenyl,” 1,3-oxazoli-
nyl,® imidazolidinyl,” and 1,3-dioxolanyl®!? groups. We
have also reported highly diastereoselective reactions of
chiral 1,3-oxazolidines,!? 5-oxa-7,8a-diazaperhydroazulen-
8-ones,!? and 4-oxa-7,7a-diazaperhydroindans,'® pre-
pared from easily available enantiomerically pure (S)-
and (R)-ethanolamines. In this paper, we wish to report
a diastereoselective reaction of o-[2-(1,3-oxazolidinyl)]-
benzaldehydes with alkylmetallic reagents, resulting the
asymmetric synthesis of 3-alkylphthalides having a chiral
center at the 3-position of the ring.

Chiral o-[2-(1,3-oxazolidinyl)]benzaldehydes (4—6)
were synthesized by condensation of phthalaldehyde with
(S)-N-methyl,'4*) (S)-N-ethyl, and (S)-N-isopropyl**'®
valinols (1—3) in 56—65% yields. These products were
obtained as mixtures of two isomers, and the ratio of the
major to the minor components was estimated as 93:7,
93:7, and 92:8, respectively, by proton nuclear magnetic
resonance (*H-NMR) spectral analysis. Diastereomerically
pure compounds could not be isolated from the mixtures
by column chromatography. The diastereomers may have
equilibrated during column chromatography. The aryl
group linked to the newly created asymmetric carbon
atom at the 2-position of 1,3-oxazolidine ring is assumed
to be in a cis relationship to the isopropyl group at the

4-position.*1-14
x
R_
—_— ° 0
H
CHO

4—6

CHO H
O e
CHO H oH

iso-C,H,

Chart 1

The reaction of chiral o-[2-(1,3-oxazolidinyl)]benzalde-
hydes (4—6) with dibutylcupriolithium, diethylzinc, and
alkylmagnesium halides gave oily products (7—9). These
products were considered to be o-[2-(1,3-oxazolidinyl)]}-
benzylalcohols and/or 1-(2-hydroxyethyl)amino-2-oxain-
dans, but the structures were difficult to elucidate. The
carbon-nitrogen bond of these products was easily cleaved
by hydrolysis using p-toluenesulfonic acid monohydrate
to give the corresponding 3-alkyl-1-hydroxy-2-oxaindans
(10a—=c). The chiral auxiliary reagents, i.e., (S)-N-alkyl-
valinols (1—3), were recovered in good yields with no loss
of optical purity. The products (10a—¢) were confirmed
to consist of two sets of diastereomers, i.e., [(1R,3R)-
and (1S,3R)-compounds] and [(1S,3S)- and (1R,3S)-
compounds], by 'H-NMR spectral analysis. The specific
rotation of 3-ethyl-1-hydroxy-2-oxaindan (10b) thus ob-
tained was consistent with that reported by Asami and
Mukaiyama.”

The diastereomeric mixtures of 3-alkyl-1-hydroxy-2-
oxaindans (10a—c) were oxidized with pyridinium chloro-
chromate (PCC) to give chiral 3-alkylphthalides (11a—c).
The enantiomeric excesses (ee) of 11a—¢ were estimated
from the peak areas in a high performance liquid chroma-
tography (HPLC) using a chiral packed column. Further,
the absolute configurations were determined by compari-
son of the specific rotations with those of known 3-
alkylphthalides [11a® and 11¢'”] and 3-ethyl-1-hydroxy-
2-oxaindan (10b).” These experimental data are summa-
rized in Table I together with the total yields based on the
originally used 4—6.

The reactions of o-[2-(1,3-oxazolidinyl)]benzaldehydes
(4 and 6) with diethylzinc in dichloromethane were highly
diastereoselective (entries 4 and 6). The reaction of 6
with alkylmagnesium halides in dioxane (entry 10) and
in a mixed solvent of tetrahydrofuran (THF)-dioxane
(5:1) (entries 18 and 20) gave the corresponding chiral
3-alkylphthalides (11a and 11c) of 85—90% eec However,
the absolute configurations of the products depended on
the solvents used and the bulkiness of the substituents, as
shown in Table I.

In conclusion, this reaction proceeds with high dia-
stereoselectivity, and the stereoselectivity is influenced by
the bulkiness of substituents and the solvent used. Similar
results have been reported in the diastereoselective reaction
of ortho-substituted benzaldehydes with chiral heterocyclic
groups, e.g., 1,3-oxazolinyl,¥’ imidazolidinyl,” and 1,3-
dioxolanyl®'® groups. We propose a mechanism in which
the oxygen atom of the 1,3-oxazolidine ring is nearly in the

© 1991 Pharmaceutical Society of Japan
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TaBLE 1. Diastereoselective Reaction of Chiral 0-[2-(1,3-Oxazolidinyl)Jbenzaldehydes (4—6) with Alkylmetallic Reagents
Temp Time Yield eeb .
\ )
Entry Reactant Reagent Solvent ¢0) ) Product %) %) Configuration®
1 6 (C,H,),CuLi Et,0 —50 16 11c 82 28 R
2 6 (C,Hy),CuLi THF -50 16 11c 80 58 S
3 4 (C,H,),;Zn THF rt? 44 11b 56 7 R
4 4 (C,Hy),Zn CH,Cl, rt? 16 11b 63 87 R
5 5 (C;H,),Zn CH,Cl, rt? 42 11b 82 76 S
6 6 (C,H,),Zn CH,Cl, rt? 18 11b 70 96 S
7 6 CH;MgBr Toluene -50 16 11a 62 12 R
8 6 CH;MgBr Et,0 ~50 16 11a 65 33 R
9 6 CH;MgBr THF —50 16 11a 72 73 S
10 6 CH;MgBr Dioxane rtd 16 11a 53 85 S
11 6 CH,MgBr Mixed® 0 16 11a 62 80 S
12 4 CH,MgBr Mixed/? —50 16 11a 57 46 S
13 4 C,H MgBr Mixed? —50 16 11b 43 47 S
14 4 C,HyMgCl Mixed/? -50 16 11c 41 58 S
15 5 CH,MgBr Mixed/? —50 20 11a 52 66 S
16 5 C,H MgBr Mixed”? —50 19 11b 42 57 S
17 5 C,H MgCl Mixed /! -50 42 11c 65 70 S
18 6 CH;MgBr Mixed ! —50 16 11a 69 86 S
19 6 C,H ;MgBr Mixed”? -50 16 11b 63 71 S
20 6 C HyMgCl Mixed”? —50 20 11c 73 90 S

a) The yield was the isolated yield from o-[2-(1,3-0xazolidinyl)]benzaldehyde (4—6). b) The enantiomeric excess was estimated by HPLC using a chiral packed
column. ¢) The absolute configuration was determined by comparison of the specific rotation with that of the known compound. d) Room temperature. e) Mixed

solvent of ether—dioxane (5:1). f) Mixed solvent of THF-dioxane (5:1).

Fig. 1

benzene plane
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plane of the benzene ring, forming a favorable intermediate
(A) which is attacked by the alkylmetallic reagent from the
si-face of the carbonyl carbon atom. If the nitrogen atom
at the 1,3-oxazolidine ring is nearly in the plane of the
benzene ring (B), attack of the reagent occurs from the
re-face, as shown in Fig. 1.

Experimental

The 'H-NMR spectra were obtained with a JEOL JNM-GSX270
spectrometer and the mass spectra (MS) were recorded with a JEOL
JMS-D300 spectrometer by using the electron impact (EI) method. The
melting points were measured with a Yanagimoto micromelting point
apparatus and are uncorrected. The optical rotations were measured
with a JASCO DIP-370 digital polarimeter.

(S)-N-Ethylvalinol (2) Acetyl chloride (9.42g, 120mmol) was added
dropwise to a stirred solution of (S)-valinol (10.3g, 100 mmol) and
triethylamine (13.2g, 130mmol) in CH,Cl, (150ml) at 0°C. After
being stirred at room temperature for 3h, the reaction mixture was
concentrated under reduced pressure. The residue was dissolved in THF
(70ml) and the solution was added dropwise to a stirred suspension of
LiAlIH, (7.7g, 203 mmol) in THF (120ml). After refluxing for 3h, the
reaction mixture was made alkaline. The resultant precipitate was filtered
off and the filtrate was evaporated. The oily residue was distilled in vacuo
to give a colorless oil (11.2g, 85%), bp 83°C (22mmHg). [«]3* +17.1°
(c=8.25, ethanol). MS m/z: 132 (M™* +1, 100%). 'H-NMR (CDCl,) é:
0.89 (3H, d, J=6.71Hz, CHCH,), 0.96 (3H, d, /=6.71Hz, CHCH,),
1.11 (3H, t, J=7.32Hz, CH,CH,), 1.79 (1H, octet, J=6.71 Hz,
CH(CHs,),), 2.14 (2H, br, NH and OH), 2.38 (1H, dt, /=427, 6.71 Hz,
NCHCH,0), 2.60 (1H, dq, J=11.59, 7.32Hz, CH,CH,), 2.71 (1H,
dq, J=11.59, 7.32Hz, CH,CH,), 3.30 (1H, dd, J=6.71, 10.38Hz,
NCHCH,0), 3.59 (1H, dd, /=4.27, 10.38 Hz, NCHCH,0).

(25,4S5)-0-[2-(4-Isopropyl-N-methyl-1,3-0xazolidinyl) Jbenzaldehyde (4)
(S)-N-Methylvalinol (4.69 g, 40 mmol) was added dropwise to a solution
of phthalaldehyde (5.37 g, 40mmol) in CH,Cl, (100 ml) in the presence
of anhydrous Na,SO, (10g), and the reaction mixture was stirred at
room temperature for 16h. The precipitate was filtered off and the
filtrate was evaporated under reduced pressure. The residue was distilled
in vacuo to give 4 as a colorless oil (5.00g, 56%), bp 143—145°C
(3.5mmHg) (93: 7 mixture). [«]3* —65.6° (c=2.89, hexane). Anal. Calcd
for C,,H,gNO,: C, 72.07; H, 8.21; N, 6.00. Found: C, 71.98; H, 8.34;
N, 6.03. IR (CHCl,): 1682 (C=0) cm~!. MS mj/z: 233 (M*, 48%),
218 (M* —CH,, 23%), 190 M* —C,H,, 87%), 133 (86%). '"H-NMR
(CDCl,;) é: major component; 0.97 (6H, d, J=7.02Hz, CH(CH,),),
1.96 (1H, d and septet, /=5.19, 7.02Hz, CH(CH,),), 2.16 (3H, s,
NCH,), 2.67 (IH, dt, J=5.19, 7.94Hz, NCHCH,0), 391 (IH, t,
J=7.94Hz, NCHCH,0), 4.04 (1H, t, /=7.94Hz, NCHCH,0), 5.06
(1H, s, NCHO), 7.45—7.62 (3H, m, aromatic H), 7.90—7.94 (IH, m,
aromatic H), 10.69 (1H, s, CHO).

(25,45)-0-[2-(N-Ethyl-4-isopropyl-1,3-oxazolidinyl) Jbenzaldehyde (5)
Condensation of (S)-N-ethylvalinol (5.25g, 40mmol) with phthalalde-
hyde (5.37g, 40mmol) in CH,Cl, (100ml) was achieved in a similar
manner to that described for the preparation of 4 to give 5 (6.13g,
62%) as a colorless oil, bp 149—151°C (3mmHg) (93 : 7 mixture). [«]3*
—93.5° (¢=3.09, hexane). Anal. Caled for C,;H,,NO,: C, 72.84; H,
8.56; N, 5.66. Found: C, 72.61; H, 8.70; N, 5.66. IR (CHCl,): 1680
(C=0) cm™!. MS m/z: 247 M*, 20%), 218 (M*—C,H;, 69%),
204 M*—-C;H,, 71%), 133 (100%). 'H-NMR (CDCl;) é: major
component; 0.90 (3H, d, J=6.72 Hz, CH(CH,),), 0.91 (3H, t, /=7.32 Hz,
NCH,CH,), 097 (3H, d, J/=6.72Hz, CH(CH,),), 1.72 (1H, octet,
J=6.72Hz, CH(CH,;),), 2.65—2.76 (2H, m, NCH,CH,), 2.83 (IH, q,
J=6.72Hz, NCHCH,0), 3.77 (1H, dd, /=6.72, 8.54 Hz, NCHCH,0),
4.00 (1H, dd, J=6.72, 8.54Hz, NCHCH,0), 5.58 (1H, s, NCHO),
7.43—7.91 (4H, m, aromatic H), 10.64 (1H, s, CHO).

(28,45)-0-[ 2-(4,N-Diisopropyl-1,3-oxazolidinyl) Jbenzaldehyde (6) A
mixture of (S)-N-isopropylvalinol (5.81 g, 40mmol) and phthalaldehyde
(5.37g, 40mmol) in toluene (20ml) was refluxed for 40h using a
Dean-Stark trap. The mixture was concentrated under reduced pressure
and the residue was distilled in vacuo to give 6 as a colorless oil
(6.8 g, 65%), bp 134—136°C (0.45mmHg) (92: 8 mixture). [«]37 —93.7°
(¢=2.39, hexane). Anal. Caled for C,H,;NO,: C, 73.53; H, 8.87; N,
5.36. Found: C, 73.74; H, 8.97; N, 5.39. IR (CHCl,): 1680 (C=0) cm™ .
MS m/z: 261 (M*, 2.5%), 246 (M* —CH,, 1.3%), 218 M*—-C;H,,
100%), 133 (66%). 'H-NMR (CDCl,) 4: major component; 0.79 (3H, d,
J=6.71Hz, CH(CH,),), 0.99 (3H, d, J=6.71 Hz, CH(CH,),, 1.05 (3H,
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d, J=6.71Hz, CH(CH,),, 1.11 (3H, d, J=6.71Hz, CH(CH,),), 1.42
(1H, d and septet, J=8.39, 6.71 Hz, CH(CH,),), 2.88 (1H, ddd, J=5.34,
7.32, 8.39 Hz, NCHCH,0), 3.13 (1H, septet, J=6.71 Hz, NCH(CH,),),
3.56 (1H, dd, J=5.34, 8.39Hz, NCHCH,0), 3.94 (IH, dd, J=7.32,
8.39 Hz, NCHCH,0), 6.05 (1H, s, NCHO), 7.39—7.90 (4H, m, aromatic
H), 10.58 (1H, s, CHO).

General Procedure for the Reaction of 4—6 with Alkylmetallic Reagent
An alkylmetallic reagent [6 mmol; (C,H,),CuLi (prepared from C,H,Li
and Cul), (C,H,),Zn (6ml of a 1M solution in hexane), CH;MgBr
(2ml of a 3M solution in ether), C,HsMgBr (2ml of a 3Mm solution in
ether), or C,HyMgCl (3ml of a 2M solution in THF)] was added
dropwise to a stirred solution of 4—6 (3mmol) in the appropriate
solvent (15ml) under a nitrogen atmosphere. After being stirred at
—50°C or at room temperature for 16—42h, the reaction mixture was
treated with a saturated NH,Cl aqueous solution (1 ml). The resulting
precipitate was filtered off, and the filtrate was concentrated under
reduced pressure to give a colorless o0il (7a—c, 8a—c, and 9a—c). The
product was used for the following reaction without purification.

General Procedure for the Cleavage of 7—9 with p-Toluenesulfonic
Acid: Preparation of 3-Alkyl-1-hydroxy-2-oxaindanes (10a—c) and (S)-N-
Alkylvalinols (1—3) p-Toluenesulfonic acid monohydrate (628 mg, 3.3
mmol) was added to a solution of an above product (7a—c, 8a—c¢, or
9a—c) in THF (10ml) and H,0 (2ml), and the refluxing was continued
for 30min. The reaction mixture was extracted with ether, and the
organic layer was washed with water and dried over Na,SO,. Removal
of the solvent gave a 3-alkyl-1-hydroxy-2-oxaindane (10a—c). On the
other hand, the aqueous layer was saturated with K,CO; and extracted
with ether. The solution was washed with a saline solution and dried
over Na,SO,. Removal of the solvent gave the corresponding (S)-N-
alkylvalinol (1—3) in almost quantitative yield.

1-Hydroxy-3-methyl-2-oxaindan (10a): This product was confirmed to
consist of an equimolar mixture of two diastereomers by 'H-NMR
spectral analysis. 'H-NMR (CDCl;) é: 1.50 (3H, d, J=6.71 Hz, CHCH,)
and 1.58 (3H, d, J=6.71Hz, CHCH,), 2.88 (1H, d, J=8.51 Hz, OH)
and 2.89 (1H, d, J=8.54Hz, OH), 5.27 (1H, q, J=6.71Hz, CHCH,)
and 5.51 (1H, dq, /=1.83, 6.71Hz, CHCH,), 6.41 (1H, d, /=8.54Hz,
CHOH) and 6.49 (1H, dd, /=1.83, 8.54 Hz, CHOH), 7.19—7.45 (4H,
m, aromatic H).

2-Ethyl-1-hydroxy-2-oxaindan (10b): This product was confirmed to
consist of an equimolar mixture of two diastereomers by 'H-NMR
spectral analysis. Specific rotation of the product was [a]2’ —46.5°
(c=2.01, benzene); lit.,” [a], —42.6° (c=5.35, benzenc), 88%ee
'H-NMR (CDCl,) é: 0.92 (3H, t, J=7.32Hz, CH,CH,) and 1.00 (3H,
t, J=7.32Hz, CH,CH,), 1.60—2.03 (2H, m, CH,CH,), 3.52 (lH, d,
J=793Hz, OH) and 3.62 (IH, d, J=7.93Hz, OH), 5.13 (1H, dd,
J=427, 6.71 Hz, CHCH,) and 5.39 (1H, ddd, J=2.44, 4.27, 6.71 Hz,
CHCH,), 642 (1H, d, /J=7.93Hz, CHOH) and 6.48 (1H, dd, /=2.44,
7.93Hz, CHOH), 7.18—7.43 (4H, m, aromatic H).

3-Butyl-1-hydroxy-2-oxaindan (10c): This product was confirmed to
consist of an equimolar mixture of two diasterecomers by 'H-NMR
spectral analysis. 'H-NMR (CDCl;) é: 0.90 (3H, t, J=7.32Hz,
(CH,);CH,) and 0.91 (3H, t, J=7.32Hz, (CH,),CH,), 1.20—2.00 (6H,
m, (CH,),CH,;), 3.62 (1H, d, J=7.32Hz, OH) and 3.75 (IH, d,
J=17.32Hz, OH), 5.14 (1H, dd, J=4.27, 7.32Hz, CH(CH,),) and 5.40
(1H, ddd, J=2.44, 4.27, 7.32Hz, CH(CH,),), 6.40 (1H, d, J=7.32Hz,
CHOH) and 6.46 (1H, dd, J=2.44, 7.32 Hz, CHOH), 7.18—7.43 (4H, m,
aromatic H).

General Procedure for the Oxidation of 10a—c with Pyridinium Chloro-
chromate: Preparation of 3-Alkylphthalides (11a—c) PCC'® (1.29g,
6mmol) was added to a stirred solution of 10a—c in CH,Cl, (5ml). The
mixture was stirred at room temperature for 30 min, then ether (10ml)
was added and the supernatant liquid was decanted from a black gum.
The insoluble residue was washed with ether (3ml x 5), leaving a black
granular solid. The combined organic solution was passed through a
short column of silica gel, and removal of the solvent gave 11a—c. The
ee of 11a—c was estimated by HPLC using a chiral packed column
“Chiralcel OB” (Daisel Chemical Industries, Ltd.), and the absolute
configuration of 1la—c was determined by comparison with known
compounds. The crude product was subjected to column chromatography
on silica gel. The values of ee and the absolute configuration are
summarized in Table I together with the total isolated yields.

(S)-3-Methylphthalide (11a) Eluent: HPLC, hexane—isopropanol
(80:20); column chromatography, hexane—ether (2:1). Optically pure
11a was isolated from the isomeric mixture by recrystallization. Colorless
needles, mp 41.5—42.5°C (pentane—ether). The specific rotation of
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100% ee compound, [a]3* —~43.2° (c=5.11, CHCl,) and [a]3® —43.5°
(c=0.51, methanol); lit.,* (S)-3-methylphthalide [a], —13.2° (c=4.8,
methanol), 44%ee 'H-NMR (CDCl,) é: 1.65 3H, d, J=6.72Hz,
CHCH,), 5.57 (1H, q, J=6.72Hz, CHCH,), 7.46 (1H, d, J=7.33Hz,
aromatic H), 7.53 (1H, t, J=7.33Hz, aromatic H), 7.69 (1H, t,
J=1.33Hz, aromatic H), 7.88 (1H, d, J=7.33 Hz, aromatic H).

(S)-3-Ethylphthalide (11b) Eluent: HPLC, hexane-isopropanol (95: 5);
column chromatography, hexane~-THF (8:1). Colorless oil, bp 160°C
(3mmHg) (bulb-to-bulb distillation); Racemate, lit.,'® bp 94°C (0.028
mmHg). The specific rotation of 96%ee compound, [a]3® —73.5°
(c=3.60, CHCl,). 'H-NMR (CDCl;) é: 1.01 (3H, t, J=7.32Hz,
CH,CH,;), 1.83 (1H, d and quintet, J=14.64, 7.32Hz, CHCH,CH,),
2.13 (1H, ddq, J=4.27, 14.64, 7.32Hz, CHCH,CH,), 5.46 (I1H, dd,
J=4.27, 1.32Hz, CHCH,CH,), 7.45 (1H, d, J=7.93Hz, aromatic H),
7.52 (1H, t, J=17.93 Hz, aromatic H), 7.68 (1H, t, J=7.93 Hz, aromatic
H), 7.90 (1H, d, J=7.93 Hz, aromatic H).

(S)-3-Butylphthalide (11c) Eluent: HPLC, hexane-isopropanol (95:5);
column chromatography, hexane—ether (3:1). Colorless oil, bp 160—
165°C (2mmHg) (bulb-to-bulb distillation). The specific rotation of
73%ee compound [a]3* —51.7° (¢=6.71, CHCly); lit.,!” [a]p, —57°
(CHCl,). 'H-NMR (CDCly) §: 091 (3H, t, J=7.32Hz, CH,CH,),
1.31—1.53 (4H, m, CHCH,CH,CH,CH,), 1.70—1.83 (1H, m, CHCH,-
CH,CH,CH,), 1.99—2.12 (1H, m, CHCH,CH,CH,CH,), 5.48 (1H, dd,
J=4.27, 193Hz, CHC H,), 744 (1H, d, J=7.32Hz, aromatic H), 7.52
(IH, t, J=17.32Hz, aromatic H), 7.67 (1H, t, J=7.32Hz, aromatic H),
7.89 (1H, d, J=17.32 Hz, aromatic H).
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Studies on Sialic Acids. XXV. Synthesis of the a- and p-N-Glycosides of 3-Deoxy-D-glycero-D-galacto-
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Several a- and S-N-glycosides of 3-deoxy-D-glycero-D-galacto-2-nonulosonic acid (1, KDN) were synthesized
under Vorbriiggen and Williamson reaction conditions. Two hexa-O-acetyl derivatives of 1 were treated with
trimethylsilyl derivatives of pyrimidine, S5-fluoropyrimidine and S-methylpyrimidine, and azidotrimethylsilane to give
mixtures of a- and -f-N-glycoside derivatives of 1. Two penta-O-acetyl-2-chloro derivatives of 1 were treated with
the sodium salts of 2,4(1H,3H)-pyrimidinedione, S5-fluoro-2,4(1H,3H)-pyrimidinedione and S-methyl-2,4(1H,3H)-
pyrimidinedione to give only the a-N-glycosides. The anomeric configurations of these compounds could be elucidated
on the basis of the coupling pattern of C-1 in *C-nuclear magnetic resonance spectral analysis.

Keywords 3-deoxy-D-glycero-D-galacto-2-nonulosonic acid (KDN); glycosylation; N-glycoside; '3C-NMR; sialic acid,;

3-deoxy-D-nonulosonic acid

We have synthesized 3-deoxy-D-glycero-D-galacto-2-
nonulosonic acid (1, KDN) and several O-glycosides of 1
under Koenigs—Knorr and Williamson reaction conditions,
using 2-halogenous derivatives as glycosyl donors.!? The
anomeric configurations of these O-glycosides could be
elucidated by means of proton nuclear magnetic resonance
(*H-NMR) and circular dichroism (CD) spectral analysis.
In studies on N-acetylneuraminic acid, several N-glycosides
were synthesized® and biological activities of these deriva-
tives were reported. As part of a program on the synthesis
of glycoconjugates binding 1, we wish to report the
synthesis of several a- and f-N-glycosides of 1 under
Vorbriiggen and Williamson reaction conditions. The
anomeric configurations of these N-glycosides could be
elucidated on the basis of the coupling pattern in gated
proton-decoupled and selective proton-decoupled '3C-
NMR spectral analyses.

Syntheses of 1 and the glycosyl donors (2, 3, 4, 5) were
performed on the basis of reported procedures'-%*>
(Chart 1). A synthetic modification of a carbohydrate needs
a large quantity of starting material because the overall
yield is usually low. We developed a facile procedure which
reproducibly yields hundred gram quantities of 1 in high
purity and high yield by utilizing the aldol condensation
reaction. The obtained 1 was utilized for the synthesis of
the glycosyl donors (2, 3, 4, 5). Treatment of 1 with
cesium carbonate and benzyl bromide or iodomethane in

HO
HO

D mannose

N,N-dimethylformamide (DMF) and subsequent acetyla-
tion with acetic anhydride gave benzyl and methyl
2,4,5,7,8,9-hexa-0O-acetyl-3-deoxy-D-glycero-D-galacto-
2-nonulopyranosonates (2, 4) in 47 and 41% yields,
respectively. These derivatives (2, 4) were treated with
hydrogen chloride in acetic acid to give benzyl and methyl
4,5,7,8,9-penta-0-acetyl-2-chloro-2,3-dideoxy-D-glycero-
D-galacto-2-nonulopyranosonates (3, 5) in 94 and 91%
yields, respectively. The physical properties of 2, 3 and 4
were in good agreement with published values.!'?® The
structure of 5 was elucidated by 'H-NMR comparison
with 3. The 'H-NMR data are summarized in Table I.

Glycosylation reactions of 2 or 4 with trimethylsilyl
derivatives of pyrimidine, 5-fluoropyrimidine and 5-methyl
pyrimidine in the presence of tin(IV) chloride under
Vorbriiggen reaction conditions gave benzyl 4,5,7,8,9-
penta-0O-acetyl-2,3-dideoxy-2-(2,4-dioxo-1,2,3,4-tetrahy-
dropyrimidin- 1-yl)-D-glycero--D-galacto-2-nonulopyrano-
sonate (7a), 7b and 7c in 11, 18 and 6% yields, respectively.
However, the a-anomers (6a—<c) were obtained in poor
yields (0—1%). The reaction of 5 and azidotrimethylsilane
gave methyl 4,5,7.8,9-penta-O-acetyl-2-azido-2,3-dideoxy-
D-glycero-a-D-galacto-2-nonulopyranosonate (6d) in 12%
yield and the f-anomer (7d) in 14% yield. On the other
hand, the condensation reactions of 3 or § with the sodium
salts of 2,4(1H,3H)-pyrimidinedione, 5-fluoro-2,4(1H,3H)-
pyrimidinedione and S-methyl-2,4(1H,3 H)-pyrimidinedione

OH OH

- 0 COOH — ———— ™

HO
OH

A0 OAc QAe AL 0OAc ¢!
/ ——————— :
AcO : 0 COOR AcO ) COOR
AcO AcO
OAc OAc

2 . R=benzyl
4 . R=methyl

3 ! R=benzyl
5 . R=methyl

Chart 1
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N)\OTMS AcO  0Ac N0 0.01 v NaOH HO oy N/L‘o
2 or 4 = AcO Z7~0—7"COOR > HO ~7~0—7"COOR
SnCl4 AcO HO .
OAc OH
6a—c : ¢-anomer 8a—c : @-anomer
7a—c: f-anomer 9a—c : f-anomer
(0] .
R NH R R
N A alBn H
u ° o 0.01 n NaOH b|Bn F
dorb — i = S8a—c |
NaH c¢|CHs; CHs
d|CHy —
TMSN; AcQ  opc N 0.01 x NaOH HO oy M
5 = AcO L ~0—7COOR = HO “—7~0—7~~COOR
SnCly AcO HO
OAc OH
6d : @-anomer 8d : @-anomer
7d : B-anomer 9d : B-anomer
Chart 2
TasLE 1. Proton Chemical-Shift and Spin-Coupling Data at 300 MHz for 2, 3, 4, 5, 6a—d, 7a—d, 8a—d and 9a—d
. . . ings (H
Compound v Chemical shifts () Spin couplings (Hz)
No- H.ax H-leq H4 H-5 H-6 H-7 H8 H9 H-Y COOCH,Ph COOCH, COCH, Olefine Tan3e Jsuxt J3cas Jas Is.6 Jo1 Jr.a Jus Jae Jos
2 2.08 226 5.26 4.96 4.19 539 5.16 4.15 440 5.15,5.23 1.99—2.11 135 114 52 9810.2 22 6.1 59 26 125
3 224 284 544 495 448 547 522 410 434 522,534 2.00—2.07 140 11.3 50 100105 2.3 80 50 25 125
4 206 260 524 495 4.17 537 5.13 4.12 442 3.77 1.99-2.14 138 11.8 52 9.710.0 24 63 58 27 125
5 224 286 545 496 4.48 548 523 4.10 4.36 ) 3.87 2.01-2.10 139 1.1 50 96103 24 8.0 49 26 12.5
6a 1.90 3.36 556 492 389 535 5.17 4.08 4.22 5.16, 5.30 1.95—2.15 5.80, 7.65 138 100 53 85103 20 79 50 28 125
Ta 225 330 530 509 397 545 5.06 4.08 424 5.16, 5.21 2.02—2.09 5.73, 7.65 13.8 96 55 82 9530 82 50 28 125
6b 1.98 3.35 5.54 492 4.00 535 5.21 4.09 423 5.17,5.35 1.96—2.17 17.78 13.8 95 53 87103 20 80 50 28 125
i 229 3.27 5.07 5.03 3.89 5.35 5.18 4.12 4.49 524 1.99—2.18 7.64 145 110 39 96 96 20 62 59 25 125
6¢c 191 330 5.54 493 399 539 525 412 429 382 198215 1746 13.8 102 56 86102 19 88 50 25 125
Tc 221 3.16 508 507 3.83 536 S5.12 4.13 4.58 381 200212 745 145 11.5 32 — 9.8 20 55 60 23 125
6d 1.82 263 505 490 392 537 537 4.16 4.32 389 2.01-2.15 130 11.6 50 94102 1.5 — 4.1 20 126
i/ 207 231 4.89 522 427 543 524 4.10 446 3.88 1.99—2.09 133 — 50 98100 20 7.0 51 22 125
8a 1.63 297 4.13 3.55 3.61 383 — — 371 510,529 5.77, 71.96 135 11.2 52 88100 1.1 90 — 1.8 120
9a 201 298 4.53 3.67 391 3.59 3.65 3.57 3.75 5.10,5.19 5.71, 7.87 14.7 90 56 83 9.0 1.1 85 6.0 28 11.6
8b 1.62 297 4.13 3.55 3.60 383 — — 372 5.10,5.30 8.15 135 11.0 53 85100 1.1 90 — 20 11.2
9% 200 295 — 363 353 — — — — 514,524 8.01 15.0 98 48 8910005 42 — — —
8¢ 1.60 293 416 — — 387 366 — — . 3.74 7.85 134 110 53 87 — 05 87 — — —
9¢ 206 2.89 392 363 346 3.78 3.63 3.57 3.72 3.72 7.65 140 11.8 50 9.0 90 08 90 50 22 11.5
8d 160 2583 — — — — — 360 — 3.81 130 118 48 — — — — 50 — 120
9d 1.80 2.18 3.85 3.50 3.95 3.84 3.73 3.60 3.76 3.79 145 11.5 50 8910.1 1.0 93 55 28 120

Data for 2, 3, 4, 5, 6a—d and 7a—d were recorded in CDCl,.

gave the corresponding a-anomers (6a—c) in 36, 28 and
20% yields, respectively. In this reaction, the B-anomer
could not be obtained. These compounds were deprotected
with 0.01N sodium hydroxide solution to give the
corresponding esters (8a—d, 9a—d) in 35—68% yields.

We first attempted to confirm the stereochemistry at the
anomeric configurations of these N-glycosyl derivatives
by examination of the 'H-NMR and CD spectra in
comparison with those of the O-glycosyl derivatives.!:?
Figure 1 shows the CD spectra of the a-anomers (8a—d)
and the f-anomers (9a—d). Based on the CD spectra of
the O-glycosyl derivatives, the peak around 220—230nm
is assigned to the n-n* Cotton effect of the carboxyl group
and the negative Cotton effect was assigned to the a-
anomer and the positive one to the f-anomer. But this

Data for 8a—d and 9a—d were recorded in D,0.

method is not suitable for these N-glycosyl derivatives
(8a—¢, 9a—c) which contain a chromophore such as a
pyrimidine group. The spectra of the azido derivatives (84,
9d) were in accordance with the above results. Table I
shows the "H-NMR data of the a-anomers (6a—d, 8a—d)
and the f-anomers (7a—d, 9a—d). Empirical studies of 1
and N-acetylneuraminic acid indicated that the H-3(eq)
signal of the a-anomer is usually observed at lower
field than that of the f-anomer. The differences between
the chemical shifts of H-3(eq) of the a-anomers (6a—d,
8a—d) and those of the f-anomers (7a—d, 9a—d) were
+0.06, +0.08, +0.14, +0.32, —0.01, +0.02, +0.04, and
+0.35ppm, respectively. The values except those of the
azido derivatives (6d, 7d, 8d, 9d) are smaller than those of
the O-glycosyl derivatives owing to the anisotropy of the
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Fig. 1. CD Curves of 8a—d and 9a—d in MeOH at 20°C

A. —O—, 8a; —@—, 93, ———O-—-, 8b; ——@-—, 9b;, —-O——, 8¢
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170.0 169.8 169.6 169.4 ppm

B-anomer (9a)

168.8

168.6

Fig. 2. C-1 Coupling Pattern of 8a and 9a

pyrimidine group. In conclusion, it was not possible to
elucidate the stereochemistry at the anomeric position of
the pyrimidine derivatives (6a—c, 7a—c¢, 8a—c, 92—)
from the CD and 'H-NMR spectra. The stereochemistry
at the anomeric position of the azido derivatives (6d, 7d,
8d, 9d) could be elucidated by those methods, as could that
of the O-glycosyl derivatives of 1.

In studies on N-acetylneuraminic acid, Haverkamp et
al.® and Hori et al.” have developed a method to deduce
the anomeric configuration on the basis of the coupling
pattern of C-1 in gated proton-decoupled or selective
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proton-decoupled '3C-NMR spectra. We attempted to
apply this method to elucidate the anomeric configuration
of the N-glycosides of 1. Figure 2 shows the C-1 coupling
patterns of 8a and 9a in the gated proton-decoupled
13C.NMR in D,O at 100 MHz. The values of Jg 3, (a-
anomer (8a): 6 Hz, f-anomer (9a): 1 Hz) were confirmed
by selective decoupling of H-3eq and ester benzyl protons.
Similar measurements of the other derivatives (8b—d,
9b—d) were carried out and the same results were obtained.
Therefore the anomeric configurations of the N-glycosides
could be elucidated by this method.

In conclusion, we have synthesized the a- and g-N-
glycosyl derivatives of 1 under Vorbriiggen and Williamson
reaction conditions. The anomeric configuration of these
compounds could be elucidated on the basis of the
coupling pattern of C-1 in the **C-NMR spectra.

Experimental

Melting points were measured with a Yamato melting point apparatus
and the results are uncorrected. Optical rotations were measured with a
JASCO JIP-4 digital polarimeter. Thin layer chromatography (TLC) was
performed on Silica gel GF-254 (Merck) plates, and spots were detected
by ultraviolet (UV) irradiation and by spraying with 5% sulfuric acid
solution. Fast atom bombardment mass spectra (FAB-MS), and infrared
(IR) spectra were measured with JEOL JMS-DX300 and JASCO
FT/IR-7300 instruments, respectively. CD spectra were measured in a
0.1cm cell with a JASCO J-720 spectropolarimeter. The 'H-NMR
spectra were measured with Varian VXR-300 and XL-400 spectrometers.
Tetramethylsilane (TMS) in CDCl; or sodium 3-(trimethylsilyl)-1-
propanesulfonate (DDS) in D,O was used as an internal reference.
Column chromatography was conducted on Silica gel 60 (70—230 mesh).

3-Deoxy-D-glycero-D-galacto-2-nonulosonic Acid (1) Oxalacetic acid
(73.3g, 0.555mol) was added to water (440ml) at 5°C, and its solution
was adjusted to pH 11 with 10M sodium hydroxide. D-Mannose (300 g,
1.66mol) was added, and the mixture was stirred for 2h at room
temperature (the pH was maintained at 11 by adding 10M sodium
hydroxide). The solution was acidified (pH 6) with Dowex-50(H*) resin
in the presence of nickel(IT) chloride (1.71 g, 13.2mmol) at 50 °C, stirred
for 1h (the solution was kept at pH 6 with Dowex-50(H*) resin), then
filtered and evaporated. Purification of 1 was achieved by column
chromatography on Dowex-50(H*) resin with 0.3 N formic acid, and the
eluate was concentrated under reduced pressure to give 1 (109g, 73%
from oxalacetic acid) as a colorless amorphous solid. [«]3® —40.7°
(c=2.4, H,0). FAB-MS m/z: 269 (M* +1). Anal. Calcd for CoH, 40,
2H,0: C, 35.53; H, 6.63. Found: C, 35.24; H, 6.51. IR v&B cm~*: 3385,
1745. 'H-NMR (300MHz, D,0) 4: 1.69 (1H, dd, J=12.9, 11.8Hz,
3.-H), 2.12 (1H, dd, J=12.9, 5.0Hz, 3.,-H), 3.45 (1H, dd, J=9.2,
9.8 Hz, 5-H), 3.52 (1H, dd, J=11.5, 6.3 Hz, 9-H), 3.62 (1H, ddd, J=9.0,
6.3, 2.4 Hz, 8-H), 3.70—3.76 (2H, m, 7 and 9-H), 3.85 (1H, dd, /=10.0,
9.8 Hz, 6-H), 3.86 (1H, ddd, J=11.8, 9.2, 5.0 Hz, 4-H).

Benzyl 2,4,5,7,8,9-Hexa-0-acetyl-3-deoxy-D-glycero-p-D-galacto-2-
nonulopyranosonate (2) Anhydrous cesium carbonate (6.07 g, 18.6 mmol)
was added to a solution of 1 (10.0g, 37.2mmol) in water (50ml) at
room temperature, and the solution was evaporated to dryness. The
amorphous residue was suspended in DMF (50ml), and benzyl bromide
(12.7g, 74.4mmol) was added. The mixture was stirred for 18 h, then
acetic anhydride (68.3g, 0.669 mol), pyridine (52.9g, 0.669 mol) and 4-
dimethylaminopyridine (0.454g, 3.72mmol) were added at 5°C. The
whole was stirred for 18 h at room temperature, poured into 0.5N HCI
(1400 ml) and extracted with ethyl acetate (300 ml x 3). This extract was
washed with sodium hydrogen carbonate solution and brine, dried and
concentrated. The residual syrup was purified on a column of silica gel
with ether-hexane (1:1) to yield 2 (10.7g, 47%) as an amorphous
powder. [a]3% —17.4° (c=1.0, CHCl;). FAB-MS m/z: 611 (M* +1).
Anal. Calcd for C,3H,,0,5: C, 55.08; H, 5.61. Found: C, 55.29; H, 5.78.
IR vKBr cm~1: 2960, 1745.

Benzyl 4,5,7,8,9-Penta-O-acetyl-2-chloro-2,3-dideoxy-p-glycero-$-b-
galacto-2-nonulopyranosonate (3) A solution of 2 (4.0g, 6.55mmol) in
acetic acid (40ml) and acetyl chloride (4ml) was saturated with dry
hydrogen chloride at 5°C. After being stirred for 8h at room
temperature, the solution was evaporated, and the residue was purified
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on a column of silica gel with ether-hexane (1:1) to yield:3.(3:61 g,
94%) as colorless plates, mp 108—110°C (ether-hexane). [«]3* —61.9°
(c=0.32, CHCl,). Electron impact mass spectra (EI-MS) m/z: 586 (M*).
Anal. Caled for C,6H,,ClO, 5 C, 53.20; H, 5.32. Found: C, 53.12; H,
5.42. IR vXB cm™!: 2950, 1430, 1360.

Methyl 2,4,5,7,8,9-Hexa-0-acetyl-3-deoxy-D-glycero--n-galacto-2-
nonulopyranosonate (4) Anhydrous cesium carbonate (3.64 g, 11.1 mmol)
was added to a solution of 1 (6.00 g, 22.3mmol) in water (30 ml) at room
temperature, and the solution was evaporated to dryness. The amorphous
residue was suspended in DMF (30ml), and iodomethane (6.33g,
44.6mmol) was added. The mixture was stirred for 18h, then acetic
anhydride (40.9 g, 0.401 mol), pyridine (31.7 g, 0.401 mol) and 4-dimethyl-
aminopyridine (0.272g, 2.23mmol) were added at 5°C. The whole
was stirred for 18h at room temperature, poured into 0.5N HCIl
(840ml) and extracted with ethyl acetate (180mi x 3). This extract was
washed with sodium hydrogen carbonate solution and brine, dried and
concentrated. The residual syrup was purified on a column of silica gel
with ether-hexane (1:1) to yield 4 (4.90g, 41%) as colorless prisms, mp
104—105 °C (ether-hexane). [a]5° —20.4° (c=0.71, CHCl,). EI-MS m/z:
534 (M*). Anal. Caled for C,,H;00,4: C, 49.44; H, 5.66. Found: C,
49.49; H, 5.70. IR vK® cm~1: 2950, 1750, 1440, 1370, 1230.

Methyl 4,5,7,8,9-Penta-0-acetyl-2-chloro-2,3-dideoxy-D-glycero--p-
galacto-2-nonulopyranosonate (5) A solution of 4 (2.00g, 3.74 mmol)
in acetic acid (20ml) and acetyl chloride (2ml) was saturated with
dry hydrogen chloride at 5°C. After being stirred for 8h at room
temperature, the solution was evaporated to dryness, and the residue
was purified on a column of silica gel with ether-hexane (1:1) to yield 5
(1.74 g, 91%) as an amorphous powder. [«]32 —95.3° (c=0.44, CHCI,).
FAB-MS mj/z: 511 (M™ +1). Anal. Caled for C,4H,,ClO, ;: C, 47.02; H,
5.33. Found: C, 47.31; H, 5.45. IR vKBr em~!: 2962, 1752, 1236.

Benzyl 4,5,7,8,9-Penta-O-acetyl-2,3-dideoxy-2-(2,4-dioxo-1,2,3,4-tetra-
hydropyrimidin-1-yl)-p-glycero-a- and -B-D-galacto-2-nonulopyranosonates
(6a, 7a) a) Tin(IV) chloride (1.72 g, 6.60 mmol) was added to a solution
of 2 (2.00g, 3.30mmol) and trimethylsilylpyrimidine (1.69 g, 6.60 mmol)
in acetonitrile (66ml). The mixture was stirred for 24h at room
temperature, then sodium hydrogen carbonate (2.21g, 26.4mmol) in
water (10 ml) was added under stirring. After evaporation of the solution,
the residue was extracted with dichloromethane (50 ml x 3). The extract

was washed with brine, dried and concentrated. The residual syrup was-

purified on a column of silica gel with ether to yield the a-anomer
(6a) (18mg, 1%) and the B-anomer (7a) (238mg, 11%), each as an
amorphous powder.

b) Sodium ‘hydride (68.0mg, 1.70mmol) was added to a solution of
2,4(1H,3H)-pyrimidinedione (190mg, 1.70mmol) in DMF at room
temperature. The mixture was stirred for 1h, then 3 (1.00g, 1.70 mmol)
was added at room temperature, and stirring was continued for Sh. Then
the solution was poured into water (200ml) and extracted with ethyl
acetate (50mlx 3). This extract was washed with brine, dried and
concentrated. The residual syrup was purified on a column of silica gel
with ether to yield the a-anomer (6a) (406 mg, 36%) as an amorphous
powder.

a-Anomer (6a): [a]3* —36.8° (c=0.29, CHCl,). FAB-MS m/z: 663
(M* +1). Anal. Calcd for C3,H3N,0,4: C, 54.38; H, 5.17; N, 4.23.
Found: C, 54.59; H, 5.33; N, 4.09. IR vXBr cm~!: 3481, 1751, 1698, 1233.

B-Anomer (7a): [a]3* —6.4° (c=0.31, CHCl,). FAB-MS m/z: 663
(M™* +1). Anal. Caled for C30H4(N,0,: C, 54.38; H, 5.17; N, 4.23.
Found: C, 54.63; H, 5.26; N, 4.11. IR vXBr cm~!: 1757, 1700, 1225.

Benzyl 4,5,7,8,9-Penta-O-acetyl-2,3-dideoxy-2-(2,4-dioxo-5-fluoro-1,2,3,4-
tetrahydropyrimidin-1-yl)-D-glycero-z- and -p-D-galacto-2-nonulopyranoso-
nates (6b, 7b) a) Tin(IV) chloride (1.72g, 6.60mmol) was added to a
solution of 2 (2.00g, 3.30mmol) and S-fluorotrimethylsilylpyrimidine
(1.80g, 6.60mmol) in acetonitrile (66 ml). The solution was processed as
described for 6a and 7a to give the a-anomer (6b) (24mg, 1%) as
colorless needles and the f-anomer (7b) (401 mg, 18%) as an amorphous
powder.

b) Sodium hydride (68.0mg, 1.70mmol) was added to a solution of
S-fluoro-2,4(1 H,3H)-pyrimidinedione (220mg, 1.70mmol) in DMF at
room temperature. The mixture was stirring for 1h, then 3 (1.00g,
1.70 mmol) was added at room temperature. The solution was processed
as described for 6a to give the a-anomer (6b) (324 mg, 28%) as colorless
needles.

a-Anomer (6b): mp 157—160°C (ether). [a]* —26.6° (c=0.35,
CHCl,). FAB-MS m/z: 681 (M* +1). Anal. Calcd for Cy,H33FN,0, -
H,0: C, 51.58; H, 5.05; N, 4.01. Found: C, 51.83; H, 4.85; N, 3.88. IR
vKBr em~!: 3229, 1754, 1711, 1225.
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B-Anomer (7b): [al3* —44.3° (c=0.27, CHCl,). FAB-MS m/z: 681
(M* +1). Anal. Caled for C4o0H;,FN,0,5: C, 52.94; H, 4.88; N, 4.11.
Found: C, 53.01; H, 5.02; N, 3.92. IR vKB cm~*: 3231, 1751, 1236.

Methyl 4,5,7,8,9-Penta-0O-acetyl-2,3-dideoxy-2-(2,4-dioxo-5-methyl-
1,2,3,4-tetrahydropyrimidin-1-yl)-p-glycero-z- and -p-D-galacto-2-nonulo-
pyranosonates (6¢, 7c) a) Tin(IV) chloride (1.95 g, 7.48 mmol) was added
to a solution of 4 (2.00g, 3.74mmol) and S-methyltrimethylsilylpyr-
imidine (2.02g, 7.48mmol) in acetonitrile (75ml). The solution was
processed as described for 6a and 7a to give the f-anomer (7¢c) (135mg,
6%) as an amorphous powder.

b) Sodium hydride (78.0mg, 1.96mmol) was added to a solution of
5-methyl-2,4(1H,3H)-pyrimidinedione (247mg, 1.96mmol) in DMF at
room temperature. The mixture was stirred for 1h, then 5§ (1.00g,
1.96 mmol) was added at room temperature. The solution was processed
as described for 6a to give the a-anomer (6¢c) (240mg, 20%) as an
amorphous powder.

a-Anomer (6¢): [a]2® —53.9° (¢=0.29, CHCl,). FAB-MS m/z: 601
(M* +1). Anal. Caled for C,sH,,N,0,4: C, 50.00; H, 5.37; N, 4.66.
Found: C, 50.12; H, 5.44; N, 4.39. IR vXBr cm~!: 1752, 1698, 1236.

B-Anomer (7c): [a]3° —71.6° (c=0.21, CHCl,). FAB-MS m/z: 601
M* +1). Anal. Caled for C,sH,,N,0,4: C, 50.00; H, 5.37; N, 4.66.
Found: C, 50.02; H, 5.65; N, 4.41. IR vKBr cm~1: 1751, 1698, 1234.

Methyl 4,5,7,8,9-Penta-O-acetyl-2-azido-2,3-dideoxy-D-glycero-x- and
-p-D-galacto-2-nonulopyranosonates (6d, 7d) Tin(IV) chloride (1.95 g,
7.48 mmol) was added to a solution of 4 (2.00g, 3.74mmol) and
azidotrimethylsilane (860mg, 7.48 mmol) in acetonitrile (7Sml). The
solution was processed as described for 6a and 7a to give the a-anomer
(6d) (232mg, 12%) and the f-anomer (7d) (271 mg, 14%), each as an
amorphous powder.

a-Anomer (6d): [«]3° —46.7° (c=0.33, CHCl,). FAB-MS m/z: 518
(M* +1). Anal. Caled for C,0H,,N;0,5: C, 46.42; H, 5.26; N, 8.12.
Found: C, 46.71; H, 5.50; N, 8.03. IR vXB: cm~1: 2123, 1749, 1218.

B-Anomer (7d): [«]3° —41.5° (c=0.21, CHCl;). FAB-MS m/z: 518
(M* +1). Anal. Caled for C,H,,N;0,5°1/2H,0: C, 45.63; H, 5.36; N,
7.98. Found: C, 45.58; H, 5.30; N, 7.85. IR vXB* cm™1: 2125, 1747, 1220.

Benzyl 2,3-Dideoxy-2-(2,4-dioxo-1,2,3,4-tetrahydropyrimidin-1-yl)-p-
glycero-a- and -f-p-galacto-2-nonulopyranosonates (8a, 9a) A solution of
6a or 7a (100 mg, 0.151 mmol) in 0.01 N NaOH (76 ml) was stirred for 1h
at room temperature. The solution was neutralized with acetic acid and
evaporated to dryness. The residual syrup was purified on a column of
silica gel with CH,Cl,-EtOH (10: 1) to yield the a-anomer (8a) (42 mg,
61%) or the f-anomer (9a) (33 mg, 48%) as an amorphous powder.

a-Anomer (8a): [«]3* —83.1° (¢=0.17, EtOH). FAB-MS m/z: 453
(M* +1). Anal. Caled for C,oH,,N,0,,: C, 53.10; H, 5.35; N, 6.19.
Found: C, 52.94; H, 5.09; N, 6.36. IR vKB: cm™~!: 3395, 1745, 1695.

B-Anomer (9a): [«]3® —35.2° (c=0.19, EtOH). FAB-MS m/z: 453
(M* +1). Anal. Caled for C,oH,4N,0,,: C, 53.10; H, 5.35; N, 6.19.
Found: C, 52.96; H, 5.51; N, 5.82. IR vXKB em~!: 3393, 1750, 1684.

Benzyl 2,3-Dideoxy-2-(2,4-dioxo-5-fluoro-1,2,3,4-tetrahydropyrimidin-1-
y)-D-glycero-a- and -f-D-galacto-2-nonulopyranosonates (8b,9b) A solu-
tion of 6b and 7b (100mg, 0.147mmol) in 0.01N NaOH (74 ml) was
stirred for 1h at room temperature. The solution was processed as
described for 8a and 9a to give the a-anomer (8b) (43 mg, 63%) or the
B-anomer (9b) (24 mg, 35%) as an amorphous powder.

a-Anomer (8d): [a]2° —97.7° (c=0.23, FtOH). FAB-MS mfz: 471
M* +1). Anal. Calcd for CoH,3FN,0,,: C, 51.07; H, 4.93; N, 5.96.
Found: C, 50.83; H, 4.81; N, 5.71. IR vXB cm~*: 3394, 1701.

B-Anomer (9d): [«]3® —65.9° (c=0.18, MeOH). FAB-MS mfz: 471
(M* +1). Anal. Calcd for C,oH,3FN,0,,: C, 51.07; H, 4.93; N, 5.96.
Found: C, 50.91; H, 4.99; N, 5.75. IR vKB cmm~1: 3395, 1705.

Methyl 2,3-Dideoxy-2-(2,4-dioxo-5-methyl-1,2,3,4-tetrahydropyrimidin-1-
Yl)-D-glycero-a- and -p-D-galacto-2-nonulopyranosonates (8c, 9%c) A solu-
tion of 6¢ or 7¢ (100mg, 0.166mmol) in 0.01N NaOH (83ml) was
stirred for 1h at room temperature. The solution was processed as
described for 8a and 9a to give the a-anomer (8¢) (44mg, 68%) or the
B-anomer (9¢) (26 mg, 40%) as an amorphous powder.

a-Anomer (8¢): [«]3’ —89.6° (¢=0.42, MeOH). FAB-MS mjz: 391
(M* +1). Anal. Caled for C,sH,,N,0,,-1/2H,0: C, 45.11; H, 5.80; N,
7.01. Found: C, 45.38; H, 5.81; N, 6.84. IR vKE: cm™!: 3400, 1699.

B-Anomer (9¢): [a]3’ —104.8° (c=0.25, MeOH). FAB-MS m/z: 391
(M* +1). Anal. Caled for C,H,,N,0,,-H,0: C, 44.12; H, 5.92; N,
6.86. Found: C, 44.39; H, 6.07; N, 6.59. IR vXB' cm~1: 3396, 1701.

Methyl 2-Azido-2,3-dideoxy-D-glycero-a- and -B-D-galacto-2-nonulopyr-
anosonates (84, 9d) A solution of 6d or 7d (100mg, 0.193 mmol) in
0.01N NaOH (96ml) was stirred for 1h at room temperature. The
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solution was processed as described for 8a and 9a to give the a-anomer
(8d) (31 mg, 52%) or the f-anomer (9d) (40mg, 68%) as an amorphous
powder.

a-Anomer (8d): [a]2® —92.6° (¢=0.49, MeOH). FAB-MS m/z: 308
(M* +1). Anal. Calcd for C,oH;,N;04°1/2H,0: C, 37.98; H, 5.74; N,
13.29. Found: C, 38.17; H, 5.69; N, 13.53. IR vX® cm™!: 3383, 2939,
2122, 1741.

B-Anomer (9d): [a]2® —81.7° (¢=0.31, MeOH). FAB-MS m/z: 308
(M* +1). Anal. Calcd for C,oH,,N;04:2/3H,0: C, 37.62; H, 5.58; N,
13.16. Found: C, 37.62; H, 5.56; N, 12.87. IR vKB: cm™1; 3238, 2109, 1745.
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Synthetic Studies on Indoles and Related Compounds. XXIX." Attempted Syntheses of Benz[ fJindoles

by Cyclization Reactions
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Syntheses of benz[ fJindoles from 1,2-disubstituted naphthalene derivatives by means of cyclization reactions were
attempted. The Fischer indolization of 1-methyl-(5a), 1-chloro-(5b), or 1-nitro-(5c)-2-naphthylhydrazones gave only
benz[eJindole derivative or decomposed products, and the desired 9-substituted benz[ fJindole (3) was not produced.
On the other hand, the Fischer indolization of 2-methoxy-1-naphthylhydrazone (17) gave ethyl S5-chlorobenz[g Jindole-
2-carboxylate (19). The Hemetsberger reaction of 1-methoxy-2-naphthylazido acrylate (26a) gave an azirine (28a) and
a nitrile (29a), whereas the same reaction of 1-chloro-2-naphthylazido acrylate (26b) gave the desired 4-
chlorobenz[ fJindole in a poor yield together with large amounts of by-products, the azirine (28b), the nitrile (29b)
and the benz[glindole (20). These results show that cyclization reactions of a 2-substituent toward the 3-position in
naphthalene derivative are not suitable for preparing benz[ fJindoles.

Keywords benz[ fJindole; benz[e]indole; benz[glindole; Fischer indolization; 2-naphthylhydrazone; Hemetsberger reaction;

azido acrylate

Synthesis of benz[ f]indole (1) derivatives is not easy,?
though Fischer indolization has been employed for this
purpose. For example, Goldsmith and Lindwall® reported
the formation of ethyl 9-methoxy-1H-benz[ fJindole-2-
carboxylate (3a) by Fischer indolization of ethyl pyruvate
2-(1-methoxy-2-naphthyl)hydrazone (2) with ethanolic
hydrogen chloride. However, we found® that the product
they? had obtained was not the benz[f]indole (3a) but
ethyl 5-chlorobenz[eJindole-2-carboxylate (4), on the basis
of spectral and chemical evidence, and later, by authentic
synthesis of the 9-methoxybenz[fJindole® (3a). The
formation of the abnormal product (4) was explained in
terms of cyclization toward the substituted 1-position of
the naphthalene nucleus. Although the Fischer indolization
did not take place at the desired 3-position in the
1-methoxy-2-naphthylhydrazone (2), cyclization reactions
still seemed attractive for the synthesis of benz[ fJindole
derivatives because of easy preparation of the starting
arylhydrazones and simple reaction conditions. In this paper
we report the results of our trials for the synthesis of
benz{ flindoles by Fischer indolization of various 1-
substituted 2-naphthylhydrazones (5) and by Hemetsberger
reaction® of 1-substituted 2-naphthylazido acrylates (26).

Fischer Indolization In Fischer indolization of o-
substituted phenylhydrazones,” the kind of ortho-sub-
stituent determines the site at which the cyclization oc-

Fig. 1

curs, and it has been suggested”-® that phenylhydrazones
(generally speaking, arylhydrazones) with a more electron-
withdrawing group on one side of two ortho-positions tend
to cyclize at the vacant side. Thus, as we expected that a
more electron-withdrawing substituent than the methoxy
group would serve as a blocking group against cyclization
to the substituted '1-position, we tried the Fischer
indolization of ethyl pyruvate 2-(1-methyl, 1-chloro-, and
1-nitro-2-naphthyl)hydrazones (Sa—c).

The starting naphthylhydrazones (5) were prepared from
the corresponding known amines, 1-methyl-,” 1-chloro-,1?
and l-nitro-'! 2-naphthylamines (6a—c), by Japp-Klinge-
mann reaction with ethyl a-methylacetoacetate. Of the three
naphthylhydrazones (5), the 1-methyl and 1-chloro
compounds (Sa,b) were prepared as usual. The Japp-
Klingemann reaction of 1-nitro-2-naphthylamine (6¢) was
conducted with isoamyl nitrite and hydrochloric acid,
followed by the addition of the resultant diazonium salt
solution to a solution of ethyl a-methylacetoacetate in a
basic medium. However, a product obtained in a good yield
(77%) was not the desired hydrazone (5¢). The elemental
analysis and the mass spectrum (MS) (m/z 290, M *) showed
its molecular formula to be C, ;H, sCIN,O,. The 'H-nuclear
magnetic resonance (‘H-NMR) spectrum proved the
presence of an ethoxy, a C-methyl (4 2.15, singlet), and six
aromatic protons, which indicated a naphthylhydrazone
structure. The infrared (IR) spectrum showed no nitro
group. Thus, the product was suggested to be the
1-chloro-2-naphthylhydrazone (5b), and it was confirmed

1) diazotization

NHN-c:CH, =

CO,Et 2) ethyl a-methylacetoacetate

5 Japp-Klingemann 6
a: R=CHj3 NO,
b: R=Cl Ny*
¢: ReNo, 4@
7
Chart 1
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to be identical with a sample prepared from 1-chloro-2-
naphthylamine (6b). This abnormal reaction could be
explained on the basis of the fact'? that the nitro group is
easily replaced with a chlorine atom in the I-nitro-2-
naphthyldiazonium salt (7). Then, Japp-Klingemann re-
action was carried out using p-toluenesulfonic acid, be-
cause p-toluenesulfonate is a much weaker nucleophile
than hydrogen chloride. Although the yield was low (be-
low 28%), the reaction was successful in giving the de-
sired 1-nitro-2-naphthylhydrazone (5c¢) accompanied with
1-nitronaphthalene (8.7%) as a by-product. The Fischer
indolization of the 1-methyl-2-naphthylhydrazone (5a) in
refluxing ethanolic hydrogen chloride gave only one indolic
compound'? (8) in low yield (14.8%). This compound, mp
162—167 °C, was found to have the formula C, H,;NO,,
by elemental analysis and MS (m/z 239, M*). In the
'H-NMR spectrum there appeared the signals of an ethoxy
group [6 1.43 (3H, t, CH,CH;) and 443 (2H, q,
OCH,CH,)], an NH [6 9.67 (1H, br s)], and seven aromatic
protons (& 7.20-—8.30, m), but no methyl group. These data
suggested that the product (8) is unsubstituted benz[e]in-
dole. The structure was confirmed by comparison with an
authentic sample (mp 164—165°C) prepared from 2-
naphthylhydrazone (9) according to the reported method.®

The Fischer indolization of the 1-chloro-2-naphthylhy-
drazone (5b) with ethanolic hydrogen chloride did not
proceed well under the usual reflux conditions but proceeded
at 110 °C in a sealed tube. The reaction gave only one indolic
compound (4), mp 233—234 °C. The molecular formula was
found to be C,sH,,CINO, by elemental analysis and MS
[m/z 273 (M*), 275 (M™* +2, 35% intensity of M™)]. As
this product contained a chlorine atom, it should be a
chlorobenzindole. The product (4) was identical with the
5-chlorobenz[elindole (4), mp 232—233°C, which we had
obtained by the Fischer indolization of the 1-methoxy-2-
naphthylhydrazone® (2).

The Fischer indolization of the 1-nitro-2-phenylhydra-
zone (5¢) took place with ethanolic hydrogen chloride at
.105°C in a sealed tube to give a mixture of many products.
The reaction did not occur at refluxing temperature under

atmospheric pressure. Among the products, two main
compounds (10 and 11) were isolated, besides the recovery
of the hydrazone (5¢) (22%) and a small amount of the
chlorohydrazone (5b) (5.4%). Easy replacement of the nitro
group with chlorine in this system had already been observed
in the formation of the diazonium salt (7). The first product
(10) had the molecular formula C,,H¢CIN; by elemental
analysis, and MS [m/z 203 (M*) and 205 (20% intensity
of M*, M*+2)]. The *H-NMR spectrum showed six
aromatic protons at & 7.10—8.30 as multiplets and the IR
spectrum showed an azido group absorption at 2115cm™ L
These data showed that 11 was chloro-azidonaphthalene.
The position and the origin of the substituents were
rationalized as follows: the 1-nitro group could be replaced
by a chlorine atom as in the diazonium salt (7), and the
azido group might be derived from the 2-hydrozono group
via an unknown route. Although we have no further
structural data, we suggest that this compound is probably
1-chlore-2-azidonaphthalene.

The second product (11), mp 128—129°C, had the
molecular formula C,,H¢N,O, by elemental analysis and
MS [m/z 186 (M*, 78% intensity of the base peak) and
126 (C,oHg, 100%)]. The "H-NMR spectrum showed only
six aromatic protons at & 6.95—8.70 as multiplets and the
IR spectrum showed no characteristic absorption. On the
basis of these results we suggest that this compound (11) is
1,2-dinitrosonaphthalene. At the present time we cannot
propose a reasonable mechanism for the formation of such
curious products (10 and 11).

As described above, we failed to obtain any benz{ fJindole
by Fischer indolization of 1-substituted 2-naphthylhydra-
zones (5). This may be explained by a much greater tendency
of 5 to cyclize toward the substituted 1-position than toward
the unsubstituted 3-position. We can explain this fact on
the basis of Robinson’s concerted mechanism'* of Fischer
indolization as follows (Chart 3). In the key transformation
step shown in Chart 3, aromaticity of the naphthalene
nucleus in 13a is forced to be broken to form 13a’. On the
other hand, transformation from 13b to 13b’ does not
involve such an energetically unfavorable transition state.
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The difference of activation energy between the two routes
would cause the exclusive formation of the benz[e]indole
(8). This energy barrier might not be overcome by any
1-substituent group of the hydrazone (5).

In relation to the above result that Fischer indolization
of 2-naphthylhydrazone toward the 3-position (8-position)
did not take place at all, we were interested in the cyclization
of 2-substituted 1-naphthylhydrazone toward the sub-
stituted 2-position (B-position). Thus the 2-methoxy-1-
naphthylhydrazone (17) was selected as a substrate and
prepared as shown in Chart 4. 2-Methoxy-1-naphthoic acid
(14) was converted to 2-methoxy-1-napthylamine!® (16) by
modified Curtius reaction using diphenylphosphorazi-
date'® (DPPA) followed by hydrolysis in a good yield; the
Hofmann reaction of the corresponding amide of the
carboxylic acid (14) gave a poorer yield. The amine (16)
was converted to an E- and Z-mixture of the 2-methoxy-
1-naphthylhydrazone (17) by Japp-Klingemann reaction
with a small amount of the 2-ethoxy-1-napthylhydrazone
(18) as a by-product.

The Fischer indolization of the 2-methoxy-1-naphthylhy-
drazone (17) with ethanolic hydrogen chloride proceeded
smoothly at room temperature and gave an indolic product
(19, 44%) as a main product, whereas the same reaction at
60°C for a shorter reaction time gave a complex mixture
of products, from which only 4.4% of 19 was isolated. This
product (19) had the molecular formula C,;H,,CINO, by

elemental analysis and MS [m/z 273 (M *)and 275 (M * +2,
35% intensity of M*)], suggesting that it should be
chlorobenz[glindole. The skeleton was confirmed by
hydrogenolysis of 19 with H,/Pd-C, leading to ethyl
benz[gJindole-2-carboxylate (20), which was identical with
an authentic sample'” prepared from the 1-naphthylhydra-
zone (21). The position of the chlorine atom was determined
as follows. The mechanism of the Fischer indolization of
the hydrazone (17) can be visualized as in Chart 5 according
to the previous paper.'® Two positions (19 or 24) for
chlorine can be envisaged, as shown in the intermediate d
or f. However, the intermediate d leading to 19 should be
thermodynamically more stable than the intermediate f
leading to 24. Thus, authentic 5-chlorobenz[gJindole (19)
was prepared from the known 4-chloro-1-naphthylamine
(22) as shown in Chart 4 and was found to be identical with
the Fischer product. This result shows that in Fischer
indolization of naphthylhydrazones the cyclization from the
a- to the B-direction can occur even if the f-position is
substituted, whereas f§ to f’-cyclization (namely, from C,-
to Cs-position) is impossible. This is due to the absence
of a Kekulé formula favorable to f- to B’-cyclization in
the naphthalene nucleus.

Hemetsberger Reaction Next we tried another cyclization
reaction for preparation of benz[ fJindole. Since He-
metsberger et al.'® reported a new preparative method of
indole-2-carboxylates by thermolysis of azido cinnamates



3148 Vol. 39, No. 12
' OCH; CH, OCH,
W ‘] + )‘co,st ‘
17 —» N—N —_— NH COABY —>
O H H, @ NH~ COE
a b
OCH
OCH, or a
N B, | ——
O ‘E CO,Et @ N~ COLE 19
¢ d
[
O ocH, n_$ocH, cl
Iy 9 ) U — ow
G CO,Et > N7 CO.Et > N COaEt
H H H
e f 24
Chart $

in 1970, this method has become widely used. It is
characteristic!® of this Hemetsberger reaction that o-
substituted azido cinnamates can give the corresponding
4-substituted indoles without any abnormal reaction such
as is found in Fischer indolization. Thus, we can expect
that «-azido-B-(1-substituted-2-naphthyl)acrylate (26)
would give 4-substituted benz[ fJindoles (30), as the C;-
substituent (X in 26) works as a blocking group against
cyclization in that direction.

The azido esters (26) were prepared as usual?’? from
1-substituted 2-naphthalenecarbaldehyde (25) and ethyl
azido acetate. This reaction sometimes gave the inter-
mediate azido alcohol (27) as a by-product, especially in
the case of preparation of the chloroazido esters (26b) under
colder reaction conditions. This intermediate (27) thus
formed was unexpectedly stable even in acidic media but
was converted to the azido ester (26b) in quantitative yield
ultimately by the use of thionyl chloride in pyridine.
Thermolysis of the methoxy-azido ester (26a) in refluxing
xylene, however, failed to give benz[fJindole (30a) but
provided only an azirine derivative (28a), a usual
intermediate to indole,!® as an oily compound. Although
having the same molecular formula C;¢H, s\NO; [MS; m/z
269 (M*)] as the desired benz[fJindole (30a), this
compound (29a) could be distinguished from the indole
(30a) by observing the signal of the azirine ring proton as
a singlet at § 3.84 in the "H-NMR spectrum.

The azido compound (26a) was then heated at 230°C
in Dowtherm A2Y to give three compounds, 25a, 20, and
29a in 1.1, 1.5, and 61% yields, respectively. The first
product was found to be the aldehyde (25a), the decom-
position product of 26a. The second product (20) was
suggested to be an indolic compound (Ehrlich reagent-
positive), but has no methoxy signal in the 'H-NMR spec-

_trum. Thus, it was suggested to be the benz[g]indole (20),
and was shown to be identical with an authentic sample
(see Chart 4). The third product (29a) had the same

molecular formula, C,¢H,sNO,, as the azirine (28a) and
benz[ f]indole (30a) in MS. However, the IR spectrum
of this product showed an absorption at 2250cm ™" attrib-
uted to a nitrile group. This suggested to us that it was the
cyano ester (29a), such a compound is sometimes formed
in the thermolysis of azido esters that do not cyclize to
indole compounds.2?

Next, the chloroazido ester (26b) was submitted to
thermolysis as well as 26a. At lower temperature (in refluxing
xylene), the azirine (28b) was the sole product, similarly to
the case of the methoxyazido ester (26a). At 240°C in
Dowtherm A three compounds (25b, 29b, and 30b) were
formed in 4.5, 61, and 2.6% yields, respectively. The former
two products were the aldehyde (25b) and the nitrile (29b),
whose structures were determined in a similar way to those
of the products from 26a.

The third product had the molecular formula C,sH,,-
CINO, by MS and showed a proton signal pattern
characteristic of the benz[ f]indole nucleus (6 7.49, 1H, m,
C,-H and 6 7.78, 1H, s, C,-H) in the "H-NMR spectrum.
These data suggested that the third product was the desired
4-chlorobenz[ fJindole (30b). To confirm the structure, the
product (30b) was dechlorinated by using H,/Pd-C to form
the benz[ fJindole?® (12). Thus, this is the first example of
the preparation of benz[ f]indole by means of a cyclization
reaction. Although the formation of a benz[ fJindole (30b)
was mechanistically valuable, the yield was so low that this
Hemetsberger reaction is not practical for synthesis of
benz[ fJindoles.

Conclusion

A benz[ fJindole was prepared by Hemetsberger reaction
in low yield, but could not be obtained by Fischer
indolization at all. This fact may show that cylization by
Fischer indolization proceeds by a concerted mechanism,
because Hemetsberger cyclization apparently proceeds
through a one-centered mechanism (a kind of aromatic
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electrophilic substitution) by generation of nitrene. The
mechanism involving intermediates 31 and 32 is illustrated
in Chart 7. It is well known that electrophilic substitution
reaction can occur at the f-position of the naphthalene
nucleus. However, from the viewpoint of practical
preparation, these cyclization methods are not suitable for
preparing benz[ fJindoles. It is clear that our previously
reported method® for synthesis of benz[ fJindoles starting
from pyrrole derivatives is superior to the above cyclization
methods based on naphthalene derivatives.

Experimental

All melting points were measured on a micro melting point hot stage
(Yanagimoto) and are uncorrected. IR spectra were recorded in nujol
mulls (unless otherwise stated) on a Shimadzu IR 400. 'H-NMR spectra
were recorded in CDCl, (unless otherwise stated) on Hitachi R-24B
(60MHz, unless otherwise stated) and JEOL GX-400 (400 MHz)
spectrometers. In the 'H-NMR spectra, chemical shifts are given in 8-values
referred to internal tetramethylsilane, and the assignment of all NH and
OH signals was confirmed by the disappearance of their 'signals after
addition of D,0. MS were measured by using the direct inlet system on
a JEOL IMS-01-SG-2 spectrometer. For column chromatography, silica
gel (Kiesel gel 60, 70—230mesh, Merck), and for thin layer chro-

matography (TLC), Kiesel gel GF,,,, Merck, were used. The ab-
breviations used are as follows: s, singlet; d, doublet; dd, double doublet;
t, triplet; q, quartet; m, multiplet; dif, diffused; br, broad; arom, aro-
matic.

(Z)-Ethyl Pyruvate 2-(1-Methyl-2-naphthyl)hydrazone (5a) 1-Methyl-2-
naphthylamine (6a) (6.179g, 39.3mmol) was diazotized with NaNO,
(2.71g, 39.3mmol) and concentrated HCI (15ml, 17.0mmol) in water
(45 ml) below 5°C for 1h. A 50 (w/w) % KOH solution (20ml) and then
the above solution containing diazonium salt were added to a solution of
ethyl a-methylacetoacetate (5.62 g, 39.3 mmol) in EtOH (50 ml) under ice
cooling at 0—5 °C, during which time, the reaction mixture was kept basic.
The whole was stirred for 1 h, then poured into water (100ml) and extracted
with ether. The organic layer was washed with water, dried over MgSO,,
and evaporated to dryness. A solution of phosphoric acid (9 ml) in EtOH
(120 ml) was added to this residue and the mixture was refluxed for 30 min,
then poured into water (200ml) and extracted with ether. The organic
layer was washed with water, dried over MgSO, and evaporated to dryness.
The residue was chromatographed over SiO, using benzene-AcOEt (10: 1)
to give the hydrazone (3.98 g, 38%). Recrystallization from hexane gave
yellow needles, mp 108—109 °C. Anal. Calcd for C,4H,N,0,: C, 71.09;
H, 6.71; N, 10.36. Found: C, 71.03, H, 6.68, N, 10.38. IR v,,, cm™!: 3250
(NH) and 1680 (CO). '"H-NMR §: 1.35 (3H, t, J=7Hz, CH,CH,), 2.20
(3H, s, arom-CH,), 241 (3H, s, =C-CH;), 428 (2H, q, J=7Hz,
OCH,CH,;), 7.10—8.10 (6H, m, arom H), 12.38 (1H, brs, NH). MS m/z:
155 (base peak), 270 (M *, 98%).

Ethyl Pyruvate 2-(1-Chloro-2-naphthyDhydrazone (5b) Concentrated
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HCl (2.75ml, 31 mmol) and isoamyl nitrite (1.44 ml, 10 mmol) were added
to a solution of 1-chloro-2-naphthylamine (6b) (1.776 g, 10 mmol) in EtOH
(20 mly under ice-cooling. Ice (18 g), 50% KOH (8 ml, 60 mmol), and the
above solution containing diazonium salt were successively added to a
solution of ethyl a-methylacetoacetate (1.44ml, 10 mmol) in EtOH (8 ml).
The mixture was stirred at room temperature for 90 min, then poured into
water and extracted with ether. The organic layer was washed with water,
dried over MgSO, and evaporated to dryness. The residue was chro-
matographed over SiO, using benzene to give two fractions.

i) The (Z)-Hydrazone [(Z)-5b]: The product from the first eluate was
recrystallized from hexane-benzene to give orange needles (0.566 g, 20%),
mp 114—116°C. A4nal. Caled for C,sH,CIN,0,: C, 61.97, H, 5.20; N,
9.63. Found: C, 62.05; H, 5.26; N, 9.50. IR v,,,cm™!: 3225 (NH), 1690
(CO). 'TH-NMR §é: 1.35 (3H, t, J=7Hz, CH,CH,), 2.19 (3H, s, = C-CH,),
431 (2H, q, J=7Hz, OCH,CH,), 7.19—8.23 (6H, m, arom H), 12.50 (1H,
brs, NH). MS m/z: 149 (100%), 290 (M*, 72%), 292 (M* +2, 32%).

ii) The (E)-Hydrazone [(E)-5b]: The product from the second eluate
was recrystallized from hexane-AcOEt to give wine-red plates (0.673g,
23%), mp 132—134°C. Anal. Caled for C, sH,,CIN,0,: C, 61.97; H, 5.20;
N, 9.63. Found: C, 61.58; H, 5.24; N, 9.41. IR v,,,cm™': 3310 (NH),
1670 (CO). 'H-NMR §é: 1.38 (3H, t, /=8 Hz, CH,CH,;), 2.15 (3H, s,
=C-CH,), 4.32 (2H, q,.J=8Hz, OCH,CH,), 7.18—8.16 (6H, m, arom
H), 8.35 (1H, brs, NH). MS m/z: 290 (M*), 292 (M* +2).

(E)-Ethyl Pyruvate 2-(1-Nitro-2-naphthyl)hydrazone (5c) 1-Nitro-2-
naphthylamine (6¢) (0.565 g, 3.0 mmol) solved in CH;CN-H,0 (2: 1, v/v)
(40ml) was diazotized with NaNO, (0.217g, 3.0mmol) and p-TsOH
(2.381 g, 12.5mmol) under ice-cooling. A 50% KOH solution (0.25 ml),
ice (2.7g) and the above diazonium salt solution was successively added
to a solution of ethyl a-methyl acetoacetate (0.42ml, 3.0mmol) in
CH,CN-water (2:1) (2.3ml), during which time the mixture was kept
neutral or slightly basic. The reaction mixture was stirred for 90 min under
ice-cooling, poured into water (200ml) and extracted with ether. The
organic layer was washed with brine, dried over MgSO,, and evaporat-
ed to dryness. The residue was chromatographed over SiO, using
hexane-AcOEt (10: 1) to give two fractions.

i) 1-Nitronaphthalene: The first fraction (0.045g 8.7%) gave yellow
needles, mp 55—56°C. This product was identical with commercially
available 1-nitronaphthalene.

ii) The 1-nitro-2-naphthylhydrazone (5¢c): The second fraction (0.253 g,
28%) was recrystallized from hexane-AcOEt (mp 150—153°C) to give
yellow needles. 4nal. Caled for C,H,sN;0,: C, 59.80; H, 5.02; N, 13.95.
Found: C, 59.46; H, 4.93; N, 13.71. IR v,,,, cm ™~ !: 3340 (NH), 1690 (C=0).
1H-NMR é: 1.40 (3H, t, J=8 Hz, CH,CH,), 2.21 (3H, s, =C-CHj;), 4.36
(2H, q, J=8Hz, OCH,CH,), 7.15—8.63 (6H, m, arom H), 10.85 (1H,
brs, NH). MS mj/z: 301 (M™).

(E)-Ethyl Pyruvate (1-Chloro-2-naphthyl)hydrazone (Sb) - 1-Nitro-2-
naphthylamine (6¢) (0.565 g, 3mmol) in EtOH (5ml) was diazotized with
concentrated HCI (1.1 ml, 12 mmol) and iso-amy] nitrite (0.42 ml, 3 mmol)
for 1h under ice-cooling. A 50% KOH solution (0.25ml, 3.6 mmol), ice
(3.7g) and the above diazonium salt solution were successively added to
asolution of ethyl a-methylacetoacetate (0.42 ml, 3 mmol) under ice-cooling
for 90min, during which time the mixture was kept slightly basic. The
reaction mixture was poured into water and extracted with Et,O. The
organic layer was washed with water, dried over MgSO, and evaporated
to dryness. The residue was chromatographed over SiO, using benzene to
give fine brown plates (0.670g, 77%). Recrystallization from hexane-
AcOEt gave brown plates, mp 133—136°C. This sample was identical
with the hydrazone (5b) derived from 1-chloro-2-naphthylamine (6b).
Anal. Caled for C,sH,,N,0,ClL: C, 61.97; H, 5.20; N, 9.63. Found: C,
61.58; H, 5.24; N, 9.41. IR v,,,cm™: 3310 (NH), 1670 (C=0). 'H-
NMR §: 1.38 (3H, t, J=8 Hz, CH,CH,), 2.15 (3H, s, =C-CH3), 4.32
(2H,.q, J=8Hz, OCH,CH,), 7.18—8.16 (6H, m, arom H), 8.35 (1H,
brs, NH). MS mj/z: 290 (M*), 292 (M ™* +2).

Fischer Indolization of Ethyl Pyruvate 2-(1-Methyl-2-naphthyl)hydrazone
(5a). Ethyl 3H-Benz|[elindole-2-carboxylate (8) A solution of the hy-
drazone (5a) (299mg, 1.1mmol) in EtOH (50ml) was saturated with
HCI gas and refluxed for 1h. The solvent was removed, then the residue
was poured into water and extracted with ether. The ether solution was
washed with brine, dried over MgSO,, and evaporated to dryness. The
residue was chromatographed over SiO, using benzene-AcOEt (10:1) to
give a pale brown solid (39mg, 15%), mp 163—167°C (lit.¥ mp
164—165°C).

This compound was identical with an authentic sample prepared from
the 1-naphthyl hydrazone (9).

Fischer Indolization of Ethyl Pyruvate 2-(1-Chloro-2-naphthyl)hy-
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drazone (5b). Ethyl 5-Chloro-3H-benz[e]indole-2-carboxylate (4) A solu-
tion of the hydrazone (5b) (0.407 g, 1.4 mmol) in anhydrous EtOH (30 ml)
was saturated with HCl gas and was heated at 110°C for 8.5h in a sealed
tube. The solvent was removed in vacuo, then the residue was poured into
water and extracted with ether. The organic layer was washed with
saturated Na,CO; and brine, dried over MgSO,, and evaporated to
dryness. The residue was chromatographed over SiO, using benzene to
give crystals (0.0944 g, 25%). Recrystallization from benzene gave colorless
needles, mp 233—234°C (lit.¥ mp 233—234°C). Anal. Calcd for
C,sH,,CINO;: C, 65.82; H, 4.42; N, 5.12. Found: C, 65.37; H, 4.32; N,
5.15. IR vy,,cm™%: 3275 (NH), 1675 (C=0). 'H-NMR (DMSO-d;) ¢:
1.40 (3H, t, J=THz, CH,CH,), 437 (2H, q, /=7Hz, OCH,CH,),
7.32—8.62 (6H, m, arom H), 12.29 (1H, brs, NH). This sample was
identical with an authentic sample prepared from 1-methoxy-2-naph-
thylhydrazone (2).¥

This reaction resulted only in recovery of the starting material (70%)
under milder conditions (reflux for 1.5h under atmospheric pressure).

Fischer Indolization of Ethyl Pyruvate 2-(1-Nitro-2-naphthyl)hydrazone
(5¢) The hydrazone (0.301 g, 1.0 mmol) in EtOH (30ml) was saturated
with HCI gas and stirred at 105°C for 4h in a sealed tube. The solvent
was evaporated off in vacuo. The residue was dissolved in AcOEt and the
solution was washed with saturated NaHCO, and brine, dried over MgSO,,
and evaporated to dryness. The residue was chromatographed over SiO,
using hexane-AcOEt (10:1) to give four fractions. In order of elution,
they yielded the following products.

i) 1-Chloro-2-azidonaphthalene (10): Recrystallization from hexane-
benzene gave pale brown needles (158 mg, 8%), mp 114—116°C. Anal.
Calcd for C, HCIN;: C, 58.98; H, 2.97; N, 20.64. Found: C, 59.13; H,
2.86; N, 20.23. IR v,,,cm~': 2115 (N;). 'H-NMR §é: 7.10—8.30 (6H, m,
arom H). MS m/z: 140 (100%), 203 (M*, 29%), 205 (M* +2, 11%).

ii) (Z)-Ethyl 2-(1-Chloro-2-naphthyl)hydrazone (5b): Yield was 157 mg
(5.4%). Recrystallization from hexane-benzene gave pale red needles, mp
113—116°C. IR v, cm ™1 3225 (NH), 1690 (C=0). '"H-NMR é: 1.35
(3H, t, J=THz, CH,CH,), 2.19 (3H, s, =CCH,;), 4.31 (2H, q, J=7Hz,
OCH,CH,), 7.19—8.23 (6H, m, arom H), 12.50 (1H, brs, NH). MS m/z:
149 (100%), 290 M *, 92%), 292 (M * +2, 32%). The sample was identical
with an authentic sample prepared from 1-chloro-2-naphthylamine (6b).

iii) 1-Nitronaphthylhydrazone [A mixture of (E)- and (Z)-5¢]: Yellow
solid (0.047 g, 22%). This sample was identified as the starting material.

iv) 1,2-Dinitrosonaphthalene (11): Yield was 0.0165g (8.9%). Re-
crystallization from hexane-benzene gave pale red plates, mp 128—129°C.
Anal. Calcd for C,gHgN,0,: C, 64.52; H, 3.25; N, 15.05. Found: C, 64.56;
H, 3.20: N, 15.02. IR: v,,,,cm ™ !: no characteristic absorption. 'H-NMR
§: 6.95—8.70 (6H, m, arom H). MS m/z: 126 (100%), 186 (M*, 78%).

Ethyl Methoxy-1-naphthalene Carbamate (15) DPPA'® (8.08mi,
37.5mmol) and Et;N (6.97 ml, 50 mmol) were added successively to a
solution of 2-methoxy-1-napththoic acid (14) (5.056 g, 25 mmol) in dioxane
(25 ml) under ice-cooling. The mixture was refluxed for 30 min and allowed
to stand at room temperature for 1 h. Anhydrous EtOH (10 ml) was added
to this mixture and the whole was refluxed for 1.5h. The solvent was
removed in vacuo. The residue was dissolved in ether and the resulting
precipitates were filtered off. The organic layer was washed with 5% citric
acid, water, 5% NaHCO, and brine, dried over MgSO,, and evaporated
to dryness. The residue was chromatographed over SiO, using hex-
ane-AcOEt (5:1) to give colorless prisms (4.50g, 73.4%), mp 116—
117°C, which were recrystallized from benzene-hexane. Anal. Caled for
C,,H,;NO;: C, 68.56; H, 6.16; N, 5.71. Found: C, 68.51; H, 6.11; N,
5.80. IR v,,,,cm™': 3220 (NH), 1690 (C=0). 'H-NMR é: 1.28 (3H, t,
J=7Hz,CH,CH,), 3.91 3H, s, OCH,), 4.23 (2H, q, J=7Hz, OCH,CH,),
6.37 (1H, brs, NH), 7.12—8.05 (6H, m, arom H). MS m/z: 245 (M*, base
peak).

2-Methoxy-1-naphthylamine (16) A mixture of the carbamate (15)
(3.00g, 12.2mmol) and 85% KOH (46g, 67mmol) in ethylene glycol
(30 ml) was stirred at 150 °C for 1 h under an Ar atmosphere. The reaction
mixture was poured into water and extracted with ether. The organic layer
was washed with 5% NaHCO,; and water, dried over MgSO,, and
evaporated to dryness. The residue was chromatographed over SiO, using
hexane-AcOEt (10:1) to give pale orange needles (2.018g, 95%), mp
53—54°C (lit.'® mp 53—54°C). IR v,,,cm™~': 3450 and 3360 (NH).
!H-NMR é: 3.91 (3H, s, OCH,), 4.05 (2H, brs, NH,), 7.05—7.95 (6H,
m, arom H).

Ethyl Pyruvate 2-(2-Methoxy-1-naphthyl)hydrazone (17) 2-Methoxy-1-
naphthylamine (16) (2.018 g, 11.6 mmol) was diazotized with concentrated
HCI(4.12ml, 46.6 mmol), and NaNO, (0.816 g, 11.6 mmol) in water (10 mI)
and EtOH (15ml) under ice-cooling. A 50% KOH solution (Sml) and
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the above diazonium salt solution were added to a solution of ethyl
a-methylacetoacetate (1.68ml, 11.6mmol) in EtOH (20ml) under
ice-cooling. The reaction mixture was stirred for 10 min at 5°C, poured
into water and extracted iwith ether. The organic layer was washed with
10% HCI, saturated NaHCO,, and brine, dried over MgSO,, and
evaporated to-dryness. The oily residue was chromatographed over SiO,
using hexane-AcOEt (10: 1) to give three fractions.

i) The (Z)-Hydrazone [(Z)-17]: The first eluate gave yellow needles
(0.138g, 4%), mp 104—106°C, which were recrystallized from ben-
zene-hexane. 4nal. Caled for C,sH,gN,0;: C, 67.12; H, 6.34; N, 9.78.
Found: C, 67.24; H, 6.34; N, 9.62.. IR v,,.cm™!: 3180 (NH) and 1665
(C=0). 'H-NMR é: 141 (3H, t, J=7Hz, CH,CH,), 2.23 (3H, s,
=C-CH,), 3.99 (3H, s, OCH,), 4.35 (2H, q, J=7Hz, OCH,CH,),
7.14—7.88 (SH, m, arom H), 8.81 (1H, dif d, J=9Hz, C,-H), 12.22 (1H,
brs, NH). MS mj/z: 172 (100%), 286 (M*, 86%).

ii) Ethyl Pyruvate 2-(2-ethoxy-1-naphthyl)hydrazone (18): The second
eluate gave yellow needles (0.0542g, 1.5%), mp 80—81°C, which were
recrystallized from. benzene-hexane. Anal. Caled for C,,H,,N,0;: C,
67.98; H, 6.71; N, 9.33. Found: C, 67.72; H, 6.65; N, 9.34. IR v_,,,cm™ !
3320 (NH) and 1678 (CO). 'H-NMR §é: 1.37 and 1.45 (each 3H, t,'J=7 Hz,
CH,CH,), 2.19 (3H, s, =C-CH,), 4.18 and 4.30 (each 2H, q, /J=7Hz,
OCH,CH,), 7.08—7.82 (5H, m, arom H), 8.42 (1H, brs, NH), 8.92 (1H,
dif d, J=9Hz, Cg-H). MS m/z: 158 (100%), 300 (M*, 80%).

iii) The (E)-Hydrazone [(E)-17]; The third fraction gave yellow needles
(1.463 g, 44%), mp 68—69°C, which were recrystallized from benzne—
hexane. 4nal. Caled for C, ¢H,gN,0;: C, 67.12; H, 6.34; N, 9.78. Found: C,
67.18; H, 6.19; N, 9.70. IR v, cm™!: 3340 (NH), 1695 (C=0). 'H-NMR
¢6: 1.37 (3H, t, J=7Hz, CH,CH,), 2.19 3H, s, =C-CHj,), 3.93 (3H, s,
OCH,), 4.29 (2H, g, J="7Hz, OCH,CH,), 7.08—7.87 (SH, m, arom H),
8.34 (1H, brs, NH), 8.91 (1H, dif d, J=9Hz, C4-H). MS m/z: 286 (M *,
100%).

Fischer Indolization of 2-Methoxy-1-naphthythydrazene (17). Ethyl
5-Chloro-1H-benz[gJindole-2-carboxylate (19) A solution of the 2-
methoxy-1-naphthylhydrazone (17) (0.821g, 1.9mmol) in anhydrous
EtOH (40 ml) was saturated with HC1 gas under ice-cooling. The reaction
mixture was stirred for 1.5h at room temperature. After the removal of
EtOH and HCI gas in vacuo, the residue was poured into water and
extracted with ether. The organic layer was washed with saturated
NaHCO, and brine, dried over MgSO, and evaporated to dryness. The
residue was recrystallized from benzene to give a yellow solid (0.1995g).
The mother liquor was chromatographed over SiO, using hexane-AcOEt
(10:1) to give the same compound as a colorless solid (0.1482g): totally
0.348g (44%). Recrystallization from benzene-AcOEt gave colorless
prisms, mp 208—211 °C. Anal. Calcd for C,;H,,CINO,: C, 65.82; H, 4.42;
N, 5.12. Found: C, 65.85; H, 4.36; N, 5.13. IR v_,.cm™!: 3310 (NH)
and 1680 (C=0). 'H-NMR (DMSO-d,) 6: 1.48 (3H, t, J=7Hz, CH,CH,),
4.48 (2H, q, J=7Hz, OCH,CH,), 7.34 (1H, dif d, J=1Hz, C;-H),
1.64—17.91 (2H, m, C, 4-H), 7.98 (1H, s, C,-H), 8.28—8.42 (1H, m, C¢-H),
8.76—9.07 (1H, m, C,-H), 12.88 (1H, brs, NH). MS m/z: 227 (100%),
273 (M*, 54%), 275 (M* +2, 19%).

Dechlorination of the 5-Chlorobenz{glindole (19). Ethyl 1H-Benz[g]-
indole-2-carboxylate (20) A mixture of the 5-chlorobenz{glindole (19)
(62 mg, 0.227 mmol), 10% Pd—C (68 mg) and CaO (85mg, 1.52mmol) in
EtOH (30 ml) was treated with H, gas for 4 h at atmospheric pressure and
room temperature. The catalyst was filtered off and washed with AcOEt.
The filtrate was evaporated to dryness. The residue was chromatographed
over SiO, using ether-hexane (1:1) to give colotless needles (54mg,
100%), mp 176—177.5°C (lit.'” mp 170°C), which were recrystallized
from CH,Cl,-hexane. IR v, cm™: 3300 (NH), 1680 (C=0). 'H-NMR
é: 145 3H, t, J=7Hz, CH,CH,), 4.48 (2H, q, J=7Hz, OCH,CH,),
7.18—8.45 (7TH, m, arom H), 10.08 (1H, brs, NH). This sample was
identified as 20 by comparison with an authentic sample!” (20) prepared
from 1-naphthylhydrazone (21).

Ethyl Pyruvate 2-(4-Chloro-1-naphthylhydrazone (23) 4-Chloro-1-
naphthylamine (22) (0.807 g, 4.5 mmol) was diazotized with concentrated
HCI (1.56 ml, 17.1 mmol), water (10 ml), NaNO, (0.381 g, 4.5mmol), and
EtOH (5ml) under ice cooling. Aqueous 50% KOH (2ml) and then the
above diazonium salt solution were added to a solution of ethyl
a-methylacetoacetate (0.66 ml, 4.7mmol) in EtOH (10ml) over 10min,
during which time the mixture was kept basic to neutral under ice-cooling.
The reaction mixture was poured into water and extracted with ether. The
organic layer was washed with 10% HCI, saturated NaHCO, and saturated
NaCl, dried over MgSO,, and evaporated to dryness. The residue was
chromatographed over SiO, using benzene-hexane (1: 1) to give brown
prisms (0.832g, 63%) 132—134.5°C, which were recrystallized from
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hexane-AcOEt. Anal. Calcd for C,sH,CIN,0,: C, 61.97; H, 5.20; N,
9.63. Found: C, 62.12; H, 5.16; N, 9.26. 'H-NMR é: 1.39 (3H, t, J=7 Hz,
CH,CH,), 2.22 (3H, s, =C-CHj,), 4.35 (2H, q, J=7Hz, OCH,CH,),
7.20—8.45 (7H, m, arom H and NH). MS m/z: 176 (100%), 290 (M*,
83%), 292 (M * +2, 28%). :

Ethyl 5-Chloro-1H-benz[ g Jindole-2-carboxylate (19) A solution of the
hydrazone (23) (0.251 g, 0.86mmol) in anhydrous EtOH (30ml) was
saturated with HCl gas under ice-cooling. The mixture was stirred for
5.5h atroom temperature. After removal of the solvent in vacuo, the residue
was poured into water and extracted with ether. The organic layer was
washed with saturated NaHCO, and saturated NaCl, dried over MgSO,,
and evaporated to dryness. The residue was chromatographed over SiO,
using hexane-AcOEt (10: 1) to give colorless needles (0.209 g, 88%), mp
210.5—212°C, which were recrystallized from benzene-AcOEt. Anal.
Caled for C,H;,CINO,: C, 65.82; H, 4.42; N, 5.12. Found: C, 65.90; H,
4.35; N, 5.16. IR v, cm~*: 3300 (NH), 1680 (C=0). 'H-NMR (DMSO-
dg) 6: 1.39 (3H, t, J=7Hz, CH,CH,), 4.39 (2H, q, /=7 Hz, OCH,CH,),
7.26 (1H, d, J=2Hz, C,-H), 7.48—7.88 (2H, m, C, and C4-H), 7.90 (1H,
s, C,-H), 8.10—8.38 (1H, m, C4-H), 8.72—8.98 (1H, m, C4-H), 12.78 (1H,
brs, NH). MS m/z: 227 (100%), 273 (M*, 57%), 275 (M* +2, 23%).

This compound was identical with the indole (19) prepared from the
Fischer indolization of ethyl 2-(2-methoxy-1-naphthyl)hydrazone (17).

Ethyl 1-Azido-2-(1-methoxy-2-naphthyDacrylate (26a) A solution of
1-methoxy-2-naphthalenecarbaldehyde?* (25a) (1.862g, 10mmol) and
ethyl azidoacetate (S.165 g, 40 mmol) in anhydrous EtOH (40 ml) was added
dropwise to:an ethanolic solution of sodium ethoxide prepared from Na
(920 mg, 0.04 mol) in EtOH (50 ml) at —15°C. The reaction mixture was
stirred for 7h at the same temperature, poured into ice-water, saturated
with NH,Cl, and extracted with AcOEt. The organic layer was washed
with saturated NaCl, dried over MgSO,, and evaporated to dryness in
vacuo. The residue (3.45g) was chromatographed over SiO, using
benzene-hexane to give three compounds, listed below in the order of
elution. The first compound (47 mg, 2.5%) was identified as the starting
aldehyde (25a).

Ethyl 1-Azido-2-(1-methoxy-2-naphthyl)acrylate (26a): The second
compound (1.656 g, 56%) was recrystallized from AcOEt-hexane to give
the target compound (26a) as colorless needles, mp 78.5—80.5 °C. Anal.
Caled for C,4H,;N305: C, 64.64; H, 5.09; N, 14.13. Found: C; 64.88; H,
5.07; N, 14.12. IR v,,,cm™*: 2100 (N;), 1695 (C=0). 'H-NMR é: 1.40
(H, t, J=7Hz, CH,CH3;), 3.93 (3H, s, OMe), 4.37 (2H, q, J=7Hz,
OCH,CH3;), 7.35—8.40 (7TH, m, arom H and -CH=C). MS m/z: 156
(100%), 297 M *, 20%).

Ethyl 1-Azido-2-hydroxy-2-(1-methoxy-2-naphthyl)propionate (27a):
The third compound (0.700 g, 22%) was recrystallized from AcOEt—hexane
to give colorless needles, mp 123—125°C. Anal. Caled for C,H,,N;0,:
C, 60.94; H, 5.43; N, 13.33. Found: C, 61.12; H, 5.43; N, 13.36. IR
VmaxCM ™ 1: 3450 (OH), 2100 (N,), 1730 (C=0). 'H-NMR §: 1.28 (3H, t,
J=T7Hz, CH,CH,), 3.17—3.50 (1H, m, OH), 4.02 (3H, s, OMe), 4.28 (2H,
q, J=7Hz, OCH,CH,), 4.25—4.50 (1H, m, -CHN,), 5.40—5.85 [1H, m,
—CH(OH)], 7.35—8.30 (6H, m, arom H). MS m/z: 315 (M*, trace), 187
(100%).

Ethyl 2-(1-Methoxy-2-naphthyl)-2 H-azirine-3-carboxylate (28a) A so-
lution of ethyl 1-azido-2-(1-methoxy-2-naphthyl)acrylate (26a) (147 mg)
in p-xylene (15ml) was heated at 105—120°C for 1.5h. The reaction
mixture was evaporated in vacuo to give a yellow oil. Column
chromatography over SiO, gave the title compound (28a) as a pale yellow
oil. (131 mg, 99%). IR v,,.cm™1: 1750 (C=0). 'H-NMR (400 MHz) :
1.43 (3H, t,J=7Hz, CH,CH,),4.51 (2H, dq, J=7and 1.6 Hz, OCH,CH,),
3.84 (1H, s, azirine-H), 4.00 (3H, s, OMe), 7.03 (1H, d, /=8 Hz, arom H),
7.56 (1H, d, J=8.6 Hz, arom H), 7.81 (1H, d, J=7.6 Hz, arom H), 8.10
(1H, d, J=8Hz, arom H), 7.45—17.53 (2H, m, C, and C,.-H). MS m/z:
269 (M*, 17%), 156 (100%). High resolution MS m/z: Calcd for
C,6H;sNO; (M*): 269.1048. Found: 269.1057.

Thermolysis of the Azidoacrylate (26a) in Dowtherm A A solution of
the azidoacrylate (26a) (149 mg, 0.5 mmol) in Dowtherm A2Y (10 ml) was
heated at 230 °C for 10 min under Ar. The solvent was removed in vacuo
and the residue was purified by flash column chromatography over SiO,
(Merck, Art. 9385) using AcOEt-hexane to give three fractions.

The first fraction gave 1-methoxy-2-naphthalenecarbaldehyde (25a)
(2.0mg, 1.1%) and the second fraction gave ethyl 1H-benz[g]indole-2-
carboxylate (20) (2.0 mg, 1.5%), both of which were identical with authentic
samples, (25a and 20, respectively).

Ethyl a-Cyano-a-(1-methoxy-2-naphthyl)acetate (29a): The third frac-
tion provided a brown oil (292) (82mg, 61%). IR vi¥%em~1: 2250
(CN), 1740 (C=0). '"H-NMR é: 1.26 (3H, t, J=7Hz, CH,CH,), 3.99
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(3H, s, OMe), 4.25 (2H, q, J=7Hz, OCH,CH,), 5.31 [1H, s, ArCH(CN)],
7.30—8.20 (6H, m, arom H). MS m/z: 269 (M *, 94%), 196 (100%). High
resolution MS mj/z: Caled for C,¢H,sNO; (M*): 269.1048. Found:
269.1066.

Ethyl a-Azido-g-hydroxy-p-(1-chloro-2-naphthyl)propionate (27b) A
solution of l-chloro-2-naphthalenealdehyde?® (25b) (1.907 g, 10 mmol)
and ethyl azidoacetate (5.159 g, 40 mmol) in a mixture of tetrahydrofuran
(THF) (20ml) and EtOH (30 ml) was added dropwise to a solution of
NaOEt in EtOH [prepared from Na (928 mg, 40 mmol) and EtOH (40 ml)]
at —25°C during 40 min under an Ar atmosphere. The reaction mixture
was stirred at 0—>5 °C for 1 h, then poured into ice-water containing NH,Cl,
and extracted with AcOEt. The organic layer was washed with brine,
dried over MgSO,, and evaporated to dryness in vacuo. The residue (4.70 g)
was chromatographed over SiO, using hexane-AcOEt (gradient from 20: 1
to 5:1) to give 27b as colorless prisms (1.567g, 49%; a mixture of
diastereoisomers). The product was recrystallized from hexane-AcOEt and
melted in two stages at 81—85 and 90—96°C. Anal. Caled for
C,sH,4,CIN,0;: C, 56.35; H, 4.41; N, 13.14. Found: C, 56.46; H, 4.36;
N, 13.18. IR v,,,, cm ~ !: 3540 and 3400 (OH), 2120 (N,), 1740, 1720 (C=0).
TH-NMR §: 1.05 and 1.23 (totally 3H, t, J=7Hz, CH,CH,), 3.52 (1H,
brd like, OH), 3.8—4.5 [3H, m, OCH,CH; and CH(OH)CHN,], 5.75
and 5.93 (totally 1H, brs, ArCH), 7.3—8.45 (6H, m, arom H). MS m/z:
319 (MY, 0.3%), 321 (M* +2, 0.14%).

This reaction sometimes produces ethyl a-azido-f-(1-chloro-2-naph-
thyl)acrylate (26b) directly, or gives a mixture of 26b and 27b.

Ethyl a-Azido-$-(1-chloro-2-naphthyl)acrylate (26b) from Ethyl a-Azido-
a-hydroxy-g-(1-chloro-2-naphthyl)propionate (27b) Thionyl chloride
(0.022 ml, 0.28 mmol) was added to a solution of the alcohol (27b) (31.9 mg,
0.1 mmol) in pyridine (0.7 ml) under ice-cooling. The whole mixture was
stirred at room temperature for 2h. The reaction mixture was poured
into ice-water, and extracted with AcOEt.The organic layer was washed
with 5% aqueous CuSO, and brine, dried over MgSO,, and evaporated
to dryness in vacuo. The residue was purified by column chromatography
over SiO, using hexane-AcOEt (5:1) to afford a yellow solid (29 mg,
95%), mp 100—103 °C, which was recrystallized from AcOEt-hexane to
give pale yellow needles, mp 105—107°C (dec.). Anal. Calcd for
C,sH,,CIN,;0,: C, 59.71; H, 4.01; N, 13.93. Found: C, 59.53; H, 3.94;
N, 13.83. IR v,,,cm~': 2130 (N,), 1705 (C=0). ‘H-NMR(DMSO-d;) é:
1.34 (2H, t, J=7Hz, CH,CH,), 4.35 (2H, q, J=7Hz, OCH,CH,), 7.31
(1H, s, ArCH =), 7.40—8.40 (6H, m, arom H). MS m/z: 200 (100%), 301
M*, 6%), 303 (M* +2, 2%).

Ethyl 2-(1-Chloro-2-naphthyl)-2 H-azirine-3-carboxylate (28b) A solu-
tion of ethyl a-azido-f-(1-chloro-2-naphthyl)acrylate (22b) (51mg,
0.17 mmol) in p-xylene (Sml) was heated at 140°C for Smin in an Ar
atmosphere. Removal of the solvent in vacuo gave a pale brown oil (28b)
(46 mg, 98%) as a single compound on thin layer chromatography (TLC).
IR v2cm~!: 1720, 1750 (C=0). 'H-NMR (400MHz) é: 1.44 (3H, t,
J=172Hz, CH,CH,), 4.12 (1H, s, azirine-H), 4.51 (2H, q, J=7.2Hz,
CH,CH,), 6.90 (1H, d, J=8.6Hz, Cs;-H), 7.71 and 7.82 (each 1H, d,
J=7.5Hz, C; and C,-H), 8.34 (1H, d, /=8.6Hz, Cg-H). MS m/z: 201
(100%), 273 (M *, 16%), and 275 (M* +2, 7%). High resolution MS m/z:
Calcd for C,sH,,CINO, (M*): 273.0554. Found: 273.0521.

Thermolysis of the Azidoacrylate (26b) in Dowtherm A A solution of
the azidoacrylate (26b) (106 mg, 0.35 mmol) in Dowtherm A (10 ml) was
heated at 240 °C for 10 min under Ar. The solvent was removed in vacuo
and the residue was purified by flash column chromatography over SiO,
using benzene-hexane to give three fractions.

The first fraction gave I-chloro-2-naphthalenecarbaldehyde (25b)
(3.0mg, 4.5%), which was identical with an authentic sample (25b).

Ethyl a-Cyano-a-(1-chloro-2-naphthyl)acetate (29b): The second frac-
tion provided colorless prisms (67mg, 61%), which were recrystallized
from ether, mp 72—76°C. Anal. Calcd for C,sH,,CINO,: C, 65.82; H,
4.42; N, 5.12. Found: C, 65.76; H, 4.42; N, 5.15. IR v,,cm™!; 2250 (CN,
weak), 1740 (CO). 'H-NMR (400MHz) 4: 1.30 (3H, t, J=7.2Hz,
CH,CHs), 4.30 (2H, m, OCH,CH,), 5.51 (1H, s, ArCHCN), 7.58—7.68
(3H, m, arom H), 7.86 (1H, d, J=7.9 Hz, arom H), 7.88 (1H, d, J=7.3Hz,
arom H), 8.32 (1H, d, J=8.5Hz, Cg-H). MS m/z: 200 (100%), 273 (M *,
42%), 275 (M* +2, 14%).

Ethyl 4-Chloro-1H-benz[ fJindole-2-carboxylate (30b): The third
fraction gave yellow needles (4.1 mg, 2.6%), which were recrystallized from
AcOEt-hexane, mp 163.5—166.5°C. Anal. Calcd for C,;H,,CINO,: C,
65.82; H, 4.42; N, 5.12. Found: C, 65.76; H, 4.42; N, 5.19. IR v,,cm™!:
3320 (NH), 1700 (CO). 'H-NMR (400 MHz) é: 1.46 (3H, t, J=7.2Hz,
CH,CH,), 447 (2H, q, J=7.2Hz, OCH,CH,), 7.41—7.48 (2H, m, Cq
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and C,-H), 7.49 (1H, m, C;-H), 7.78 (1H, s, C,-H), 7.88 and 8.34 (each
1H, dd, J=9.2 and 1.6 Hz, C and C4-H), 8.90 (1H, brs, NH). MS m/z:
227 (100%), 273 (M*, 60%), 275 M * +2, 21%).

Hydrogenolysis of Ethyl 4-Chloro-1H-benz[ flindole-2-carboxylate (30b)
to Ethyl 1H-Benz[ flindole-2-carboxylate (12) A mixture of the
chloroindole (30b) (25.1 mg, 0.09 mmol), 10% Pd—C (15mg), CaO (27 mg,
0.48 mmol), and EtOH (1ml) was stirred at room temperature and
atmospheric pressure under H, gas for 24 h. The reaction mixture was
filtered and the filtrate was evaporated to dryness in vacuo. This procedure
was repeated three times in order to complete the reaction. The residue
(12 mg) was chromatographed with SiO, using cyclohexane-AcOEt (10:1)
to give two fractions.

Ethyl 1H-Benz[ f]indole-2-carboxylate?® (12): The first fraction
provided a yellow solid (3.4mg, 16%), mp 178—183°C. 'H-NMR
(400 MHz) é: 1.45 (3H, t, J=7.1 Hz, CH,CH,), 445 (2H, q, J=7.1Hz,
OCH,CH,), 7.38 (1H, d, J=2.0Hz, C;-H), 7.33 and 7.40 (each 1H, dt,
J=17.0 and 2.0Hz, C, and C,-H), 7.84 (1H, s, C,-H), 7.88 and 7.93 (each
1H, d, J=7.4Hz, C; and C;-H), 8.24 (1H, s, C,-H), 8.76 (1H, brs, NH).
MS m/z: 193 (100%), 239 (M*, 78%). High-resolution MS m/z: Calcd for
C,sH,3N,0 (M*): 239.0940. Found: 239.0963.

The second fraction gave a yellow solid (4.2mg, 17%), which was
identical with the starting material (30b).
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Study on the Bile Salt, Sodium Scymnol Sulfate, from Rhizoprionodon acutus. 11. The Structures of
Scymnol, Anhydroscymnol and Sodium Scymnol Sulfate!
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The crystal structures of anhydroscymnol (I) and scymnol (II), which were prepared from sodium scymnol sulfate
(IT) isolated from the bile of Rhizoprionodon acutus, have been determined by means of X-ray diffraction analyses.
The crystals of I are orthorhombic, space group P2,2,2, with Z=4; unit-cell dimensions: a=13.562(2), b=21.636
(2), c=8.735(2) A; 11 orthorhombic, space group P2,2,2, with Z=4; unit-cell dimensions a=18.553(2), b=19.887
(2), c=7.986(2) A. Both structures, (24 R,25 S)~( + )-24,26-epoxy-5p-cholestane-3a,7x,122,27-tetrol (I) and (24 R)-
(+)-5p-cholestane-3x,7x,122,24,26,27-hexol (II), were solved from diffractometric data by direct methods and re-
fined by least-squares calculations to R=0.073 (I) and R=0.062 (II) (2044 (I) and 2250 (II) observed independent
significant reflections (I>30(I)), respectively. All the hydroxyl groups of both compounds are involved in a
hydrogen-bonding network. The structure of III was determined to be (24 R,25 S)-(+)-3%,7a,12a,24,26-pentahydroxy-
5f-cholestan-27-yl sodium sulfate, based on the chemical data that alkaline degradation of III with aqueous potassium

hydroxide gives only 1.

Keywords bile salt; sodium scymnol sulfate; Rhizoprionodon acutus; scymnol; anhydroscymnol

In the preceding paper,!’ we reported the isolation of sodi-
um scymnol sulfate (III) from Rhizoprionodon acutus and
the structural elucidations of III, anhydroscymnol (24,
26-epoxy-5p-cholestane-3a,7a,12a,27-tetrol) (I) and scym-
nol (5B-cholestane-3a,7a,12¢,24,26,27-hexol) (II), prepared
from III by following the reported procedures,?® with the
use of modern spectral techniques. But the stereochemistry
at C(24) and/or C(25) of these compounds remained
unestablished.

The structure of the bile alcohol 58-ranol, the major bile
constituent of the bull frog, Rana catesbeiana, has been
proven by synthesis to be (24 R)-27-nor-58-cholestane-
3a,70,120,24,26-pentol.¥ We recently found that II in-
fluences bile secretion in mammals, and we also showed
that there are equal quantities of III and another sodium
scymnol sulfate in the bile of Lamna ditropis.® The
structures and stereochemistry of I—III are of interest both
phylogenetically and pharmacologically, so an investigation
was conducted to determine their absolute configurations
by use of both crystallographic and spectroscopic methods.
The results are presented here.

Experimental

The melting points were determined with a Yanaco micro melting point
apparatus and are uncorrected. Proton and carbon-13 nuclear magntic
resonance (H- and '3C-NMR) spectra were recorded on JEOL JNM-
GX270 and JNM-GX500 spectrometers.

Isolation of Sodium Scymnol Sulfate (III) As reported previously,?
it was isolated from the bile of Rhizoprionodon acutus. .

Preparation of Anhydroscymnol (I) and Scymnol (I) As reported,?
I was prepared by alkaline degradation of III with aqueous potassium
hydroxide. And II was prepared by alkaline hydrolysis of the product,
which was obtained by trichloroacetic acid treatment of the O-acetylated
derivative of III in a nonaqueous medium, with aqueous potassium
hydroxide.

X-Ray Crystallographic Analyses Compounds I and II were care-
fully recrystallized from ethyl acetate~chloroform and methanol-ethyl
acetate, respectively, to afford colorless plate-shaped crystals, mp 196—
197 (1) and 183—184°C (II), which were used for the following X-ray
crystallographic analyses.

Crystals with dimensions of 0.3x0.3x0.2mm (I) and 0.2x0.2x0.4
mm (II) were used for the measurements of cell constants and for data

collections. In the case of II, solvent of crystallization was readily lost in
air, so all data for the crystallographic analysis were obtained from the
crystal sealed in a glasscapillary. The cell parameters, shown below, and
orientation matrixes of both compounds were obtained by the least-squares
procedure applied to 20 reflections carefully measured on a Rigaku
four-circle diffractometer equipped with a rotation anode (graphite-
monochromated Mo X, (I) and Cu K, (I) radiations (1=0.7107 and
1.5418 A), respectively. Intensities, on a relative scale, were measured by
using the »-26 scan technique with the same instrument in the ranges of
2.5<20<55(I) and 5<20 <140 (II) (scan speed 4° min~! in w, scan range
in w (1.340.14 tan 0)°. Three standards (monitored every 50 reflections)
showed no significant change during data collection. Finally, 2044 and
2250 independent data with /> 3¢ (I) remained after averaging the 2092
and 3344 symmetry-related reflections of compounds I and II, respectively,
and were used in the analyses. Lorenz and polarization, but not absorption,
corrections were applied. The space groups of the compounds, P2,2,2,
(I) and P2,2,2 (II), were determined from the systematic absences. The
correctness of the choices of the space groups was demonstrated by the
successful structure determinations.

Crystal Data: I: C,,H,405, M,=450.66. Orthorhombic, a=13.562(2),
b=21.636(2), ¢=8.735(2)A, V=2563.1A3, D,=1.16g/cm?, D,=1.17
g/cm?®, Z=4. Space group P2,2,2, from systematic absences.

II: C,,H,304°-CH;0H -H,0, M,=518.76. Orthorhombic, a=18.553
(2), 5=19.887(2), c=7.986(2) A, ¥'=2946.3 A3, D,=1.22g/cm?, D,=1.19
g/cm?, Z=4. Space group P2,2,2 from systematic absences.

Structure Determinations and ‘Refinements The structures of I and
II were solved by direct methods using normalized structure factors with
E>1.2, and their refinements were carried out as follows.

I: The 10-th E map, in the total of 16 phase sets generated, gave the
positions of all non-hydrogen atoms. Block-diagonal refinement, with
isotropic thermal parameters of these atoms, converged to a residual (R)
of 0.135. Further refinement of atomic coordinates with anisotropic thermal
parameters reduced R to 0.111. At this stage all the hydrogen atoms except
the hydrogens bound to oxygens and methyl functions were put in
calculated positions and hydrogens bound to oxygens and methyl
functions were located in the positions from a subsequent difference map.
Further full matrix least-squares refinement of the position parameters
and temperature factor coefficients, anisotropic for the non-hydrogen
atoms and isotropic for the hydrogens, led to the values (R=0.062
(Rw=0.061)) listed in Table I.

II: The 22-nd map, in the total of 32 phase sets generated, revealed 26
heavy atoms (C and O) of the structure. The successive difference electron
density map located the remaining 8 non-hydrogen atoms (R=0.146). The
structure was improved by block-diagonal least-squares refinement of the
positional and the anisotropic thermal parameters of the non-hydrogen
atoms to R=0.108. The hydrogen atoms bound to carbons were put in
chemically reasonable positions with reference to the peaks in a

© 1991 Pharmaceutical Society of Japan
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TaBLE 1.
Least Significant Digits

Vol. 39, No. 12

Positional Parameters ( x 10*) and Thermal Parameters of I and II with Their Estimated Standard Deviation in Parentheses, Denoting the

I

II

Atom X y z B., Atom X ¥y z B,
C(1) —696 (5) 5876 3) —1192( 7) 54 (2) C(1) 8568 ( 7) 7830 ( 7) 618 (17) 6.1(4
C12) —819 (4) 5202 (3) —840( 7) 54 (2) C(@2) 8913 ( 6) 8523 ( 7) 488 (17) 58(4)
C(@3) —1817 (4) 5079 (3) —133(7) 522 C(3) 9419 ( 5) 8631 ( 7) 1930 (18) 6.5(4)
C@4) —1963 (4) 5486 (3) 1260 ( 7) 4.5 C4) 9034 ( 6) 8556 ( 6) 3600 (16) 52(3)
C(5) — 1819 (4) 6162 (3) 948 (7 5.1(2) C(5) 8649 ( 6) 7860 ( 6) 3773 (14) 4.8 ( 3)
C(6) —1990 (4) 6540 (3) 2402 ( 8) 5.0 (2) C(6) 8273 ( 6) 7793 ( 6) 5458 (15) 4.8 ( 3)
(6@))] —1158 (3) 6494 (3) 3564 ( 7) 44 (1) C(7) 7558 ( 5) 8169 ( 6) 5579 (14) 42 ( 3)
C(8) -159 (3) 6632 (2) 2830 ( 6) 39(1) C(8) 7060 ( 5) 8009 ( 5) 4065 (12) 33(2)
C©9) 23 (3) 6231 (3) 1391 ( 6) 3.6 (1) C©9) 7467 ( 5) 8145 ( 5) 2399 (13) 38(3)
C(10) —813(3) 6315 (3) 179 ( 6) 49 (1) C(10) 8151 ( 6) 7695 (' 5) 2282 (14) 42(3)
C(11) 1063 (3) 6338 (3) 733 ( 6) 43 (1) C(11) 6973 ( 6) 8097 ( 6) 880 (15) 4.8 ( 3)
C(12) 1882 (3) 6268 (2) 1915 ( 6) 3.7(D) C(12) 6280 ( 5) 8496 ( 5) 1025 (13) 3.7(3)
C(13) 1711 (3) 6680 (2) 3313 ( 6) 3.5() C(13) 5856 ( 5) 8308 ( 4) 2607 (12) 34(2
C(14) 686 (3) 6527 (2) 3953 ( 5) 34 (1) C(14) 6364 ( 4) 8408 ( 4) 4111 (12) 32(2
C(15) 647 (4) 6847 (3) 5487 ( 7) 512 C(15) 5862 ( 5) 8314 ( 6) 5647 (14) 43(3)
C(16) 1721 (5) 6798 (3) 6085 ( 8) 5.5@2) C(16) 5131 ( 5) 8608 ( 6) 5026 (13) 43 ( 3)
C(17) 2350 (4) 6541 (3) 4741 ( 6) 4.0 (1) C(17) 5214 ( 4) 8764 ( 5) 3135 (13) 32(2
C(18) 1802 (5) 7366 (3) 2850 ( 9) 51(2) C(18) 5610 ( 6) 7567 ( 5) 2427 (17) 4.8 ( 3)
C(19) —812 (6) 6983 (4) —431(9) 6.5(2) C(19) 7942 ( 8) 6947 ( 6) 2278 (24) 63(4
C(20) 3436 (4) 6785 (3) 4824 ( 7) 49 (2) C(20) 4507 ( 5) 8710 ( 5) 2142 (14) 3.6(3)
C21) 4043 (4) 6599 (3) 3436 ( 9) 552 C(@21) 4614 ( 6) 8920 ( 8) 290 (16) 53(4
C(22) 3916 (5) 6568 (3) 6297 ( 8) 54 (2) C(22) 3913 ( 5) 9133 ( 5) 2967 (15) 40 ( 3)
C(23) 3976 (5) 5875 (3) 6422 ( 8) 59 () C(23) 3177 ( 5) 9075( 5) 2118 (15) 42(3)
C(249) 4639 4) 5616 (3) 7680 ( 7) 49 (1) C(24) 2568 ( 6) 9378 ( 9) 3143 (16) 55(4)
C(25A) 4477 (4) 5795 (3) 9361 ( 8) 4.7 (2) C(25A) 1839 (10) 9014 (13) 2458 (27) 34(5)
C(26A) 5577 (5) 5954 (4) 9334 (12) 7.5 (3) C(26A) 1650 (12) 9291 (15) 697 (37) 35(6)
C(27A) 4161 4) 5278 (3) 10372 ( 7) 52() C(27A) 1262 (13) 9050 (14) 3751 (32) 49( 7
0(@3) —1966 (3) 4451 (2) 206 ( 6) 6.0 (1) C(25B) 1774 (11) 9401 (11) 2479 (33) 4.1(6)
o —1110 (3) 5906 (2) 4293 ( 5) 4.5(1) C(26B) 1710 (18) 9627 (14) 699 (48) 46(7
0(12) 1983 (2) 5636 (2) 2379 ( 4) 39 (1) C(27B) 1518 (13) 8658 (13) 2693 (39) 53(8
0(24) 5634 (3) 5882 (2) 7735 ( 6) 6.8 (1) C(M)- 6389 (14) 9998 ( 8) —2842(19) 10.2(7)
O(27A) 3144 (3) 5105 (2) 10073 ( 5) 5.7(1) 0(3) 9740 ( 5) 9279 ( 6) 1821 (17) 9.5(4)
o 7702 ( 4) 8879 ( 4) 5705 (10) 47 (2
0(12) 6417 ( 3) 9209 ( 3) 905 (9) 42(2
0(24) 2673 ( 4) 10089 ( 4) 3106 (11) 58(2)
O(26A) 1067 ( 9) 8934 ( 9) 22D 59(9%
0(27A) 1111 (9 9729 ( 9) 4093 (25) 6.1(5)
O(26B) 978 ( 8) 9722 (11) 208 (24) 56(95
O(27B) 1522 (12) 8501 (10) 4395 (35) 9.1(8)
0O(A) 1114 (12) 10253 (12) 7209 (30) 9.1(7
O(B) 747 (41) 9497 (75) 6571 (38) 17.1 (10)
oM) 6880 ( 5) 9574 (4) -—-2110(12) 7.5(3)

three-dimensional difference map and hydrogens bound to oxygens except
for O(24), O(26), and O(27) were located in a difference map, obtaind by
using the coordinates of R=0.108. Further block-diagonal least-squares
refinement of atomic coordinates with anisotropic thermal parameters for
the non-hydrogen atoms and isotropic ones for the hydrogens gave
R=0.080. The final refinement was carried out, after location of the
hydrogens bound to side chain oxygens from a subsequent difference map,
by the full-matrix least-squares method, yielding the values (R=0.73
(Rw=0.076)) listed in Table I for 2054 observed reflections with /> 3¢
(I). The multiplicity of C(25), C(26), C(27), O(26) and O(27) of the side
chain and O of H,O was 0.5 in each case.

Structures were solved by direct methods using programs MULTANS80
and SAPI85%7 with the scattering factors from volume 4 of reference 8.
The block-diagonal program empolyed for the refinement does not employ
a weighting system. The function minimized was Zw[(Fo)*—(F¢)*]* with
w=1/[6*(Fo)+0.02( Fo)?*], o( F,) determined from counting statistics. The
molecular structure was drawn with the aid of the ORTEP program.® All
calculations were made on PANAFACOM computers (U-1200 and A-70)
and a Hitachi M-280H computer at the Tokyo University Computer
Center.

Results and Discussion
Crystal Structures of I and II  Stereoscopic views of the

molecules of I and II, with atom numberings, are depicted
in Fig. 1. The intramolecular bond lengths and angles and
other details of the molecular geometry for both molecules
in the asymmetric are normal. In both molecules the
geometry of the steroid nucleus is that expected for a
cholane derivative.!® The geometry of the rings was as
expected, with the A/B-ring juncture cis while the B/C-
and C/D-ring junctures are trams, as shown in Fig. 1.
And it was also shown that rings A, B and C have nor-
mal chair conformations.

The torsion angles are given in Table II. The con-
formations of cyclopentane rings can be described by
the parameters P and y,, where P is the phase angle and
¥, is the maximum torsional angle attainable in this con-
formation (P= +72°, B-envelope: P=0° half chair; P=
—72°, a-envelope).!V The D-rings of both molecules have
a f-envelope conformation, defined by parameters P=26°
and Yy, =46.9 for I and P=34° and ,=47.5 for IIL

The molecular packings are characterized by an assembly
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of wavy bilayers, extending into the ac plane in I and into
the bc plane in I1. All the O atoms of both compounds are
involved in hydrogen bonding. The hydrogen bonds in the
crystals of both molecules are described in Table III. The
bilayer, composed of two monolayers, is generated from
adjacent molecules by the 2, axis in I and by the 2 axis in
II. The bilayer structures of both compounds are mainly
stabilized by an efficient network of hydrogen bonds
involved all the oxygen atoms in the crystals, whose repeat
unit lies along a in I and along ¢ in I1, and are characterized
by non-polar outer surfaces with protruding methyl groups.
In II, two rows in a monolayer are connected by hydrogen
bonds in a different way from by means of compound I’s,
belonging to methanol and water molecules. And in I, a

molecule (I}

€(23) RXT 26l
& Cl24/N

Fig. 1. ORTEP Drawings of (24R,255)-(+)-24,26-Epoxy-58-
Cholestane-3a,7a,12a,27-tetrol (I) and (24R)-(+ )-5p-Cholestane-3a,7a,-
12a,24,26,27-hexol (II) with Atom Numberings Used in Tables I—III
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monolayer is composed of rows of molecules, linked in each
row by hydrogen bonds involving O(12) and O(27) of two
consecutive molecules, while it is formed by head-to-tail
hydrogen bonds via O(3) and O(26) of two corresponding
molecules of II.

In the side-chains the H-atoms at C(17) and C(20) are
in an antiperiplanar conformation, and C(22) is anti-
periplanar with respect to the C(13}~C(17) bond, whereas
C(21) is synclinal; the relevant torsion angles are given in
Table III. The orientation of C(23) is different in the two
molecules; in I this group adopts the synclinal conformation
with respect to C(17)-C(20) whereasin Il it is antiperiplanar.
It'is worth noting that the conformation of the side chain
in cholanic acids is related to the biological activity.
Interestingly, the side chain conformation of II, about
C(20)-C(22)—C(23), is similar to that of chenodeoxycholic
acid or ursodeoxycholic acid, where all the oxygen atoms
are involved in hydrogen bonding.3:10/:12)

Chemical Structures of I, II and III From the above
analyses, the chemical structures of I and II are concluded
to be (24 R,255)-(+)-24,26-epoxy-58-cholestane-3a,7a,-
122,27-tetrol and (24 R)-(+)-5B-cholestane-3a,7a,120,24,-
26,27-hexol. The NMR ['H and '*C noise decoupled, insen-
sitive nuclei enhanced by polarization transfer (INEPT),
two dimensional correlation spectroscopy (2D-COSY), and
C-H-shift COSY] spectra were measured, and it was found
that the proton spin—spin coupling constants in the epoxy
ring of I, J,4 55 (6.1 Hz), is close to the reported J,,,,, value
(6.9Hz) in oxetane derivative.'® It is biologically and
physiologically interesting that the configuration at C(24)
of both natural 5B-ranol and 5f-scymnol (II) are the
same. 359

As reported previously, the alkaline degradation of III
with potassium hydroxide gives only I not together with
25 R-anhydroscymnol. This indicated that the structure of
III is to be (24 R,25S)-(+)-3a,72,120,24,26-pentahydroxy-
5@-cholestan-27-yl sodium sulfate, being able to be
explained the transformation of I from III followingly. The
formation of the oxetane ring of I from III should be
accounted for by elimination of OSO;Na group due to the
nucleophilic attack of hydroxy oxygen at C(24) during the

TABLE II. Selected Torsion Angles (°) for I and I1
Ring D I I 178 Side-chain I 1I 178 Side-chain I I
¥, C(13)-C(14)-C(15)-C(16) -35 —34  C(13)-C(17)-C(20)-C(21) -53 —63 C(21)-C(20)-C(22)-C(23) —64 59
¥,C(14)-C(15)-C(16)}-C(17) 9 7  C(16)-C(17)-C(20)-C(21) -—174 176  C(20)-C(22)-C(23)-C(24) 167 168
¥3C(15)-C(16)-C(17)-C(13) 20 21 C(13)C(17-C(20-C(22) -—178 173 C(22)-C(23)-C(24)-0O(24) —49 70
¥,C(16)-C(17)-C(13)-C(14) —-40 —42  C(16)-C(17)-C(20)-C(22) 62 52
¥ sC(17)-C(13)-C(14)-C(15) 47 47  C(17)-C(20)-C(22)-C(23) 61 —-177
Taste III.  O-O Distances (A) of the Hydrogen Bonds in a Bilayers of I and II
Molecule (I) Molecule (II)
0(3)-0(24Y) 2.954 (7) 0(3)-0(26AY) 294 (2) 0O(3)-0(27Ai}) 3.11 (2 0O(3)-0(26B) 2.72 (2)
0(12)-0(27 2.864 (6) 0O(3)-0(26B') 2.78 (2) 0(3)-0(3™) 3.03(2) O(7)-O(M") 2.70 (1)
03)-0(7%) 2.840 (5) O(7)-0(24") 3.00 (1) O(7)-0O(AYH 3.04 2) 0(12)-0(24%) 2.81 (1)
0O(12)-0(27'%) 2.809 (6) 0(12-0(M™) 2.66 (1) 0(27A)-0O(A)) 2.71 (3) O(26B)-O(B't) 2.98 (4)
0(27B)-O(B") 3.00 (1)
Symmetry code. I:i) 1/2—x, —y+1, —1/2+42zii) 1/)2—x, —y+1, 1/2—ziii) x, y, z+1. 1) x—1, p, z;ii) —x+1, —y+2, z; iii) x+1, y, z; iv) ~x+2, —y+2,

z; V) x, y, z+1; vi) x, y, z; vii) x, y, z—1.
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CH,0H
(A)

OI (24R, 258)-(+)-3a, 7a, 12a, 24, 26-pentahydroxy-

58-cholestan-27-yl sodium sulfate
Chart 1.

alkaline degradation and proceed normally, via a stable
state (A), to give only I, as shown in the Chart 1. The
detailed structure determination of sodium scymnol sulfate
was discussed in the preceding paper.®

In summary, we have elucidated the side chain
stereochemistry of anhydroscymnol (I), scymnol (II) and
sodium scymnol sulfate (III) in the bile of Rhizoprionodon
acutus. This is, to our knowledge, the first X-ray crys-
tallographic study on the stereochemistry of bile alco-
hols obtained from fish biles.
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Chemistry of Tetrahydro-1,3-oxazin-2-one: New Method for the Synthesis of Indoloquinolizidine

Derivatives

Takushi KURIHARA,* Yumi SokAwA, Kayo YOKODE, Hirofumi OHisHi, Shinya HARUSAWA, and Ryuji YONEDA

Osaka University of Pharmaceutical Sciences, 2-10-65 Kawai, Matsubara, Osaka 580, Japan. Received June 6, 1991

The aldol condensation of the N-Boc-tetrahydro-g-carboline-1-acetate (4) with acrolein in the presence of lithium
diisopropylamide (LDA) gave an allyl alcohol (6), which was then treated with methanesulfonyl chloride and triethylamine
to give a mixture of the mesylate (8) (55%) and the indolopyrido-3,5-oxazin-4-one (10) (14%). When 8 was treated
with 1,8-diazabicyclo[5.4.0.]-7-undecene (DBU) in dimethylsulfoxide (DMSO) at room temperature, the azeto-
pyridoindoles (12 and 13) were obtained unexpectedly. Alternative preparation of the indolopyrido-3,5-oxazin-4-ones
(15 and 16), which are sterecisomers of 10, from 6 followed by heating with DBU in DMSO gave several
indoloquinolizidines (18, 19 and 20), which are key intermediates for the synthesis of the indole alkaloids vindolosine

and vindoline.

Keywords tetrahydro-1,3-oxazin-2-one; tetrahydro-f-carboline; azetidine; indolopyrido-3,5-oxazin-4-one; azetopyridoindole;
indoloquinolizidine; 1,8-diazabicyclo{5.4.0.]-7-undecene; X-ray analysis

Cyclic carbamates such as oxazolidin-2-ones or tetra-
hydro-1,3-oxazin-2-ones, which are generally prepared from
allylic? or homoallylic? acyclic carbamates by halolactoni-
zation, are versatile intermediates in organic synthesis, since
hydrolytic cleavage of the heterocyclic rings readily provides
the 1,2- or 1,3-amino alcohol moieties found in a number
of biologically important compounds. Another cyclocarba-
mation, involving treatment of N-benzyloxycarbonyl 1,2-
amino alcohols with thionyl chloride, has also been re-
ported to give oxazolidin-2-one.¥

Recently, we have reported® a novel cyclocarbamation
of N-tert-butoxycarbonyl (Boc)-1,3-amino alcohol (I) by
treatment with methanesulfonyl chloride (MsCl) and tri-
ethylamine (TEA) to give tetrahydro-1,3-oxazin-2-one (II)
via SN1 type C-O bond formation of the N-COO~ group,
and also its efficient transformation to the tetrahydropyri-
dine skeleton (IV) by treatment with 1,8-diazabicyclo[5.4.-
0]-7-undecene (DBU) in dimethylsulfoxide (DMSO) via
the diene intermediate (I11).% This methodology was ap-
plied to the synthesis of some natural products.® We re-
port here new syntheses of indoloquinolizidine derivatives
by application of our methodology to compounds having
a tetrahydro-f-carboline moiety in the A-part of I.

Treatment of the tetrahydro-g-carbolineacetate (1),”
which was prepared by Pictet-Spengler condensation of
N-benzyltryptamine with dimethyl acetylenedicarboxylate,
with methyl iodide and sodium hydride (NaH) followed by
catalytic debenzylation of the resulting 2 afforded 3in 81%
overall yield. Reaction of 3 with di-rers-butyl dicarbonate
(Boc,0) in tetrahydrofuran (THF) gave the carbamate (4)

in 97% yield (method A). Compound 4 was alternatively
obtained by the following one-pot operation based on the
method of Nakagawa et al.® N-Methyl-3,4-dihydro-g-
carboline (5)” was alkylated with lithio methyl acetate in
the presence of boron trifluoride etherate (BF;-OEt,)
followed by quenching with an excess of Boc,O to give 4
in 90% overall yield (method B). However, method A was
preferable to obtained 4 in a large quantity. Aldol con-
densation of 4 with acrolein or 2-ethylacrolein in the
presence of lithium diisopropylamide (LDA) in THF at
—178°C gave the allyl alcohol (6 or 7) as an oily mixture
of diastereomers, in good yield, after purification by column
chromatography on SiO,. The product (6) was treated with
MsCl and TEA in dichloromethane (CH,Cl,) at room
temperature to give a mixture of the mesylate (8) (less polar)
and the indolopyrido-3,5-oxazin-4-one (10) (more polar),
which were, without isolation, submitted to the usual
cleavage of the Boc group by 2.3 N HCI-EtOAc. Cyclization
of the resulting hydrochloride was attempted by treatment
with DBU (2eq) in DMSO at room temperature according
to our previous method® in expectation of the formation
of the indoloquinolizidine. The crude oil ﬁnally obtained
was purified by column chromatography to give 12 [mass
spectrum (MS) m/z: 296 (M*)] (50%), 10 [MS m/z: 340
(M™*)] (9.5%), and 13 [MS m/z: 296 (M*)] (6.5%). The
proton nuclear magnetic resonance (*H-NMR) spectra of
12 (and 13) showed the presence of terminal methylene
protons at § 5.22 (5.08), 5.39 (5.21), and 5.91 (5.93) as well
as the protons of the tetrahydro-f-carboline skeleton.
Selected 'H-NMR and carbon-13 nuclear magnetic

reagents: i, MsCl/TEA; ii, DBU/DMSO B=aryl or ethenyl and cycloalkenyl
Chart 1
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Bn : benzyl 6 : R=H
Boc . tert-butoxycarbonyl 7 R=Et

reagents : i, NaH/Mel; ii, 10% Pd-C/Hg;iii, (tert-Bu0CO0)20;iv, LDA;
v, MeCO;Me/LDA/BF3-OEt; then (tert-Bu0CO0),0
Chart 2
6 or 7 TaBLE I. Selected !3C- and 'H-NMR Data for Compounds 12 and 13
(5 CDCLy)
i
f 1 sos N4
NN S A
| | MeH ¥ S
\ NBoc MeO,C
Me ‘OMs
MeO.C Carbon Proton (J, Hz)
R Number
12 13 12 13
8 : R=H
9 [ R=Et | - 1 486(d) 47.7(d) 3.13(dd, J=8,3) 2.88 (1, J=4)
! 2 68.5(d) 61.2(d) 4.30(, J=38) 4.54 (dd, J=10, 4)
F ! 4 414 () 411
10b  54.1(d) 56.5(d) 5.10 (brs) 5.02 (brs)

N I w N, N I N

Mot ( Mort
MeO,C R MeO,C determined as 2-ethenyl-1-methoxycarbonyl-12-methyl-
1,6,7,12b-tetrahydro-2 H,4 H-indolo[2,3-c][1,3]oxazin-
12 : R=H 13 4-one on the basis of the spectral data (see Experimental).

14 : RsEt
reagents: i, MsCl/Et3N; ii, 2.3N HCI/EtOAc;
iii, DBU/DMSO/r.t.
Chart 3

resonance ('*C-NMR) data for both compounds are
summarized in Table I. The **C-NMR spectra indicated
the presence of three tertiary carbon atoms in each case.
On the basis of these results, the structures of 12 and 13
were deduced to be methyl 2-ethenyl-9-methyl-1,4,5,10b-
tetrahydro-2 H-azeto[1’,2': 1,2]pyrido[3,4-b]indole-1-
carboxylates, which are interesting substrates for Meisen-
heimer rearrangement of the corresponding N-oxides.'®
The stereochemistries of 12 (1,2-cis) and 13 (1,2-trans) were
determined from the 'H-NMR spectral data, based on the
general rule developed for azeto[2,1-aJisoquinolines,'? in
which the vicinal coupling constants of the azetidines
3Jqmcis (T—8 Hz) are larger than >Jy yytrans (2—3Hz).
The structure of the third component (10) was readily

Stereochemical assignment of 10 will be discussed later.
After usual mesylation of 6, the crude product was purified
by column chromatography to give the mesylate (8) as an
oily mixture of diastereomers in 55% yield, together with -
10 in 14% yield. De-tert-butoxycarbonylation of 8 followed
by DBU treatment gave a mixture of 12 (54%) and 13
(6.5%). Similarly, usual mesylation of 7 followed by
column-chromatographic purification gave a mixture of the
mesylate (9, 33%) and the indolopyrido-3,5-oxazin-4-one
(11, 11%). De-tert-butoxycarbonylation of 9 followed by
DBU treatment gave the azetidine 14 in 43% yield; its
'H-NMR spectrum was very similar to that of 12. Although
the mechanistic details have not been established, it is
suggested that the indole moiety may participate in the
formation of azetidines.

Another approach to the indoloquinolizidine derivatives
was investigated. De-tert-butoxycarbonylation of 6 fol-
lowed by condensation of the resulting amino alcohol with
carbonyl diimidazole (Im,CO) in refluxing benzene afforded
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oxazinones (15 and 16) in 54 and 23% yields, respectively.
Their infrared (IR) and 'H-NMR spectra were similar to
those of 10. Table II shows selected 'H-NMR spectral data
for 10, 11, 15, and 16. The coupling constants of the
neighboring three methine protons, however, did not give
the necessary information for determining the stereo-
chemistry. But, the stereochemistry of 16 alone could be
established to be as depicted in Chart 4 on the basis of the
nuclear Overhauser effect (NOE) between H-1, H-2, and
H-12b of the corresponding dihydro derivative (17), which
was obtained by catalytic hydrogenation of 16 with 5%
palladium on carbon (Pd-C). Irradiation of H-2 at § 4.40
caused distinct enhancements of the signals at & 3.55
and 5.15 due to H-1 and H-12b, respectively. However,
stereochemistry of the other compounds (10 and 15) could
not be resolved clearly by the same method. Thus, X-ray
crystallographic analyses of compounds 10 and 15 were
carried out and the molecular structures determined are
shown in Fig. 1.

The mixture of tetrahydro-1,3-oxazin-2-ones (15 and
16)!? thus obtained was heated with DBU (1.1 eq) in DMSO
at 120°C for 4h, giving a mixture of three products (total
yield 47.4%), 18, 19, and 20, via successive decarboxyl-
ation-recyclization sequences. These compounds are key

TaBLE II. Selected 'H-NMR Data for Compounds 10, 11, 15, 16, and
17 [6 CDCl,, J(H2)]

R=CH=CH,, C(Et)=CH,, Et

Compd H-1 H-2 H-12b
10 3.41(dd, J=4.4,18)  5.18(dd,J=4.0,1.0) 5.11(brd, J=4.4)
1 3.47(dd, J=4.5,2.5)  5.05(brs) 5.05(brs)
15 3.10(t, J=5.6) 4.96(t, J=5.6) 5.39(d, J=5.6)
16 3.62(dd, J=5.8, 2.8) 5.04 (brs) 5.23(d, J=5.8)
17 3.55(1H, dd, J=5.3, 3.0) 4.40(m) 5.15(d, J=6.0)
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intermediates for the synthesis of indole alkaloids vindolo-
sine and vindoline.'® The spectroscopic data (IR, MS
and 'H-NMR) were in good agreement with reported
values.!¥

Experimental

All melting points were measured on a Yanagimoto apparatus and are
uncorrected. IR absorption spectra were recorded on a Shimadzu IR-435
spectrophotometer. 'H- and !3C-NMR spectra were obtained with a
Varian Gemini-200 spectrometer; signals are given in ppm. Low-resolution
(MS) and high-resolution mass spectra (HRMS) were obtained on a
Hitachi M-80 instrument. All reactions were carried out under a nitrogen

reagents : i, 2.3n HCI/EtOAc; ii, Im2CO; iii, 5% Pd-C/Hz;
iv, DBU/DMS0/120 °C
Chart 4

15

Fig. 1. Stereoscopic View of the Molecules 10 and 15
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atmosphere. For column chromatography, SiO, (Merck 9385) was used.

2-Benzyl-1-carbomethoxymethyl-9-methyl-1,2,3,4-tetrahydro-pg-car-
boline (2) A solution of 1 (9.72 g, 29.1 mM) in dimethylformamide (DMF)
(25 ml) was added dropwise to a suspension of 60% NaH (1.51 g, 37.8 mm)
in DMF (15 ml) with stirring at room temperature. The mixture was stirred
for 1 h, then a solution of methyl iodide (3.62 ml, 58.2 mm) in DMF (13 ml)
was added dropwise with external cooling with water, and the whole was
stirred for 2h. The reaction mixture was poured into ice-water (500 ml),
and extracted with EtOAc (100 ml x 3). The extract was washed with brine,
dried over Na,SO, and concentrated in vacuo. The residue was agitated
with a mixture of hexane~-EtOH (3:1), and the resulting precipitate was
collected by filtration to give 2 (8.39g, 83%), which was recrystallized
from EtOH to give pale yellow crystals, mp 103—105 °C. IR v, (Nujol)
cm~!: 1735 (CO). 'H-NMR (CDCl,) é: 2.5—3.3 (6H, m, CH, x 3), 3.62,
3.70 (each 3H, each s, NCH, and/or COOCH,;), 3.69, 3.74 (each 1H, each
d, J=13Hz, NCH,Ar), 4.33 (1H, dd, J=10.5, 3.5Hz, 1-H), 7.1—7.4 (3H,
m, ArH), 7.57 (1H, d, J=7.5Hz, 8-H). MS m/z 348 (M*). Anal. Calcd
for C,,H,,N,0,: C, 75.83; H, 6.94; N, 8.04. Found: C, 75.87; H, 6.99;
N, 8.00.

1-Carbomethoxymethyl-9-methyl-1,2,3,4-tetrahydro-f-carboline (3) A
solution of 2 (18.0g, 51.7mm) in MeOH (400 ml) containing concentrated
HCI (18 ml) was hydrogenated using a Skita apparatus (initial pressure:
5.0kg/cm?) with 10% Pd-C (5.8 g) for 10 h. The catalyst was removed by
filtration through a celite pad, and the filtrate was concentrated in vacuo.
The residue was neutralized with saturated NaHCO, solution, and
extracted with EtOAc. The extract was washed with brine, dried over
Na,SO,, and concentrated in vacuo. The residual oil (12.9g, 97%) was
found to be almost pure 3. IR v,,,, (CHCl;) em ™ !: 3330 (NH), 1720 (CO).
'H-NMR (CDCly) & 2.60—2.80 (4H, m, CH,x2), 3.15 (2H, m,
CH,CO0O0), 3.62, 3.75 (each 3H, each s, NCH, and/or COOCH,), 4.59
(1H, dd, J=10.0, 2.5Hz, 1-H), 7.05—7.29 (3H, m, ArH), 7.50 (1H, d,
J=17.7Hz, 8-H). MS mj/z: 258 (M*). HRMS Calcd for C,sH,3N,0,:
258.1367. Found: 285.1368.

2-tert-Butoxycarbonyl-1-carbomethoxymethyl-9-methyl-1,2,3,4-tetra-
hydro-p-carboline (4). Method A: A solution of Boc,0O (11.3 g, 50.2 mm)
in THF (10 ml) was added dropwise to a solution of 3 (12.9 g, 50.2 mM)
in THF (60 ml) under ice cooling and the whole was stirred at room
temperature for 1.5h. Removal of the solvent gave a solid, which was
recrystallized from EtOH to give 4 (17.6 g, 97%) as colorless crystals, mp
116—118°C. IR v,,,, (Nujol) cm~!: 1740, 1680 (CO). 'H-NMR (CDCl,)
é: 1.49 [9H, s, C(CH;),], 2.78—2.95 (4H, m, CH, x 2), 3.70, 3.72 (each
3H, each s, NCH, and/or COOCH,), 4.32—4.52 (2H, m, CH,COO0), 5.79
(1H, m, 1-H), 7.10—7.40 (3H, m, ArH), 7.48 (1H, d, J=7.5Hz, 8-H). MS
mjz: 358 (M*). Anal. Calcd for C,oH,¢N,0,: C, 67.02; H, 7.31; N, 7.82.
Found: C, 66.91; H, 7.30; N, 7.75.

Method B: BF,-OEt, (0.14ml, 1.1 mm) was added to a solution of §
(202 mg, 1 mM) in THF (7ml) at room temperature, and the mixture was
cooled to —23 °C. Methyl acetate (0.28 ml, 3.5 mM) was added to a solu-
tion of LDA, prepared from diisopropylamine (0.56ml, 4mm) and »n-
butyl lithium (#-BuLi) (15% hexane solution, 2.52ml, 4mm), in THF
(7ml) at —78°C to prepare lithio methyl acetate. This solution was
added to the mixture and the whole was stirred at —23°C for 30 min.
The reaction was quenched by the addition of a solution of Boc,O (1.09 g,
5mM) in THF (7ml) at —23°C. After the mixture had been stirred for
2h, the solvent was removed by evaporation. The residue was agitated
with a mixture of EtOH-hexane (1:1) and the resulting solid was col-
lected by filtration, washed with cold EtOH, and dried to give 4 (213 mg,
60%). The filtrate was concentrated, and the residue was purified by
column chromatography (20% EtOAc in hexane) to give 4 (109mg,
30%) (total yield 90%). This was identical with the sample of 4 obtained
by method A, based on comparison of their IR and 'H-NMR spectra.

Methyl 2-(2-tert-Butoxycarbonyl-9-methyl-1,2,3,4-tetrahydro-g-car-
bolin-1-yl)-3-hydroxy-4-pentenoate (6) A solution of 4 (7.16 g, 20 mM) in
THF (50 ml) was added dropwise to a solution of LDA [prepared from
diisopropylamine (3.4ml, 24 mm) and »#-BuLi (15% hexane solution,
15.4ml, 24 mM)] in THF (50 ml) at —78 °C, and the mixture was stirred
at this temperature for 20 min. Then, 90% acrolein (pre-dried for 30 min
with molecular sieves 4A) (2.7ml, 40mM) was added at once to this
solution, and the whole was stirred at —78 °C for 20min. The reaction
mixture was quenched with water, and THF was removed by evaporation.
The residue was extracted with EtOAc-benzene (1: 1), and the extract was
washed with brine, dried over Na,SQ,, and concentrated in vacuo. The
residual oil was purified by column chromatography (15% EtOAc in
hexane) to give pure 6 (8.11g, 98%) as an oil. IR v, (neat) cm™*: 3430
(OH), 1725, 1680 (CO). The 'H-NMR spectrum was not sufficiently well
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resolved to permit assignment of the signals all. Selected signals were as
follows: 'H-NMR (CDCl,) é: 1.45 [9H, s, C(CH,),;], 2.7—3.2 (4H, m,
CH, x 2), 3.30 (3H, s, NCH,), 3.62 (3H, s, COOCH,), 7.18—7.35 (3H,
m, ArH), 7.47 (1H, d, J=7.5Hz, ArH). MS m/z: 414 M ™*). HRMS Calcd
for C,3H;oN,0,: 414.2153. Found: 414.2161.

Methyl 2-(2-tert-Butoxycarbonyl-9-methyl-1,2,3,4-tetrahydro-f-carbolin-
1-yl)-3-hydroxy-4-methylenehexanoate (7) By a similar procedure to that
described for the preparation of 6, the crude product which was obtained
from 4 (1.08 g, 3mm), LDA (3.3 mMm), and 2-ethylacrolein (0.44 ml, 6 mm)
was purified by column chromatography (15% EtOAc in hexane) to give
pure 7 (928 mg, 70%) as an oil. IR v,,,, (neat) cm~*: 3450 (OH), 1730, 1685
(CO). 'H-NMR (CDCl,) é: 1.15 (3H, t, J=8.0Hz, CH,CH,), 1.45 [9H,
s, C(CH,),], 1.97—2.20 (2H, m, CH,CH,), 2.75—2.90 (2H, m, 4-CH,),
3.19 (3H, s, NCH,), 3.44—3.59 (2H, m, 3'-H,), 3.68 (3H, s, COOCH,),
4.20 (1H, d, J=6.0Hz, CHOH), 4.67 (1H, td, /=1.5, 6.0, CHCOO), 4.89,
5.09 (each 1H, each s, =CH,), 5.76 (1H, d, J=6.0 Hz, 1-H), 7.0-7.29 (3H,
m, ArH), 7.44 (1H, d, J=7.5Hz, 8-H). MS m/z: 442 (M*). HRMS Calcd
for C,sH;,N,0,: 442.2466. Found: 442.2458.

2-Ethenyl-1-methoxycarbonyl-12-methyl-1,6,7,12b-tetrahydro-2 H,4 H-
indolo[2,3-c]pyrido[1,2-c][1,3]oxazin-4-one (10), cis-Methyl 2-Ethenyl-10-
methyl-1,4,5,10b-tetrahydro-2 H-azeto[1’,2’ : 1,2]pyrido[3,4-b]indole-1-
carboxylate (12), and trans-Methyl 2-Ethenyl-10-methyl-1,4,5,10b-tetra-
hydro-2 H-azeto[1’,2’ : 1,2]-pyrido[ 3,4-b]indole-1-carboxylate (13) A solu-
tion of MsCl (1.6 ml, 20.6 mm) in CH,Cl, (3 ml) was added dropwise to
a solution of 6 (5.69g, 13.7mM) and triethylamine (5.8 ml, 41 mMm) in
CH,Cl, (40 ml) at 0°C, and the mixture was stirred at room temperature
for 1 h, The reaction mixture was quenched with water, and extracted with
CHCl,. The extract was washed with water, and brine, dried over Na,SO,,
and concentrated. The residue, which is a mixture of mesylate and
oxazinone, was, without purification, dissolved in 2.3N HCI in EtOAc
(65ml) and the mixture was stirred at room temperature for 2.5h. After
removal of the solvent by evaporation in vacuo, the residue was dissolved in
DMSO (20 ml) containing DBU (4.1 ml, 27.4 mm). The mixture was allow-
ed to stand for 2.5h, diluted with water (200 ml), then extracted with EtOAc.
The extract was washed with water and brine, dried over Na,SO,, and
concentrated. The residue was subjected on column chromatography (40%
EtOAc in hexane) to give 12 (2.04g, 50% overall yield from 6) from the
first eluate. Recrystallization from EtOH gave colorless crystals, mp
97—99°C. IR v, (Nujol) cm ™ *: 1720 (CO). "H-NMR (CDCl,) 8: 2.7—3.1
(4H, m, CH, x 2), 3.13 (1H, dd, /=8.0, 3.0 Hz, 1-H), 3.55 (3H, 5, NCH,),
3.80 (3H, s, COOCH,), 4.30 (1H, t, J=8.0 Hz, 2-H), 5.10 (1H, brs, 10b-H),

- H - H
5.22 (1H, d, J=10.0Hz, H>=<I;1)’ 5.39 (1H, d, J=17.0Hz, H>=(H), 591

(1H, ddd, J=17.0, 10.0, 8.0 Hz, =CH), 7.20 (3H, m, ArH), 7.55 (1H, d,
J=7.5Hz, 8-H). 1*C-NMR (CDCl,) &: 16.5 (t), 29.8 (q), 41.1 (1), 48.6
(d), 52.5 (q), 54.1 (d), 61.2 (d), 108.1 (s), 109.3 (d), 118.8 (d), 119.0 (d),
121.0 (d), 127.3 (s), 134.0 (s), 136.4 (s), 137.3 (d), 172.0 (s). MS m/z: 296
(M), Anal. Calcd for C,gH,oN,0,: C, 72.95; H, 6.80; N, 9.45. Found: C,
72.93; H, 6.82; N, 9.42. The second eluate with the same solvent gave 10
(0.44g, 9.5% overall yield from 6). Recrystallization from EtOH gave
colorless crystals, mp 170—172°C. IRv,,, (Nujol) cm™': 1720, 1680
(CO). 'H-NMR (CDCl,) é: 2.7—3.1 (3H, m, 7-CH,, 6-H), 3.33 (3H, s,
NCH,), 3.41 (1H, dd, J=4.0, 2.0Hz, 1-H), 4.68 (3H, s, COOCH,), 4.76
(1H, brd, J=12.0Hz, 6-H), 5.11 (1H, brd, J=4.0Hz, 12b—H) 5.18 (1H,

brq, J=2.0Hz, 2-H) 549 (1H, d, /=10.0Hz, H)=(H) 5.55 (1H, d,
J=16.0Hz, H)=< ), 598 (1H, ddd, J=16.0, 10.0, 4.0Hz, =CH), 7.19

(3H, m, ArH), 7.50 (1H, d, J=7.5Hz, 8-H). MS m/z 340 (M™*). Anal.
Calcd for C,gH,,N,0,: C, 67.04; H, 5.92; N, 8.23. Found: C, 67.08; H,
5.91; N, 8.01. The third eluate with the same solvent gave 13 (263 mg,
6.5% overall yield from 6). Recrystallization from EtOH-hexane (3:1)
gave colorless crystals, 117—119°C. IR v, (Nujol) cm™!; 1720 (CO).
'H-NMR (CDCl,) é: 2.70—3.10 (4H, m, CH, x 2), 2.88 (1H, t, J=4.0 Hz,
2-H), 3.59 (3H, s, NCH,), 3.78 (3H, s, COOCH,;), 4.54 (1H, dd, /= lO 0,

4.0Hz, 2-H), 5.02 (1H, brs, 12b—H) 5.08 (1H, d, /=10.0Hz, H>=<H)’
5.21 (1H,d, J=17.0Hz, H>=<H) 5.93 (1H, dt, /=17.0, 10.0 Hz, =CH),

7.15 (3H, m, ArH), and 7.49 (1H, d, J="7.5Hz, 8-H). '3C-NMR (CDCl,)
8: 21.8 (1), 30.0 (@), 41.1 (1), 47.7 (d), 52.7 (q), 56.5 (d), 68.5 (d), 108.0
(s), 109.3 (d), 119.0 (d), 119.6 (d), 120.6 (t), 122.3 (d), 127.6 (s), 135.1 (s),
137.7 (s), 138.2 (d), 173.7 (s). MS m/z: 296 (M*). Anal. Calcd for
C,3H,0N,0,: C, 72.95; H, 6.80; N, 9.45. Found: C, 72.82; H, 6.84; N,
9.36.

Reaction of 6 with MsCl and TEA A solution of MsCl1 (0.1 ml, 1.29 mm)
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in CH,Cl, (3 ml) was added dropwise to a solution of 6 (385 mg, 0,86 mm)
and TEA (0.36ml, 2.58 mM) in CH,Cl, (2ml) at 0°C, and the mixture
was stirred at room temperature for 1 h. Work-up gave a crude oil, which
was submitted to column chromatography (20% EtOAc in hexane) to give
methyl 2-(2-tert-butoxycarbonyl-9-methyl-1,2,3,4-tetrahydro-f-carbolin-
1-yl)-3-methanesulfonyloxy-4-pentenoate (8) (234mg, 55%)as an oily
mixture of diastereomers from the first fraction. IR v, (neat) cm™1: 1720,
1690 (CO), 1350, 1145 (SO,). The 'H-NMR spectrum was not sufficiently
well resolved to permit assignment of the signals. Selected *H-NMR data
were as follows: 6 (CDCl;) 1.40 [C(CH,),], 2.85 (OSO,CH,;), 3.40, 3.50
(NCH,; and/or COOCHj;), 4.35 (1-H), 5.4—5.7 (=CH,, CHOSO,), 6.35
(=CH), 7.1—15 (ArH). MS m/z: 492 (M*). HRMS <Caled for
C,4H31N,0,8: 492.1927. Found: 492.1896. The second fraction eluted
with 40% EtOAc in hexane gave 10 (42mg, 14%), which was identical
with an anthentic sample (10), based on comparison of their IR and
'H-NMR spectra.

Synthesis of 12 (and 13) from 8 The mesylate (8) (234 mg, 0.48 mm)
was dissolved in 2.3N HCl/EtOAc (2ml); and the mixture was stirred for
1 h. After removal of the solvent by evaporation, the residue was dissolved
in DMSO (1ml) containing DBU (80mg, 0.53mm). The mixture was
allowed to stand for 3h, diluted with water (10 ml); then extracted with
EtOAc. The extract was washed with water and brine, dried over Na,SO,,
and concentrated. The residue was purified by column chromatography
(40% EtOAc in hexane) to give 12 (77mg, 54%) and 13 (9.2mg, 6.5%),
which were identical with an authentic samples (12 and 13), based on
comparison of the IR and 'H-NMR spectra.

Reaction of 7 with MsCl and TEA By a similar procedure to that
described for the reaction of 6 with MsCl and TEA, a crude product
was obtained from 7 (5.67g, 12.8mM), MsCl (1.48ml, 19.2mmM), and
TEA (5.39ml, 38.4mm). It was subjected to column chromatography.
The first fraction eluted with 20% EtOAc in hexane gave methyl 2-(tert-
butoxycarbonyl-9-methyl-1,2,3,4-tetrahydro-g-carbolin-1-yl)-3-meth-
anesulfonyloxy-4-methylenehexanoate (9) (2.25g, 34%) as a semi-solid.
Recrystallization from EtOH gave colorless crystals, mp 155—157°C.
IR v, (Nujol) cm™!: 1730, 1685 (CO), 1350, 1165 (SO,). 'H-NMR
(CDCl,) é: 1.06 (3H, t, J=7.5Hz, CH,CH,), 1.53 [9H, s, C(CH,),],
1.97—2.24 (2H, m, CH,CH;), 2.58 (3H, s, SCH,), 2.66—2.87 (3H, m,
4'-H,, 3-H), 3.38 3H, s, NCH,), 3.50 (1H, dd, /=10.0, 5.0 Hz, CHCOO),
3.72 (3H, s, COOCH,), 4.37 (1H, dd, J=14.0, 5.0Hz, 2-H), 5.12, 5.32
(each 1H, each s, =CH,), 5.63 (1H, d, J=10.0 Hz, CHOSO,), 5.87 (1H,
brd, J=4.0Hz, ArCH), 7.16 (3H, m, ArH), 7.43 (1H, d, J=7.5Hz, 8-H).
MS m/z: 520 (M*). Anal. Calcd for C,6H;36N,0-S: C, 59.98; H, 6.97; N,
5.38. Found: C, 59.95; H, 6.98; N, 5.45. The second fraction eluted with
40% EtOAc in hexane gave 2-(1-buten-1-yl)-l1-methoxycarbonyl-12-
methyl-1,6,7,12b-tetrahydro-2 H,4 H-indolo[2,3-c]pyrido[1,2-c][ 1,3]-
oxazin-2-one (11) (498 mg, 11%). Recrystallization from EtOH gave
colorless crystals, mp 173—174 °C. IR v_,,, (Nujol) cm ~*: 1720, 1680 (CO).
'H-NMR (CDCl,) é: 1.20 (3H, t, J=7.5Hz, CH,CH,), 1.96—2.29 (2H,
m, CH,CH,), 2.70—3.05 (3H, m, 6-H and 7-H,), 3.30 (3H, s, NCH,),
347 (1H, dd, J=4.5, 2.5Hz, 1-H), 3.64 (3H, s, COOCH,), 4.73 (1H, m,
6-H), 5.05 (2H, brs, 12b-H, 2-H), 5.20, 5.27 (each 1H, each s, =CH,), 7.17
(3H, m, ArH), 7.49 (1H, d, J=7.5Hz, 11-H). MS m/z: 368 (M ™). Anal.
Calcd for C,,H,4N,0,: C, 68.46; H, 6.57; N, 7.60. Found: C, 68.38; H,
6.55; N, 7.54.

cis-Methyl 2-(1-Buten-2-yl)-10-methyl-1,4,5,10b-tetrahydro-2 H-azeto-
[1’,2’ : 1,2]pyrido[ 3,4-b]indole-1-carboxylate (14) By a similar procedure
to that described for the preparation of 12 (and 13), a crude product was
obtained from 9 (539 mg, 1 mMm). It was purified by column chromatography
(40% EtOAc in hexane) to give 14 (139 mg, 43%). Recrystalization from
EtOH gave colorless crystals, mp 132—134 °C. IR v,,,, (Nujol) cm ™ *: 1720
(CO). TH-NMR (CDCl,) é: 1.0 (3H, t, J=7.5Hz, CH,CH,), 1.70—2.12
(2H, m, CH,CH,), 2.66—3.11 (4H, m, CH, x2), 3.20 (1H, dd, J=7.5,
2.5Hz, 1-H), 3.56 (3H, s, NCH,), 3.72 (3H, s, COOCHj,), 4.27 (IH, d,
J=17.5Hz, 2-H), 5.0, 5.42 (each 1H, each s, =CH,), 5.10 (1H, d, J=2.5Hz,
12b-H), 7.1—7.34 (3H, m, ArH), 7.55 (1H, d, J=7.5Hz, 9-H). MS m/z:
324 (M*). Anal. Calcd for C,,H,,N,0,: C, 74.07; H, 7.46; N, 8.64. Found:
C, 73.97; H, 7.46; N, 8.51.

2-Ethenyl-1-methoxycarbonyl-11-methyl-1,6,7,12b-tetrahydro-
2 H,4 H-indolo[ 2,3~c]pyrido[1,2-c][1,3]oxazin-4-ones (15 and 16) A solu-
tion of 6 (1.17g, 2.8mm) in 2.3N HCI in EtOAc solution (6.5ml) was
stirred at room temperature for 1h. After removal of the solvent by
evaporation, the residue was neutralized with saturated NaHCO, solution
and extracted with EtOAt. The extract was washed with brine, dried over
Na,S80,, and concentrated to give the de-Boc derivative (873 mg, 99%)
of 6 as a viscous oil. A solution of the de-Boc derivative (873 mg,
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2.78 mm) thus obtained and Im,CO (541 mg, 3.34mM) in benzene (6 ml)
was refluxed for 1 h. The reaction mixture was diluted with EtOAc (20 m),
washed with water, dried over Na,SO,, and concentrated. The residue
was subjected to column chromatography (15% EtOAc in benzene) to
give 15 (482 mg, 54%) from the first eluate. Recrystallization from EtOH
gave colorless crystals, mp 167—169 °C. IR v,,,, (Nujol) cm™!: 1735, 1680
(CO). 'H-NMR (CDCl;) é: 2.6—3.0 (3H, m, 7-H,, 6-H), 3.10 (1H, t,
J=5.6Hz, 1-H), 3.53 (3H, s, NCH,), 3.76 (3H, s, COOCH,), 4.63 (1H,
q, J=10.0Hz, 6-H), 4.96 (1H, t, J=5.6 Hz, 2-H), 5.20 (1H, d, /=10.5Hz,

H _ H N
=g 535 (1H,d, J=17.0Hz, 1 >=(1), 5.39 (1H, d, /= 5.6 Hz, 12b-H),

5.72 (1H, ddd, J=17.0, 10.5, 5.6 Hz, =CH), 7.16 (3H, m, ArH), 7.49 (1H,
d, J=7.5Hz, 11-H). MS m/z: 340 (M*). Anal. Calcd for C,;oH,,N,O,:
C, 67.04; H, 5.92; N, 8.23. Found: C, 66.74; H, 5.92; N, 8.13. The second
eluate with the same solvent gave 16 (211mg, 23%), which was
recrystallized from EtOH to give colorless crystals, mp 198—200 °C. IR v,
(Nujol) cm™*: 1740, 1680 (CO). 'H-NMR (CDCl,) é: 2.85 (3H, m, 7-H,,
6-H), 3.26 (3H, s, NCH,), 3.71 (3H, s, COOCH,), 3.62 (1H, dd, J=5.8,
2.8Hz, 1-H), 4.82(1H, m, 6-H), 5.04 (1H, brs, 2-H), 5.23 (1H, d, J=5.8 Hz,

12b-H), 5.32(1H, d, /= 10.0 Hz, ;5= ), 5.54 (1H, d, J = 17.5 Hz, 15D,

5.86 (1H, ddd, J=17.5, 10.0, 5.8 Hz, =CH), 7.17 (3H, m, ArH), 7.49 (1H,
d, J=7.5Hz, 11-H). MS mj/z: 340 (M*). Anal. Calcd for C,gH,,N,O,:
C, 67.04; H, 5.92; N, 8.23. Found: C, 67.03; H, 5.98; N, 8.16.

Methyl 2-Ethyl-1-methoxycarbonyl-11-methyl-1,6,7,12b-tetrahydro-2 H,
4 H-indolo[2,3~c]pyrido[1,2-c]}{1,3]Joxazin-4-one (17) A solution of 16
(0.1g, 0.29mM) in EtOAc (20ml) was hydrogenated under atmospheric
pressure with 5% Pd-C (50mg) for 3h. The catalyst was removed by
filtration, and the filtrate was concentrated. The residue was purified by
column chromatography (15% EtOAc in hexane) to give 17 (75mg, 75%)
as an oil. IR v, (neat) cm™!: 1730, 1685 (CO). 'H-NMR (CDCl,) 4:1.09
(3H, t, J=7.5Hz, CH,CH;), 1.5—1.9 (2H, m, CH,CH,), 2.6—3.0 (3H,
m, 7-H,, 6-H), 3.30 (3H, s, NCH,), 3.70 (3H, s, COOCH,), 3.55 (1H, dd,
J=5.3, 3.0Hz, 1-H), 4.40 (1H, m, 2-H), 4.81 (1H, m, 6-H), 5.15 (1H, d,
J=5.3Hz, 12b-H), 7.1—7.3 (3H, m, ArH), 7.48 (1H, d, J=7.5Hz, 11-H).
MS mj/z: 342 (M*). HRMS Calcd for C,gH,,N,0,: 342.1578. Found:
342.1574.

Preparation of Indoloquinolizidines (18, 19, and 20). Methyl 12-Methyl-
3,6,7,12b-tetrahydro-4 H-indolo[2,3-a]quinolizine-1-carboxylate (18) and
Methyl 12-Methyl-1,6,7,12b-tetrahydro-4 H-indolo[2,3-a]quinolizine-1-car-
boxylates (19and 20) A solution of 15 (204 mg, 0.6 mM) and DBU (100 mg,
0.66mm) in DMSO (3ml) was heated at 120°C for 4h. The reaction
mixture was diluted with EtOAc (40 ml), washed with water and brine,
dried over Na,SO,, and concentrated. Purification of the residue by column
chromatography afforded 20 (6 mg, 3.4%) (less polar), 19 (24 mg, 14%)
(intermediate polar) by elution with 50% EtOAc in hexane, and 18 (54 mg,
30%) (more polar) by elution with EtOAc. The spectral data were in fair
agreement with the reported values.'? .

18: IR v, (CHCI,) cm™*: 1700 (CO). 'H-NMR (CDCl,) é: 3.54 (3H,
3H, NCH,;), 3.81 (3H, s, COOCH,), 5.33 (1H, s, 2-H), 7.0—7.35 (3H, m,
ArH), 7.58 (1H, d, J=17.5Hz, 11-H). MS m/z: 296 (M*). HRMS Calcd
for C,gH,oN,0,: 296.1523, Found: 296.1541.

19: IR v, (CHCl3) cm™*: 1720 (CO). 'H-NMR (CDCl,) 6: 3.48 (3H, s,
NCH,), 3.71 (3H, s, COOCH,;), 3.95 (1H, brd, J=17.5Hz, 4-H,,), 4.5
(1H, d, J=9.5Hz, 12b-H), 5.70, 5.95 (each 1H, each brd, J=10.5Hz, 2-H,
3-H), 7.1—-17.3 3H, m, ArH), 7.45 (1H, d, /=7.5Hz, 11-H). MS m/z: 296
(M*). HRMS Calcd for C,gH,oN,0,: 296.1523. Found: 296.1497.

TabLE III. Crystal Data for Two Isomeric Tetrahydro-3,5-oxazin-4-
ones (10 and 15)

10 15
Molecular formula C,oH,;oN,0, C,oH,(N,0,
Molecular weight 340.379 340.379
Crystal system Orthorhombic Orthorhombic
Space group P2,2,2, Pbca
Cell constant (A)
a 9.235 (2) 13.594 (3)
b 23.328 (3) 8.768 (1)
¢ 7.799 (1) 28.402 (6)
Volume (A?) 1680.2 (5) 3342 (1)
z 4 8
D, (g'cm™3) 1.3456 1.3529
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20: IR v,,, (CHCl,) cm™!: 2800—2750 (Bohlmann bands), 1720 (CO).
1H-NMR (CDCl,) é: 3.26 (3H, s, NCH,), 3.73 (3H, s, COOCH}), 3.98
(1H, brs, 12b-H), 5.95, 6.03 (each 1H, each brd, J=10.5Hz, 2-H, 3-H),
7.0—7.3 (3H, m, ArH), 7.46 (1H, d, J=7.5Hz, 11-H). MS m/z: 296 (M*).
HRMS Caled for C,gH,N,0,: 296.1523. Found: 296.1536.

X-Ray Determinations of Compounds 10 and 15 A single crystal
(colorless needles) of 10 or 15, recrystallized from EtOH, was used for the
X-ray studies. The crystal data are summarized in Table III. Unit-cell
dimensions were determined on a Rigaku four-circle diffractometer using
high-angle reflections (26) by empolying graphite-monochromated Cu X,
radiation and were refined by the least-squares method. A total of 1570
(10) or 2670 (15) independent reflections (26,,,, < 130°) was measured
using the w-26 scan mode and a scan rate of 4°/min. Both structures were
solved by the direct method using the MULTAN program'® and refined
by the least-squares method to R=0.0895 (10) and 0.0745 (15).
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Synthesis of (1 )-pD-Homocephalotaxine, an Unnatural Analogue of Cephalotaxine
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(1)-D-Homocephalotaxine (2), an unnatural analogue of cephalotaxine, has been synthesized by a synthetic
sequence involving an acid-catalyzed cyclization of the a-sulfinylacetamide 8 as a key step.

Keywords cationic cyclization; Pummerer reaction; sulfoxide; a-chlorosulfide; a-thiocarbocation; cephalotaxine analogue;

p-homocephalotaxine

Cephalotaxine (1), the predominant alkaloid of Cephalo-
taxus species, has attracted much attention from synthetic
chemists due to its unique structural features as well as the
antileukemic activities of its ester derivatives, harringtonine
and homoharringtonine.! =% So far, six total syntheses of
1, including ours, have been reported.*~® In addition,
considerable efforts to synthesize a variety of structural
analogues of cephalotaxine have been made.510~1%

As a part of our studies on carbon—carbon bond-forming
reactions by using a-thiocarbocations,'® we have recently
reported a new entry to 3-methyl-1,3,4,5-tetrahydro-2 H-3-
benzazepin-2-ones which involves the acid-catalyzed
cyclization of N-(2-arylethyl)-N-methyl-a-sulfinylacetam-
ides.!” As an extension of this work, it appeared to be of
interest to see if the method could be applied to more
complex systems such as 8, because it has been reported
that attempts to cyclize a variety of N-substituted derivatives
of -either the amine 3 or lactam 4 to the benzazepine ring
system failed.'©12:18) We describe here a successful
application of our method to the synthesis of (+)-D-
homocephalotaxine (2), an unnatural analogue of cephalo-
taxine (1).

The sulfoxide 8 required to test the feasibility of the
cyclization was prepared by acylation of the readily available
amine 3'°7 12 with (methylthio)acetic acid in the presence
of 1,3-dicyclohexylcarbodiimide (DCC) followed by oxida-
tion of the resulting sulfide 7 with sodium metaperiodate
(NalO,) in aqueous methanol.

Cyclization of the sulfoxide 8 to the benzazepinone 10

3:X=H,, R=H . 6
4:X=0, R=H
5 : X=0, R=CH,CHO

Chart 1

was conducted under the Pummerer reaction conditions
described previously.!” Thus, treatment of 8 with triflu-
oroacetic anhydride (TFAA) in dichloromethane at room
temperature for 24h (procedure A) gave the benzaze-
pinone 10 as an inseparable mixture of two diaster-
eomers (ca. 10:1) due to the methylthio group in 63%
yield. The benzazepinone 10 was also obtained in 65%
yield, when 8 was treated with 2 eq of anhydrous
p-toluenesulfonic acid (p-TsOH) in boiling 1,2-dichloro-
ethane for 15min (procedure B). Evidence that cyclization
had occurred was given by the 'H-nuclear magnetic
resonance (\H-NMR) spectrum of the major isomer, which
showed signals due to only two aromatic protons at é 6.63
(s) and 6.83 (s) as well as a methine proton (H-12) at § 4.48
(s) (the corresponding signals for the minor product
appeared at & 6.91, 7.47, and 5.30). Desulfurization of 10
with zinc in acetic acid gave the benzazepinone 11 in
quantitative yield.

For comparison, a Lewis acid-catalyzed cyclization of the
a-chlorosulfide 9 was also examined. Thus, treatment of 9,
prepared by direct acylation of 3 with chloro(methylthio)-
acetyl chloride, with stannic chloride (SnCl,) in di-
chloromethane at 0°C (procedure C) gave the same
benzazepinone 10, but in lower yield (34%).

Introduction of the oxygen functionalities into the D-ring
essentially followed the method of Kuehne and coworkers.®
The benzazepinone 11 was oxidized with a catalytic amount
of osmium tetroxide (OsO,) in the presence of N-
methylmorpholine N-oxide to give the diol 12 as a
diastereomeric mixture (ca. 7:3). Oxidation of the crude
diol 12 with Corey—Kim reagent'® [ N-chlorosuccinimide
(NCS) and dimethyl sulfide] gave the a-diketone 13 in 77%
overall yield (from 11). The 'H-NMR spectrum of 13
showed a singlet at § 5.96 due to the olefinic proton at C,,
indicating that the a-diketone exists in the enolic form, as
shown in Chart 2. The a-diketone 13 was then methylated
by using Ponaras’ procedure?’® [methoxytrimethylsilane
(TMSOMe) in the presence of trifluoromethanesulfonic acid
in dichloromethane] to give two isomeric methyl ethers 14a
(63%) and 14b (16%), along with a small amount of the
starting material 13. The structures of 14a, b were apparent
from an examination of the *‘H-NMR spectra: the olefinic
proton (H-1) signal of 14a appeared at § 5.68 as a singlet,
whereas the olefinic proton (H-4) signal of 14b appeared at
6 5.72 as a doublet (J=4.0Hz) due to coupling with the
C; proton at § 4.27 (d, J=4.0Hz).

Reduction of the resultant enone 14a with sodium
borohydride in methanol at 0 °C resulted in the formation
of a mixture of two alcohols, 15a (63%) and 15b (36%).
The stereochemical assignments of 15a,b were made by
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10 : R=SMe

11 ReH Zn-AcOH

13

Chart 2

examining the 'H-NMR spectra. The distinguishing feature
of the 'TH-NMR spectrum of 15a is the C; proton signal
which displays relatively small couplings of 4.6 and 2.7 Hz.
In contrast, the same proton of 15b exhibits greater splittings
(J=10.4 and 5.1 Hz). These coupling patterns, along with
the fact that the C; proton signal in both compounds
appears as a triplet with J=3.9 Hz, are consistent with the
assigned conformations in which the hydroxyl group is axial
in 15a and equatorial in 15b. The preferential formation of
15a from 14a can be rationalized by assuming the
conformation of 14a to be as shown in Chart 3, in which
hydride attacks the convex face of the carbonyl group. In
fact, when 14a was reduced with bulkier lithium tri-sec-
butylborohydride (L-Selectride), 15a was obtained exclu-
sively. ,

Finally, reduction of 15a with sodium bis(2-methoxy-

ethoxy)aluminum hydride (Red-Al) gave the desired
(z)-p-homocephalotaxine (2) in 60% yield. The structure
of 2 was fully supported by the spectroscopic data (see
Experimental).

In summary, the acid-catalyzed aromatic cyclization of
the a-sulfinylacetamides opens up a new route to ceph-
alotaxine and its analogues.

Experimental

Melting points are uncorrected. Infrared (IR) spectra were recorded
with a JASCO IRA-l spectrophotometer. 'H-NMR spectra were
determined with a JEOL JNM-PMX 60 (60 MHz) or a Varian XL-300
(300 MHz) spectrometer and C-13 nuclear magnetic resonance (:3C-NMR)
spectra with a Varian XL-300 (75MHz) spectrometer, using tetra-
methylsilane as an internal standard. High resolution mass spectra (MS)
were obtained with a Hitachi M-80 instrument at 20eV. Column
chromatography was performed on Silica gel 60 PF,;, (Merck) under
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Chart 3

pressure,

(55*,105*)-10-(1,3-Benzodioxol-5-yl)-1-[ (methylthio)acetyl]-1-azaspiro-
[4.5]dec-7-ene (7) The Red-Al reduction was done essentially according
to the procedure of Bryce et al.!® Red-Al (70% in toluene, 9 ml, 30 mmol)
was added dropwise to a solution of 4 (1.36 g, 5.00 mmol) in dry benzene
(50ml) and the mixture was heated under reflux overnight. Water (30 ml)
was then added under ice-cooling to the mixture to destroy the excess
reagent and the whole was made alkaline with saturated NaHCO, solution.
The precipitates were filtered off and the organic layer was separated. The
aqueous layer was further extracted with dichloromethane. The combined
extracts were dried (Na,SO,) and concentrated to give the amine 3 (1.19g)
as an oil, which was used in the next stage without further purification.

(Methylthio)acetic acid - (542mg, 4.92mmol) and DCC (1.04g,
4.92mmol) were added to a solution of 3 (1.15g, 4.45mmol) in dry
dichloromethane (35ml) at 0°C and the mixture was stirred at room
temperature for 48 h. Precipitated dicyclohexylurea was filtered off and
the filtrate was concentrated. The residual oil was chromatographed on
silica gel (hexane-AcOEt, 1:1) to give 7(1.47 g, 90% from 3) as an oil.
IR v§ifscm™*: 1645. 'H-NMR (CDCl,, 60 MHz) &: 1.5—3:8 (13H, m),
2.10 (3H, s, SMe), 5.7—5.9 (2H, m, CH=CH), 5.84 (2H, s, OCH,0),
6.6—6.8 (3H, m, aromatic protons). Exact MS m/z: Calcd for
C,9H,3NO;S: 345.1396. Found: 345.1367.

(55*,105*)-10-(1,3-Benzodioxol-5-yl)-1-[ (methylsulfinyl)acetyl]-1-
azaspiro[4.5]dec-7-ene (8) A solution of NalO, (451 mg, 2.11 mmol) in
water (12 ml) was added dropwise to an ice-cooled solution of 7 (665 mg,
1.92mmol) in methanol (6.0ml) and the mixture was stirred at room
temperature overnight. The precipitated inorganic material was removed
by filtration and water (10 ml) was added. The aqueous layer was extracted
with dichloromethane and the extract was washed with brine, dried
(MgS0,), and concentrated. The residue was chromatographed on silica
gel (CH,Cl,-MeOH, 10:1) to give the sulfoxide 8 (607 mg, 87%), which
solidified on standing. IR v$i®cm™!: 1650. 'H-NMR (CDCl,, 60 MHz)
6: 1.6—4.0 (13H, m), 2.60 (3H, brs, SMe), 5.7—6.0 (2H, m, CH=CH),
5.82 (2H, s, OCH,0), 6.5—6.8 (3H, m, aromatic protons). The sulfoxide
8 was used in the next stage without further purification.

(55*,65*)-12-Methylthio-4,5,8,9,11,12-hexabydro-1H,7H-[1,3]benzo-
dioxolo[5,6-d1pyrrolo[2,1-k][1]bénzazepin-11-one (10) Procedure A:
Trifluoroacetic anhydride (0.064 ml, 0.28 mmol) was added dropwise to a
solution of the sulfoxide 8 (100 mg, 0.28 mmol) in dry dichloromethane
(1.5ml) at 0°C under nitrogen and the mixture was stirred at room
temperature for 24 h. Dichloromethane (10 ml) was added and the whole
mixture was washed with saturated NaHCO, solution and brine, dried
(MgS0,), and concentrated. The residue was chromatographed on silica
gel (hexane-AcOEt, 2: 1) to give 10 (60 mg, 63%) as an inseparable mixture
of two diastereomers (cz. 10:1) due to the methylthio group: mp
192—194°C (from MeOH). IR v&icm~*: 1610. 'H-NMR (CDCl,,
300 MHz) 6 (only the signals for the major isomer are recorded): 1.45—2.08

(6H, m), 2.27 (3H, s, SMe), 2.58 (2H, br), 3.31—3.41 (1H, m), 4.08—4.25
(2H, m), 4.48 (1H, s, H-12), 5.53—5.62, 5.84—5.92 (1H each, 2 xm,
CH=CH), 5.94 (2H, s, OCH,0), 6.63, 6.83 (1H each, 2 xs, aromatic
protons). 13C-NMR (CDCl,, 75MHz) § (only the signals for the major
isomer are recorded): 17.58 (SMe), 18.69, 30.10, 30.99, 36.35, 40.11 (C-5),
46.41, 57.61 (C-12), 66.94 (C-6), 101.23 (OCH,0), 103.37, 110.31, 125.54,
127.11, 128.24, 132.83, 145.99, 147.36, 166.41 (C-11). Anal. Caled for
C;9H,;NO;S: C, 66.45; H, 6.16; N, 4.08. Found: C, 66.56; H, 6.12; N,
4.18.

Procedure B: A solution of p-toluenesulfonic acid monohydrate (700 mg,
3.68 mmol) in 1,2-dichloroethane (10 ml) was heated under reflux with
azeotropic removal of water for 2h, then cooled under a nitrogen
atmosphere. A solution of the sulfoxide 8 (664mg, 1.84mmol) in
1,2-dichloroethane (4ml) was added to the above solution containing
anhydrous p-toluenesulfonic acid, and the mixture was heated again under
reflux with azeotropic removal of water for 15min. The reaction mixture
was washed with saturated NaHCO, solution and brine, dried (MgSO,),
and concentrated. The residue was chromatographed on silica gel
(hexane—AcOEt, 2: 1) to give 10 (407 mg, 65%).

Preparation and Cyclization of 10-(1,3-Benzodioxol-5-yl)-1-[chloro-
(methylthio)acetyl]-1-azaspiro[4.5]dec-7-ene (9) Procedure C: A solution
of chloro(methylthio)acetyl chloride (610mg, 3.84mmol) in dry ether
(7.5 ml) was added to a solution of the crude amine 3 (758 mg, 2.95 mmol)
and triethylamine (0.63 ml, 4.43 mmol) in dry ether (10 ml) at 0°C and the
mixture was stirred for 30 min. The precipitates were filtered off and the
filtrate was concentrated to give crude 9 as an oil, which was dissolved in
dry dichloromethane (10 mi). SnCl, (0.52 ml, 4.43 mmol) was added to the
above solution at 0 °C and the mixture was stirred at the same temperature
for 2h. The reaction was quenched with water and the organic layer was
separated, washed with brine, dried (MgSO,), and concentrated. The
residue was chromatographed on silica gel (hexane-AcOEt, 2: 1) to give
10 (345mg, 34% based on 3). .

(55*,65%)-4,5,8,9,11,12-Hexahydro-1H,7 H-[1,3]benzodioxolo[5,6-d]-
pyrrolo[2,1-k][1]benzazepin-11-one (11) Zinc dust (458 mg, 7.00 mmol)
was added to a solution of 10 (240 mg, 0.700 mmol) in acetic acid (1 ml)
and the mixture was heated with vigorous stirring at 100—110 °C overnight,
then cooled. Dichloromethane (10ml) was added and the inorganic
material was filtered off. The mother liquor was concentrated in vacuo and
the residue was chromatographed on silica gel (hexane~AcOEt, 1:1) to
give 11 (208 mg, quant.), mp 223—224°C (from MeOH). IR v$HCs cm ~1:
1600. '"H-NMR (CDCl,, 60 MHz) §: 1.4—2.7 (8H, m), 2.8—3.6 (2H, m),
3.49, 4.00 (1H each, ABq, J=16Hz, H-12), 3.8—4.5 (1H, m), 5.3—6.1
(2H, m, CH=CH), 5.88 (2H, s, OCH,0), 6.64, 6.82 (1H each, 2 xs,
aromatic protons). Anal. Caled for C,gH,,NO;: C, 72.71; H, 6.44; N,
4.71. Found: C, 72.72; H, 6.30; N, 4.78.

(55*,6R*)-2-Hydroxy-4,5,8,9,11,12-hexahydro-3H,7 H-[1,3]benzo-
dioxolo[5,6-d]pyrrolo[2,1-k][1]benzazepine-3,11-dione (13) N-Methyl-
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morpholine N-oxide (1.38 g, 11.8 mmol) and a catalytic amount of OsO,
was added to a solution of 11 (700 mg, 2.35 mmol) in fert-butanol (32 ml),
tetrahydrofuran (THF) (36 ml), and water (4ml) and the mixture was
stirred overnight. Saturated NaHSO; solution (15ml) was added, and the
whole was stirred for 20 min. The organic layer was separated and the
aqueous layer was extracted with ethyl acetate. The combined organic
layers were concentrated in vacuo and the residue was chromatographed
on silica gel (CH,Cl,-MeOH, 15:1) to give the crude diol 12 (723 mg,
93%) as a mixture of two diastereomers (ca. 7:3 from the 'H-NMR
spectrum), which was used in the next step without further purification.
A solution of the crude diol 12 (375mg, 1.13mmol) in dry di-
chloromethane (30ml) was added dropwise to a solution of Corey—Kim
reagent!® [prepared from N-chlorosuccinimide (754 mg, 5.65 mmol) and
dimethyl sulfide (0.414ml, 5.65mmol) in dichloromethane (14ml)] at
—42°C and the mixture was stirred for 2h. Triethylamine (1.26ml,
9.04 mmol) was added and the whole was stirred at room temperature
overnight. The reaction mixture was poured into brine (50 ml) and extracted
with dichloromethane. The extract was dried (MgSO,) and concentrated,
and the residue was chromatographed on silica gel (AcOEt) to give 13
(306 mg, 83%), mp 239—240°C (from MeOH). IR vKBrcm ™ !: 3450, 1680,
1640, 1610. 'H-NMR (DMSO0-d,, 300 MHz) §: 1.75—1.93 (2H, m, H-8),
2.12 (1H, ddd, J=12.9, 11.0, 6.7 Hz, one of H-7), 2.61 (1H, ddd, J=12.9,
5.2, 3.4Hz, one of H-7), 2.82 (1H, dd, J=16.7, 2.3 Hz, one of H-4), 3.11
(1H, d, J=14.7 Hz, one of H-12), 3.24 (1H, dd, J=16.6, 5.2 Hz, one of
H-4), 3.47 (1H, dt, J=10.5, 4.0 Hz, one of H-9), 3.50—3.56 (1H, m, H-5),
4.12 (1H, dd, J=10.5, 5.2 Hz, one of H-9), 4.28 (1H, d, /= 14.7 Hz, one of
H-12), 5.96 (3H, s, OCH,0, H-1), 6.68, 6.90 (1H each, 2 x s, aromatic
protons), 8.83 (1H, s, OH). '3C-NMR (DMSO-d,, 75 MHz) 6: 21.44, 39.27,
41.96, 45.16, 46.87 (C-5), 47.05, 62.57 (C-6), 100.92 (OCH,0), 110.07,
110.90, 123.52 (C-1), 123.60, 131.62, 145.64, 146.69, 146.81, 169.37 (C-11),
193.69 (C-4). Exact MS m/z: Calced for C,gH,,NO,: 327.1105. Found:
327.1107. Anal. Caled for C,gH,,NO,-CH,0H: C, 63.50; H, 5.89; N,
3.90. Found: C, 63.35: H, 5.95; N, 3.98.
(58*,6R*)-2-Methoxy-4,5,8,9,11,12-hexahydro-3H,7 H-[1,3]benzo-
dioxolo{5,6-d]pyrrolo[2,1-k][1]benzazepine-3,11-dione (14a) and
(55*,6R*)-3-Methoxy-1,2,8,9,11,12-hexahydro-5 H,7 H-[ 1,3]benzodioxolo-
[5,6-d]pyrrolo[2,1-k][1]benzazepine-2,11-dione (14b) Methylation of 13
was conducted essentially according to the procedure of Ponaras and
Meah.2” Methoxytrimethylsilane (0.051ml, 0.376 mmol) and trifluor-
omethanesulfonic acid (0.132ml, 1.50 mmol) were added dropwise to a
solution of 13 (123 mg, 0.376 mmol) in dry dichloromethane (20ml) at
0°C, and the mixture was stirred at room temperature for 72 h. The reaction
mixture was washed with saturated NaHCO, solution and brine, dried
(MgSO0,), and concentrated. The residue was submitted to preparative thin
layer chromatography (silica gel, AcOEt) to give 14b (20mg, 16%), 14a
(80 mg, 63%), and the unreacted starting material 13 (25 mg).
Compound 14a had mp 249—251 °C (from MeOH). IR vKB'cm ~!: 1685,
1635, 1620. 'H-NMR (CDCl,, 300 MHz) é: 1.85—2.10 (2H, m, H-8), 2.25
(1H, ddd, J=13.0, 11.3, 6.6 Hz, one of H-7), 2.61 (1H, ddd, J=13.0, 5.8,
3.0Hz, one of H-7), 3.01 (1H, dd, J=16.4, 2.7 Hz, one of H-4), 3.13 (1H,
dd, J=16.4, 5.4 Hz, one of H-4), 3.19 (1H, d, J=15.0 Hz, one of H-12),
3.51—3.56 (1H, br, H-5), 3.61 (1H, ddd, /=11.8, 9.8, 6.8 Hz, one of H-9),
3.66 (3H, s, OMe), 3.77 (1H, ddd, J=11.2, 8.0, 3.0 Hz, one of H-9), 4.42
(1H, d, J=15.0 Hz, one of H-12), 5.68 (1H, s, H-1), 5.90, 5.91 (1H each,
ABq, J=14Hz, OCH,0), 6.51, 6.62 (1H each, 2 x s, aromatic protons).
13C-NMR (CDCly, 75MHz) &: 22.06, 41.19, 43.19, 46.02, 47.62 (C-5),
47.67, 55.16 (OMe), 63.25 (C-6), 101.27 (OCH,0), 110.54, 110.74, 120.73
(C-1), 123.47, 130.25, 146.64, 147.57, 150.12 (C-2), 170.83 (C-11), 191.61
(C-3). Exact MS m/z: Calcd for C, gH NO,: 341.1262. Found: 341.1266.
Compound 14b had mp 212—213°C (from CH,Cl,~AcOEt). IR
vKBrem ™ 11700, 1625. '"H-NMR (CDCl,, 300 MHz) 6: 1.75—1.96 (4H,
m, H-7, H-8), 2.61, 2.92 (1H each, ABq, J=16.1 Hz, H-1), 3.28 (1H, ddd,
J=12.0, 8.4, 6.5 Hz, one of H-9), 3.45 (1H, d, J=15.3 Hz, one of H-12),
3.68 (3H, s, OMe), 4.06 (1H, ddd, J=12.0, 8.3, 7.6 Hz, one of H-9), 4.17
(1H, d, J=15.3 Hz, one of H-12), 4.27 (1H, d, J=4.0 Hz, H-5), 5.72 (1H,

d, J=4.0Hz, H-4), 5.97, 5.98 (1H each, ABq, J=1.4 Hz, OCH,0), 6.72,

6.76 (1H each, 2 x s, aromatic protons). !3C-NMR (CDCl,, 75 MHz) é:
18.65, 38.35, 41.92, 44.87, 46.54 (C-5), 46.67, 55.35 (OMe), 67.86 (C-6),
101.40 (OCH,0), 110.10, 110.60, 115.83, 128.64, 128.78, 146.97, 147.44,
151.94, 167.67 (C-11), 191.07 (C-2). Exact MS m/z: Calcd for C,gH,(NOj:
341.1261. Found: 341.1247.

Reduction of Compound 14a With NaBH,: NaBH, (44 mg, 1.17 mmol)
was added to a solution of 14a (40 mg, 0.117 mmol) in MeOH (5ml) and
dichioromethane (2.5ml) at 0°C and the mixture was stirred at room
temperature for 2 h. The mixture was diluted with water (5 ml) and extract-
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ed with dichloromethane, then the extract was dried (MgSO,) and
concentrated. The residue was chromatographed on silica gel. The first
eluate gave (35*,55*,6 R*)-3-hydroxy-2-methoxy-4,5,8,9,11,12-hexahydro-
3H,7H-[1,3]benzodioxolo[5,6-d]pyrrolo[2,1-k][1]benzazepin-11-one
(15a) (25 mg, 63%) and the second eluate gave the isomeric alcohol 15b
(15mg, 36%).

Compound 15a had mp 217—218°C (from CH,Cl,-AcOEt). IR
vEHGsecm~1: 3570, 1660, 1625. 'H-NMR (CDCl,, 300 MHzZ) 8: 1.26 (1H,
d, J=8.3 Hz, OH), 1.70—1.96 (2H, m, H-8), 2.04 (1H, ddd, /=128, 11.1,
6.2 Hz, one of H-7), 2.25 (1H, ddd, /=12.8, 5.8, 3.5 Hz, one of H-7), 2.35
(1H, dt, J=14.8, 4.7 Hz, one of H-4), 2.50 (1H, ddd, /=148, 3.5, 2.7Hz,
one of H-4), 3.15 (1H, d, /=14.4Hz, one of H-12), 3.16 (1H, t, J=3.9Hz,
H-5), 3.52 (1H, ddd, J=11.7, 9.8, 6.6 Hz, one of H-9), 3.63 (3H, s, OMe),
3.65—3.75 (1H, m, one of H-9), 4.05 (1H, ddd, J=8.3, 4.6, 2.7Hz, H-3),
4.64 (1H, d, J=14.4Hz, one of H-12), 4.69 (1H, s, H-1), 591, 5.92 (IH
each, ABq, /J=1.4Hz, OCH,0), 6.58, 6.74 (1H each, 2 xs, aromatic
protons). '3C-NMR (CDCl,, 75Hz) 8: 21.63, 37.95, 42.95, 43.49, 43.68
(C-5), 47.52, 54.78 (OMe), 63.87 (C-6), 65.52 (C-3), 101.23 (OCH,0),
103.85 (C-1), 110.88, 110.95, 124.40, 132.72, 146.48, 147.34, 157.29 (C-2),
171.41 (C-11). Exact MS mj/z: Calcd for C,,H,,NO,: 343.1419. Found:
343.1424, Anal. Calcd for C;oH,;NO, - 1/2H,0: C, 64.76; H, 6.29; N, 3.98.
Found: C, 65.18; H, 6.20; N, 4.11.

Compound 15b had mp 179—180°C (from AcOEt-hexane). IR
veSsem~1: 3600, 1660, 1625. "H-NMR (CDCl,, 300 MHz) §: 1.70—1.96
(2H, m, H-8), 2.09—2.20 (1H, m, one of H-7), 2.14 (1H, ddd, J=13.0,
10.4, 3.9 Hz, one of H-4), 2.30—2.39 (1H, m, one of H-7), 2.46 (1H, ddd,
J=13.0, 5.1, 3.9 Hz, one of H-4), 2.57 (1H, d, J=1.9Hz, OH), 3.08 (1H,
d, J=14.4Hz, one of H-12), 3.24 (1H, t, J=3.9Hz, H-5), 3.48 (1H, ddd,
J=11.5, 10.3, 6.6 Hz, one of H-9), 3.62 (3H, s, OMe), 3.67—3.76 (1H, m,
one of H-9),4.06 (1H, brdd, J=10.4, 5.1 Hz, H-3),4.57 (1H,d, J=14.4 Hz,
one of H-12), 4.57 (1H, s, H-1), 5.90, 5.92 (1H each, ABq, J=1.4Hz,
OCH,0), 6.54,6.70 (1H each, 2 x s, aromatic protons). 1*C-NMR (CDCl,,
75MHz) §: 21.92, 39.17, 42.85, 44.72, 46.39 (C-5), 47.64, 54.89 (OMe),
63.01 (C-3), 63.89 (C-6), 101.08 (OCH,0), 103.10 (C-1), 110.35, 110.42,
125.07, 132.03, 146.07, 147.08, 157.60 (C-2), 171.43 (C-11). Exact MS m/z:
Calcd for C,,H,,NOg: 343.1418. Found: 343.1401. )

With L-Selectride: L-Selectride (1.0M solution in THF, 0.112ml,
0.528 mmol) was added to a solution of 14a (60 mg, 0.176 mmol) in dry
THF (20 ml) and dry dichloromethane (4 ml) at —78 °C and the mixture
was stirred at the same temperature for 3h. The solvent was evaporated
off and the residue was diluted with dichloromethane (20 ml) and 5% HCI
(10ml). The organic layler was separated, washed with brine, dried
(MgSO,), and concentrated. The residue was chromatographed on silica
gel (AcOEt) to give 15a (60 mg, quant.).

(35*,55*,6 R*)-3-Hydroxy-2-methoxy—4,5,8,9,11,12-hexahydro-3H,7H-
[1,3]benzodioxolo[5,6-d]pyrrolo[2,1-k][1]benzazepine [( 1 )-D-Homo-
cephalotaxine (2) The procedure was essentially the same as that employed
for the preparation of the amine 3. A solution of 15a (60 mg, 0.175 mmol)
in dry benzene (15ml) and dry dichloromethane (2ml) was treated with
Red-Al (70% in toluene, 2.02ml, 7.00mmol) to afford, after work-up, 2
(35mg, 60%), mp 214—216°C (from CH,Cl,~AcOEt). IR v3iem~1:
3350, 1650. 'H-NMR (CDCl,, 300 MHz) é: 1.80—2.10 (3H, m), 2.10—2.25
(1H, m), 2.31 (1H, ddd, J=13.5, 8.0, 3.4 Hz, one of H-4), 2.70 (1H, ddd,
J=16.6, 6.0, 2.7Hz, one of H-12), 2.80—2.95 (2H, m), 2.98—3.09 (2H,
m), 3.52 (1H, ddd, J=13.4, 6.0, 3.1 Hz, one of H-11), 3.59—3.79 (2H, m),
3.68 (3H, s, OMe), 4.32 (1H, t, J=8.1 Hz, H-3), 4.76 (1H, s, H-1), 5.95 (2H,
s, OCH,0), 6.58, 6.59 (1H each, 2 xs, aromatic protons). 3C-NMR
(CDCl,, 75 MHz) 6: 19.08, 31.31, 34.31, 34.87, 48.07 (C-5), 50.32, 53.29,
53.41 (C-6), 55.19 (OMe), 66.87 (C-3), 97.09 (C-1), 101.22 (OCH,0),
110.60, 111.34, 130.83, 131.63, 146.60, 146.87, 161.23 (C-2). Exact MS
myz: Caled for C;gH,3NO,: 329.1625. Found: 329.1613.
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Direct Photolysis of Halopyridines in Solutions; Generation of the 2-Pyridyl Cation
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Direct photolyses of 2-halopyridine in various solvents afforded the corresponding ionic products, as well as the
radical product pyridine, while 3- and 4-halopyridines produced pyridine exclusively. The formation of the ionic
products may occur via the 2-pyridyl cation generated through the initial photo-induced homolytic cleavage of the
C-X bond followed by electron transfer within the resulting radical pair. The participation of the unshared pair of
electrons adjacent to the radical carbon is suggested to be important for releasing the unpaired electron.

Keywords halopyridine; 2-halopyridine; N-methyl-2-iodopyridinium iodide; solvent; photolysis; 2-pyridyl radical; 2-pyridyl

cation; ionic product; radical product

Since the photolysis of alkyl halides has been reported
to generate the cationic species as an important reaction
intermediate via homolytic cleavage of the C-halogen
bond followed by electron transfer within the resulting
radical pair (Chart 1), it is necessary to reconsider
previous studies, wherein the reaction mechanism of the
direct photolysis of halides had been discussed in terms of
homolysis.?? Recently Inoue et al. reported that direct
ultraviolet (UV) irradiation of halohexynes afforded no
ionic product, while the photolysis of iodobenzene afforded
the ionic product, anisole, in methanol albeit in very
low ratio to the radical product, benzene (2:90—95).%
However, very little has been reported about the direct
photolysis of aryl halides in a liquid phase, wherein aryl

hy R

R-X [R* 'X] + X
H-donor nucleophiles
R-H ionic products
Chart 1
TABLE I. Photolyses of 2-Halopyridines (2-XPy’s) (1) in Various Solvents
Yields (%) of Consumed
Solvent 1 1(%)
2 3
2a
CH,0OH 1a 27 15 49
1b 29 28 64
1c 7.5 3 18
2b
C,H;OH 1a 17 14 37
1b 17 14 59
1c 4 2 9.5
2
CH,CN+H,0 1a 32 2 36
1b 47 11 71
1c 8 0.6 13
2d
Ethyl acetate 1a 34 1 35
1b 39 2 56
1c 7 0.7 13
2b
Ether 1a 3 22 35
1a® 3 6 13
ib 20 42 88
1c 3 2 16
a) At —16°C.

or heteroaryl cations participate as important reaction
intermediates.¥ In the present paper, we describe our
findings that among 2-, 3-, and 4-halopyridines (2-, 3-, and
4-XPy’s; X=1, Br, Cl), photolyses of the 2-isomers
(2-XPy’s) in various solvents afforded the ionic products
in fairly high ratio with respect to the radical product
(ion-to-radical ratio), and that the unshared pair of
electrons of the adjacent nitrogen is important for the
formation of the 2-pyridyl cation.

Direct UV irradiation of 2-IPy (1a) in methanol afforded
the ionic product (2), methoxypyridine (2a), as a major
product (55% based on la consumed) together with the
radical-derived product, pyridine (3) (31%), while the
photolyses of 3- and 4-IPy’s gave 3 exclusively and no
methoxypyridine was detected. Similarly, the photolyses of
2-BrPy (1b) and 2-CIPy (1c) were performed in methanol
and in ethanol (Table I). Although some changes in the
ion-to-radical ratio were observed, the ionic products, 2a
and 2-ethoxypyridine (2b), were produced preferentially
over pyridine in each reaction. Furthermore, the photol-
yses of la—c¢ in acetonitrile containing 1% water!? and
ethyl acetate, both of which are poorly nucleophilic,
afforded the ionic products, 2-acetamidopyridine (2¢) and
2-hydroxypyridine (2d),” in high ion-to-radical ratio,
respectively (Table I),® suggesting that cationic species
may be involved as the most important intermediate in the
photolysis of 1a—c. The photolyses of 1a—c in ether also
produced 2b as well as the radical product 3, albeit in low
ion-to-radical ratio, especially for 2-IPy.” However, the
ratio was significantly improved when the reaction (1a)
was conducted at low temperature (—16°C) (Table I).
This finding is suggestive of the mechanism reported for
the generation of the alkyl and vinyl cations in the
photolyses of the corresponding halides (Chart 1).19
Similar temperature dependencies were observed in the
photolyses of 1 in ethanol (Table II): the ion-to-radical

TasLE II. The Ion-to-Radical Ratio for the Photolyses of 1 in Ethanol
at Various Temperatures

Ion-to-radical ratio at

1°C 22°C 55°C
1a 2.1 1.2 0.6
1b 1.6 1.2 1.1
Ic 3.0 2.0
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TasBLE III. Photolyses of 2-XPy (1) in Methanol in the Presence of
Additives
i Yield (%) of Ratio of Consumed
1 Additive 2a/3 1 (%)
2a 1b 3

1a Cu(CH,CO,),” 7.7 1.7 4.5 (1.8 10

1b 9.1 0.7 13.0(1.00 10

1c 0.8 0.1 8.0 (2.5)? 1

1a  CuBr,” 33 15 0.6 5.5 (1.8)? 25

1c 1.0 0.5 0.2 5.0 2.5)? 2

a) Cu(CH,CO,), (0.66mmol) in MeOH (10ml) and H,O (1 ml).
(1 mmol) in MeOH (10 ml).
given in parentheses.

b) CuBr,
¢) The ratios obtained in the absence of additives are

Cu++

/ ;Cu" \

72 hy '’ ~ -
~ I @- X @*’ X
N~ X N N
-Pv' 2-Py*

2-XPy (1) lz Py lnucleophiles

a:X=I

b: X=Br ~

¢ X=Cl - | ionic products

N 3 (2a—d)
Chart 2

2-Py" +CuBr: 2-Py*+ CuBr+Br- 2-BrPy

(1b)

Chart 3

ratio apparently increased as the reaction temperature was
lowered. Furthermore, the addition of Cu(Il) ions (cupric
acetate, cupric bromide)® to the reaction mixture with 1 in
methanol gave a remarkably improved ion-to-radical ratio,
though the reactions were retarded appreciably (Table
II1).” These findings suggest that the present reaction may
proceed by the mechanism involving initial homolytic
cleavage of the C-halogen bond, followed by electron
transfer within the resulting radical pair (Chart 2). The
added cupric salts would work as an electron acceptor
from the initially produced 2-pyridyl radical (2-Py’) in
competition with the halogen radical (X°). In the reaction
with cupric bromide, considerable amounts of 2-bromo
pyridine (1b) were produced, presumably via a coupling of
the 2-pyridyl cation (2-Py*) and the bromide anion,
generated by electron transfer from the 2-pyridyl radical
(2-Py’) to cupric bromide (Chart 3).1®

Thus it was seen that, among 2-, 3-, and 4-halopyridines,
the formation of the pyridyl cation occurred specifically in
the photolyses of 1. This suggests that the unshared pair
of electrons of the nitrogen atom adjacent to the radical
carbon may be important for the electron transfer from
2-Py’. In view of the electron spin resonance (ESR) study
of the 2-Py’, showing that the unpaired electron in an sp?
orbital on carbon, by overlap with the unshared pair of
electrons in the exocyclic orbital on the adjacent nitrogen,
would be accommodated in the antibonding orbital of the
resulting pseudo-n-orbital,' V) it can be understood that the
2-Py’, with lowering its ionization potential, would release
an electron to an appropriate electron acceptor. In fact,
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the photolysis of a methanolic solution of N-methyl-
2-iodopyridinium iodide (4) (10mM) under the same
conditions as employed above, wherein the unshared pair
of electrons was protected, afforded the radical-derived
product, N-methylpyridinium iodide, exclusively (100%,
based on 60% of 4 consumed) and no ionic product was
detected.

The present work has thus opened up a novel aspect of
the photoreaction of heteroaryl halides.

Experimental

UV irradiation was carried out externally with a 60 W low-pressure
mercury lamp (Eiko-sha) in a quartz tube (low-pressure mercury lamp)
under an argon atmosphere using a merry-go-round apparatus (Eiko-sha)
at room temperature (ca. 22 °C), unless otherwise noted, and the yields
of the products given in the tables were determined by gas-liquid
chromatography (GLC). GLC was performed with a capillary column
(CBP20-M25-025, Shimadzu) on a Shimadzu GC-7A gas chromatograph
equipped with a hydrogen flame-ionization detectar, using helium as a
carrier gas.

Materials 2-Methoxypyridine (2a) and 2-hydroxypyridine (2d) are
commercially available (Aldrich Chemical Company Inc.). 2-Ethoxypyr-
idine (2b),? 2-acetamidopyridine (2¢),!® and N-methyl-2-iodopyridinium
iodide'® were prepared according to the reported procedures.

General Procedure for the Photolyses of 1 in Various Solvents A
solution of 1 (0.1 mmol) in a solvent (methanol, ethanol, acetonitrile
containing 1% H,O, ethyl acetate, or ether) (10ml) was irradiated for
1'h. After being neutralized with 30% aqueous K,CO; and dried over
anhydrous Na,SO,, the reaction mixture was submitted to GLC analysis
with naphthalene (1 mg) as an internal standard.
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A synthesis of (—)-bursatellin has been accomplished by an application of a new procedure for oxidation at a
benzylic position with K,S,0; to 1-acetoxy-2(S)-/N-Boc-amino-3-(4-benzyloxyphenyl) propane as a key step.

Keywords (—)-bursatellin; sea hare; N-Boc-tyrosine; potassium persulfate; oxidation; formylation; cyanation

(—)-Bursatellin (1)!) has been isolated from the sea hare,
Bursatella sp., as a metabolite and its synthesis has been
completed by an Italian group.? We wish to report here
an alternative synthesis of this compound using a new
oxidation reaction at a benzylic position with potassium
persulfate (K,S,04).%

Reduction of N-Boc-O-benzyltyrosine methyl ester (3),
obtained from N-Boc-O-benzyltyrosine (2) by treatment
with diazomethane, with lithium aluminum hydride (LAH)
in tetrahydrofuran (THF) gave the alcohol (4) in 76%
yield. Oxidation of its O-acetate (5) with K,S,04 in
aqueous acetonitrile gave the cyclic carbamate (6) and p-
benzyloxybenzaldehyde in 40% and 23% yields, respective-
ly. No detectable amount of the stereoisomeric compound
was isolated. This fact was consistent with the result of
our preliminary investigation concerning the oxidation
reaction of tyrosine derivatives with potassium persulfate.®
Hydrolysis of the cyclic carbamate with 2% aqueous
potassium hydroxide and toluene (two phases) under
reflux overnight followed by N-formylation with ethyl
formate furnished the N-formate (7) in 87% yield.
Removal of the benzyl group under hydrogen in the
presence of palladium on carbon gave the phenol (8) in
quantitative yield. Treatment of 8 with dimethoxypropane
in acetone in the presence of camphorsulfonic acid at
room temperature afforded the acetonide (9) in 67% yield.
The spectroscopic properties of this compound showed
good agreement with the data reported by the Italian
group, confirming a formal synthesis of (—)-bursatellin at
this stage.

Attempts at cyanoethylation of the phenolic hydroxyl
group in the acetonide (9) with acrylonitrile using several

H
Y TOH NHBoc
NC~g H\Hcuo B0
2: R=CO.H
1 3: R=CO;Me
4: R=CH,0H
5: R=CH,0Ac
ol >0
H
BnO HNHR? NHCHO
6 7:R'=CH,Ph; R*=CHO 9:R=H

10 . R=CH2CH2BI‘
11 : R=CH:CH:CN

8 : R'=H; R®*=CHO

Chart 1

kinds of bases and solvents were unsuccessful, as men-
tioned by the Italian group. Thus, we tested a two-step
procedure to introduce the cyanoethyl moiety. Heating
the acetonide (9) with 1,2-dibromoethane and potassium
carbonate in ethanol with efficient stirring overnight gave
the bromide (10) in 75% yield. Treatment of the bromide
(10) with sodium cyanide in dimethylsulfoxide (DMSO) or
some other solvents gave rise to regeneration of the phenol
(9) as a result of the retro-Michael fragmentation reaction
due to sodium hydroxide present in commercial sodium
cyanide. Eventually, we found that addition of sodium
dihydrogenphosphate (NaH,PO,) as a buffer to the
cyanation reaction mixture resulted in formation of the
cyanide (11) in 73% yield. The proton nuclear magnetic
resonance (*H-NMR) spectrum of the synthetic compound
exhibited good agreement with the data reported by the
Italian group. Hydrolysis of the acetonide group with
aqueous acetic acid gave (—)-bursatellin (1). Its spectro-
scopic properties and [a]p value ([a]p, —8.0° (¢=0.29,
MeOH)) were also in good agreement with those of
(—)-bursatellin ([¢], —8.8°), indicating the accomplish-
ment of the synthesis of 1 in 6.3% overall yield starting
from N-Boc-O-benzyltyrosine (2).

Experimental

Melting points were determined with a Yanagimoto micro-melting
point apparatus and are uncorrected. 'H-NMR spectra were recorded
on Varian EM 360 (60 MHz) and JEOL FX90Q (90 MHz) spectrometers
with tetramethylsilane as an internal standard. Mass spectra (MS) were
recorded on a JEOL 303A spectrometer. Infrared (IR) spectra were
recorded with a Shimadzu IR-408 spectrometer. Optical rotations were
measured at 19—25°C with a JASCO DIP-181 digital polarimeter.
Merck Kieselgel Art. 7731 was used for flash column chromatography,
and Merck Kieselgel precoated Silica gel 60 F-254 plates were used for
preparative thin layer chromatography (TLC). -

(25)-2-N-Boc-amino-3-(4-benzyloxyphenyl)propanol (4) A mixture of
excess ethereal diazomethane and N-Boc-O-benzyl-L-tyrosine (5.0 g, 13.5
mmol) in ether (50ml) was kept at room temperature for a few min-
utes, and a few drops of acetic acid were added to the reaction mixture.
The solution was washed with 2% aqueous NaHCO, and water, dried
with MgSO, and evaporated. A solution of the residue in anhydrous
THF (150ml) was added dropwise to a suspension of LiAlH, (740 mg,
20.3 mmol) in anhydrous THF (150ml) at 0°C. The mixture was stirred
for 1 h. After addition of a few drops of water to the reaction mixture,
the resulting precipitates were filtered off. The filtrate was concentrated in
vacuo to give a residue which was taken up in ether. The ethereal solution
was washed with 2% aqueous HCl and water, dried with MgSO, and
evaporated to dryness to give the alcohol (4) (3.67g, 76%) which was
recrystallized from ether-hexane as colorless needles, [a], —17.38°
(c=1.63, MeOH), mp 102—104°C. IR v cm™1: 3650, 3430, 1700.
!H-NMR (60 MHz in CDCl,) 4: 1.47 (9H, s), 2.56 (1H, brs), 2.83 (2H,
d, J=17.2Hz), 3.65 2H, d, J=3.6Hz), 3.54—3.94 (1H, m), 4.94 (1H, d,
J=7.8Hz), 5.13 (2H, s), 7.02 (2H, d, J=9.0Hz), 7.28 (2H, d, J=9.0Hz),
7.53 (5H, s). Anal. Calcd for C,,H,,NO,: C, 70.56; H, 7.61; N, 3.92.
Found: C, 70.37; H, 7.59; N, 3.89.
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(25)-2-N-Boc-amino-3-(4-benzyloxyphenyl)propyt Acetate (8) Acetic
anhydride (6ml) was added to a solution of the alcohol (4) (3.11g,
8.72 mmol) in pyridine (30 ml). The reaction mixture was stirred at room
temperature overnight, then MeOH (6 ml) was added to it. The solvent
was removed in vacuo and the residue was extracted with ether. The
organic extract was washed with 2% aqueous HCI and water, dried with
MgSO, and evaporated to afford the acetate (5) (3.14g, 90%), which
was recrystallized from ether-hexane as white needles, [a]p, —6.62°
(¢=0.89, MeOH), mp, 95—96°C. IR v ecm™1: 3430, 1730, 1710.
TH-NMR (60 MHz in CDCl,) 8: 1.47 (9H, s), 2.13 (3H, s), 2.83 (2H, d,
J=6.6Hz), 3.90—4.25 (1H, m), 4.12 (2H, d, J=1.8Hz), 4.74 (1H, d,
J=18Hz), 5.15 (2H, s), 7.02 (2H, d, /=9.6 Hz), 7.28 (2H, d, /=9.6 Hz),
7.57 (5H, s). Anal. Caled for C,3H,oNOy: C, 69.15; H, 7.32; N, 3.51.
Found: C, 69.02; H, 7.12; N, 3.59.

(4R,5R)-4-Acetoxymethyl-5-(4-benzyloxyphenyl)-1,3-0xazolidine-2-one
(6) Solutions of K,S,0, (2.26g, 8.36mmol) in water (30ml) and
CuSO, (134mg, 0.84 mmol) in water (5ml) were added successively to a
solution of the acetate (5) (1.67 g, 4.18 mmol) in CH,CN (35ml) under
argon. After being stirred at 110°C (bath temperature) for 100 min, the
mixture was concentrated in vacuo. The residue was thoroughly extracted
with CHCl; and the organic layer was washed with 2% aqueous
NaHCOj; and water, dried with MgSO, and concentrated in vacuo to
give a residue, which was subjected to a flash chromatography. Elution
with ethyl acetate-hexane (2:3) afforded the carbamate (6) (567 mg,
40%) as white needles, [a]p, +35.21° (¢=0.85, CHCl;), mp, 151—154°C.
IR vCHCl om~1: 3430, 1760, 1745. MS m/z: 341 (M*). 'H-NMR
(90MHz in CDCl,) 6: 2.09 (3H, s), 3.64—4.30 (2H, m), 5.05 (2H, ),
5.29 (2H, d, J=5.4Hz), 6.36 (1H, brs), 6.97 (2H, d, J=8.1Hz), 7.30
(2H, d, J=8.1Hz), 7.37 (5H, s). Anal. Calcd for C,,H,,NO,: C, 66.85;
H, 5.61; N, 4.10. Found: C, 66.68; H, 5.67; N, 4.07.

(2R,3R)-3-(4-Benzyloxyphenyl)-2-formylamino-1,3-propanediol (7) A
mixture of the carbamate (6) (513mg, 1.50mmol), 3% aqueous KOH
(15ml) and toluene (15ml) was refluxed overnight under an argon
atmosphere, then concentrated in vacuo. The residue was suspended in a
few drops of water and the resulting mixture was treated with a few
pieces of dry ice to reduce its basicity. The mixture was filtered, and the
precipitate was washed with ether and dried under reduced pressure. The
solid obtained was refluxed in HCO,Et (10ml) for 9h under an argon
atmosphere. After removal of HCQ,Et in vacuo, the residue was washed
with CHCl,. The washings were filtered, and the filtrate was concentrated
in vacuo to afford the N-formate (7) (390 mg, 87%) as a white powder.
IR viule! cm ™t 3150—3450, 1645.

(2R,3R)-2-Formylamino-3-(4-hydroxyphenyl)-1,3-propanediol (8) A
mixture of the N-formate (7) (423mg, 1.41 mmol), 10% palladium on
carbon (330mg), and ethanol (20ml) was stirred under H, for 1h. The
catalyst was filtered off, ‘and the filtrate was evaporated in vacuo to
afford the phenol (8) as crystals in quantitative yield, [a], —34.20°
(¢=0.80, MeOH), mp, 137—139°C, IR v cm~!: 3200—3400, 1655.
MS m/z; 211 (M*). *H-NMR (90MHz in CD,0D) §: 3.52 (1H, d,
J=9.2Hz), 3.58 (1H, d, /=9.2Hz), 3.78 (1H, s), 4.00 (1H, s), 4.09 (1H,
m), 4.66 (IH, d, /=4.0Hz), 480 (1H, s), 6.73 (2H, d, J=8.1 Hz),
7.20 (2H, d, J=8.1Hz), 7.72 (1H, s), 8.02 (1H, s). Anal. Caled for
C,0H,3NO,: C, 56.86; H, 6.20; N, 6.63. Found: C, 56.53; H, 6.17;
N, 6.65.

(4R,5R)-2,2-Dimethyl-4-(4-hydroxyphenyl)-5-formylamino-1,3-dioxolane
(9) A solution of the phenol (8) (208 mg, 0.99 mmol), 2,2-dimethoxy-
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propane (4ml), and dl-camphorsulfonic acid (12mg, 0.05mmol) in
acetone (4 ml) was stirred at room temperature for 3 h. Then 2% aqueous
Na,CO, (40ml) was added to the reaction mixture, and the whole was
concentrated in vacuo to give a residue, which was extracted with CHCl,.
The CHCl, extract was washed with brine, dried over K,CO,, and
evaporated. The residue was purified by flash chromatography (ethyl
acetate-hexane (12:5)) to afford the acetonide (9) (165mg, 67%) as a
colorless glass, [«]p, +6.62° (¢c=1.56, MeOH). IR v&i% cm~': 3250,
1675. MS mjz: 251 (M*). 'H-NMR (90 MHz in CDCl,) é: 1.54 (3H, s),
1.58 (3H, s), 3.83 (1H, dd, /=2.0, 12.3Hz), 4.24 (2H, m), 5.14 (1H, brs),
6.47 (1H, d, J=8.1Hz), 6.69 (2H, d, /=8.7Hz), 7.14 (2H, d, J=8.7Hz),
7.52 (1H, s), 7.69 (1H, s).

(4R,5R)-2,2-Dimethyl-4-[ 4-(2-bromoethyloxyphenyl)]-5-formylamino-
1,3-dioxolane (10) A mixture of the acetonide (9) (50 mg, 0.20 mmol),
1,2-dibromoethane (172ul, 2.0mmol), potassium carbonate (138mg,
1.0 mmol), and ethanol (3 ml) was stirred at 90°C under argon for 40h.
The reaction mixture was diluted with ethyl acetate. The solution was
washed with water, dried over MgSO; and evaporated in vacuo to afford
an oil, which was purified by flash chromatography. Elution with ethyl
acetate-hexane (4:1) gave the bromide (10). (54 mg, 75%) as a colorless
oil, [¢], +5.45° (c=0.88, MeOH). IR v cm~!: 3430, 1680. MS m/z:
357 (M*). 'H-NMR (90MHz in CDCl,) é: 1.54 (3H, s), 1.58 (3H, s),
3.61 (2H, t, J=6.2Hz), 3.85 (1H, dd, J=2.3, 12.5Hz), 4.20 (2H, m),
425 (2H, t, J=6.2Hz), 5.15 (1H, brs), 6.25 (1H, d, J=9.0Hz), 6.86
(2H, d, /=9.0Hz2), 7.24 (2H, d, J=9.0Hz), 7.97 (1H, s).

0,0-Isopropylidene-(— )-bursatellin (11) A solution of the bromide
(10) (54 mg, 0.15 mmol) in DMSO (2ml) was treated with NaCN (11 mg,
0.22mmol) and NaH,PO, (5.4mg, 0.05mmol), and the whole was
stirred overnight under an argon atmosphere. The reaction mixture was
diluted with ethyl acetate, and the solution was washed three times with
aqueous NaCl, dried over MgSO,, and evaporated in vacuo. The residue
was purified by preparative TLC (ethyl acetate-hexane (10: 1)) to give
the cyanide (11) (33mg, 73%) as a colorless oil, [a]p +1.49° (¢=0.97,
CHCl,). IR vI™ cm™*: 3430, 2260, 1680. MS m/z: 304 (M ™). 'H-NMR
(90 MHz in CDCl,) é: 1.55 (3H, s), 1.58 (3H, s), 2.81 (2H, t, J=6.4 Hz),
3.86 (1H, dd, J=2.2, 12.5Hz), 4.17 (2H, t, J=6.4Hz), 428 (2H, m),
5.16 (1H, brs), 6.17 (1H, d, J=9.0Hz), 6.86 (2H, d, J=89Hz), 7.26
(2H, d, J=8.9Hz), 7.99 (1H, s).

(~)-Bursatellin (1) A solution of the foregoing cyanide (11) (32 mg,
0.11mmol) in 80% aqueous acetic acid (4ml) was stirred at 100°C
for 30min. After the solvent had been removed in vacuo, the residue
was purified by preparative TLC (CHCl,-MeOH (10:1)) to afford
(—)-bursatellin (1) (20 mg, 72%) as a colorless glass, [«], —8.0° (¢=0.29,
MeOH). IR v cm™!: 3200—3400, 2250, 1660. 'H-NMR (90 MHz in
CD,0D) é: 2.90 (2H, t, J=5.9Hz), 3.52 (1H, m), 3.63 (1H, dd, J=5.8,
10.8 Hz), 4.10 (1H, m), 4.17 (2H, t, J=5.9Hz), 4.95 (1H, d, J=4.2Hz),
6.91 (2H, d, /=8.7Hz), 7.33 (2H, d, /=8.7Hz), 8.00 (1H, s).
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Selective Syntheses of Better Sweet Glycosides from Stevioside and Rubusoside
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1,4-a-Glucosylation at the 13-O-glycosyl moiety of stevioside (S) and rubusoside (RU) results in a significant
increase of sweetness. Saponification of the 19-COQ-p-glucosyl linkage of S and RU yielded steviolbioside (SB)
(=13-0-p-sophorosyl-steviol) and steviolmonoside (SM) (= 13-0O-p-glucosyl-steviol), respectively, both of which are
poorly soluble in an acetate buffer. It was found that the solubilities of SM and SB in the buffer solution were
remarkably increased in the presence of y-cyclodextrin (y-CD). SB was solubilized in the buffer solution with the aid
of y-CD, and the solution was subjected to 1,4-a-transglucosylation by using a cyclodextrin glucanotransferase-starch
system to give a mixture of products which were glucosylated at the 13-O-glycosyl moiety. This mixture was
acetylated, and the acetate was subjected to chemical f-glucosylation of 19-COOH followed by deacetylation to
afford compounds which have superior sweetness to S. In the same way, derivatives with superior sweetness were

selectively prepared from RU through SM.

Keywords
solubilization

Stevioside (S)," a glycoside of steviol (ST) was isolated
from Stevia rebaudiana BERTONI (Compositae) as the
major sweet principle. Rebaudioside A (RA),? which is
one of the congeners of S and has a subjectively better
sweetness than S, was also isolated from this herb. Both S
and RA are currently used as low calorie sweeteners in
Japan. Rubusoside (RU), another sweet congener of S
was isolated from leaves of a Chinese rosaceous shrub,
Rubus suavissimus S. LEE in a yield of more than 5%.3~%

In order to improve the intensity and character of sweet-
ness, enzymic transglycosylation of these glycosides has
been extensively investigated.®~'? Cyclodextrin glucano-
transferase (CGTase) catalyzes regio- and stereo-selective
a-D-glucosylation from starch or cyclodextrin (CD) to
the 4-hydroxyl group of a glucopyranoside moiety. On
treatment of S with this CGTase system, 1,4-a-mono-,
di-, tri-, and greater glucosylation occurred at both the
13-O-glycosyl and 19-COO-g-glucosyl moieties, affording
a complex mixture of glucosylated products (S-1a, -1b,

o)

16C00-pG{+-aG],

sweetener; stevioside; rubusoside; steviolbioside; steviolmonoside; cyclodextrin; cyclodextrin glucanotransferase;

-2a, -2b, -2c, -3a, -3b, -3c, -3d, etc.: structures, see
Chart 1). This mixture derived from S, commercially
named “glucosyl stevioside,” is regarded as a better
sweetener than S. The transglucosylation of RU under the
same condition also yielded a mixture of similar 1,4-o-
glucosylated products (RG-1a, -1b, -2a, -2b, -2¢c, -3a, -3b,
-3¢, -3d, -4a, -4b, -4¢c, -4d, -de, eic.: structures, see Chart
1). Recently, isolation and identification of these products
(Chart 1) from the complex mixtures of the glucosylated

'S and RU have been achieved (RG-4c and -4d were

obtained as a mixture.®>'? The sweetness evaluation of

each product revealed that in the case of the 1,4-a-
transglucosylation of S and RU with the CGTase system,
glucosylation at the 13-O-glycosyl moiety (totally three
or four glucosyl units at 13-OH) resulted in a great
improvement of sweetness, while more glucosylation at
this glycosyl moiety (totally more than five glucosyl units
at 13-OH) or the glucosylation at the 19-COO-glycosyl
moiety led to a decrease of the sweetness’ ~%*? (see Chart

16C00-6G[+aG],

m n m n
S-1a 1 0 RG-1a 1 0
S-1b 0 1 RG-1b 0 1
§-2a 2 0 RG-2a 2 0
S$-2b 1 1 RG-2b © 2
§-2¢ O 2 RG-2¢ 1 1
s-3a 3 0 RG-3a 3 0
s-3b 2 1 RG-3b 2 1
S$-3¢ 1 2 RG-3¢ 1 2
s3d 0 3 RG-3d 0 3
RG-4a 4 0
RG-4b 3 1
RG-4¢c 2 2
G; p-glucopyranosyl RG-4d 1 3
RG-4e O 4

Chart 1

© 1991 Pharmaceutical Society of Japan
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TaBLE 1. Relative Sweetness of Glucosylated Steviosides with Respect to
Sucrose
Compound m? n® RS?
S 2 1 160
S-1a 3 1 180
S-1b 2 2 133
S-2a 4 1 205
S-2b 3 2 136
S-2¢ 2 3 136
S-3a S 1 117
S-3b 4 2 146
S-3¢ 3 3 150
S-3d 2 4 121

a) Number of glucose residues at 13-O-position. b) Number of glucose residues
at 19-O-position. ¢) Relative sweetness. B/A; A, concentration (w/v%) of aqueous
solution of sample (0.025%); B, concentration (w/v%) of aqueous solution of sucrose
with the same sweetness as the sample solution.

Relative Sweetness of Glucosylated Rubusosides with Respect

TasLE II.

to Sucrose
Compound m” n RS9
R 1 1 114
RG-1a 2 1 132
RG-1b 1 2 102
RG-2a 3 1 278
RG-2b 1 3 99
RG-2¢ 2 2 95
RG-3a 4 1 214
RG-3b 3 2 182
"RG-3¢ 2 3 110
RG-3d 1 4 58
RG-4a 5 1 115
RG-4b 4 2 202

RG-4c 3 3

RG-4d 2 4} 184
RG-4e 1 5 49

a) Number of glucose residues at 13-O-position. b) Number of glucose residues
at 19-O-position. ¢) Relative sweetness. B/A; A, concentration (w/v%) of aqueous
solution of sample (0.025%); B, concentration (w/v%) of aqueous solution of sucrose
with the same sweetness as the sample solution.

1 and Tables I and II). The products S-1a and -2a from S
as well as RG-la, -2a and -3a from RU, all of which
are 1,4-a-glucosylated exclusively at the 13-O-glycosyl
moiety, have intense sweetness, and mixtures which are
mainly composed of these glycosides, have attracted much
attention as more desirable sweeteners than RA, S, RU
and “glucosyl stevioside.” Recently, we reported the
regioselective syntheses of RG-1a, -2a and -3a from RU
by means of enzymic protection of the 19-COO-glucosyl
group against the CGTase glucosylation.!!''? The present
study deals with another route for selective syntheses of
the better sweeteners such as S-l1a and -2a or RG-1a, -2a
and -3a.

On saponification of the 19-COO-glucosyl linkage with
alkali® or with an Lil-2,6-lutidine-methanol system,'® §
and RU yielded steviolbioside (SB) and steviolmonoside
(SM), respectively. It seems to be possible that trans-
glucosylation of SB or SM by using the CGTase system
followed by chemical g-glucosylation of the 19-COOH
group affords better sweeteners which are glucosylated
exclusively at the 13-O-glycosyl moiety. However, as
shown in Fig. 1, the yield of this trans-glucosylation is
inadequate because of the low solubility of SB and SM in

3173
A B
SB
1
0 0 2 % °o 1 2 3

Q
w)

1

2
54 3 k ¥
0 0 20 3 0
Time (min)

Fig. 1. High-Performance Liquid Chromatograms of Transglucosylated
Products from SB and SM

A, SB without y-CD; B, SB with y-CD; C, SM without y-CD; D, SM with y-CD.
Peak Nos. 135 in each chromatogram indicate the number of transferred glucosyl
units. Conditions: column, YMC pack ODS-AM302 (4.6 mm x 150 mm); mobile
phase, MeOH-0.05% TFA (60 : 40); flow rate, 0.8 ml/min; column temperature, 60 °C;
detection, UV 210nm.

TasLE III. Solubilizing Effect of CDs on SM or SB in 50mm Acetate
Buffer (pH 5.4)

Concentration of CD  Solubility of SM or SB

CD

(mg/ml) (mg/ml)
None 0.69
SM a-CD 15.1 1.26
B-CD 17.7 2.48
y-CD 20.2 7.01
None 0.21
SB a-CD 20.3 0.28
B-CD 23.6 0.90
y-CD 27.0 >10.0

The amount of SM or SB added was 10 mg/ml.

an acetate buffer. We have looked for a solubilizing agent
which would increase the solubilities of SB and SM in
50mMm acetate buffer solution (pH 5.4) and which can
be used safely in food-additive production. Investigation
of the well-known inclusion agents, cyclodextrins (CDs)
disclosed that y-CD greatly increased the solubility of
both SB and SM. As shown in Table III, the solubility of
SB in the buffer solution is 0.21 mg/ml at 37°C, while
equimolar addition of y-CD to a suspension of SB [10 mg
(=1.5x1073mol)/ml] led to an increase of the solubility
to more than 10mg/ml. In a similar manner, the solubility
of SM was remarkably increased with y-CD, as shown in
Table III. This effect is presumably due to the formation
of an inclusion complex with y-CD. Such a remarkable
solubilizing effect was not observed with a- and f-CDs,
which have a smaller hole size than y-CD and can not
form an inclusion complex with SB or SM.
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Subsequently, the 1,4-a-transglucosylation of SB and
SM by the CGTase system in the presence of y-CD was
investigated. High performance liquid chromatography
(HPLC) of both the reaction mixtures (Fig. 1) demon-
strated the evident promotion of the transglucosylation by
the addition of y-CD.

Each mixture, after removal of the enzyme and sac-
charides, was acetylated and subjected to f-glucosylation
of 19-COOH with acetobromoglucose in the presence of
silver carbonate-Celite® followed by deacetylation with
mild alkali. The reaction mixtures from SB and SM were
compared by HPLC with the direct 1,4-a-transglucosyla-
tion mixtures of S* and RU!? by the same enzyme
system. It was demonstrated that the mixture from SB in
the present experiment mainly consisted of the superior
sweeteners, S-la and -2a, together with S and more
glucosylated products such as S-3a. Similarly, the mixture
from SM mainly consisted of good sweeteners, RG-1a,
-2a and -3a, along with RU and a small amount of more
glucosylated products such as RG-4a. The products, S-1a,
-2a and -3a from SB and RG-1a, -2a, -3a and -4a from SM
were respectively isolated and identified by comparison
of the 'H- and !3C-nuclear magnetic resonance (*H- and
13C-NMR) spectra with those of corresponding authentic
samples.

Experimental

Solubilization of SB and SM A suspension of SB [10mg (=1.5x
1073 mol)/ml] and (or without) equimolar CD [«-CD: 20.3mg, -CD:
23.6mg or y-CD: 27.0mg] in 50mMm acetate buffer (pH 5.4, 1 ml) was
heated at 100°C for 10min and then incubated at 37°C for 1h. The
mixture was filtered through an HPLC disposable filter (Ekikurodisk 25,
0.25 ym for aqueous solution, Gelman Science Japan Ltd., Tokyo). The
filtrate (500 ul) was mixed with 500 ul of a 0.5% aqueous solution of RU
(internal standard), and 10ul of the solution was subjected to HPLC
analysis on a ODS column, YMC pack ODS AM302 (4.6 mm x 150 mm,
YMC Co., Ltd.,, Kyoto); mobile phase, MeOH-0.05% aqueous tri-
fluoroacetic acid (TFA) (60:40); flow rate, 0.8 ml/min; detection, UV
210nm. Concentration of SB was determined from the peak area ratio
to the internal standard.

The solubility of SM was determined for a suspension of SM [10mg
(=2.1x10"*mol)/ml] and (or without) equimolar CD («-CD: 15.1 mg,
B-CD: 17.7mg or y-CD: 20.2 mg) in the same way as above.

Transglucosylation of SB and SM without y-CD A suspension of SB
(10 mg) and soluble starch (30 mg) in 50 mM acetate buffer (pH 5.4, 1 ml)
was heated at 100°C for 10min. After cooling of the mixture, CGTase
solution (125 ul, from Bacillus circulans, 2000 unit/ml,'* supplied by Dr.
S. Kitahata, Osaka Municipal Technical Research Institute) was added
and the mixture was incubated at 40°C for 8 h. The reaction mixture
was heated at 100°C, and after cooling, was extracted with 1-BuOH
saturated with H,0. The BuOH layer was concentrated to dryness and a
methanolic solution of the residue was subjected to HPLC analysis on
a ODS column, YMC pack ODS-AM302 (4.6mm x 150 mm); mobile
phase, MeOH-0.05% aqueous TFA (60:40); flow rate, 0.8 ml/min;
detection, UV 210nm. The transglucosylation of SM and analysis of the
products were also carried out in the same way as above.

Transglucosylation of SB and SM in the Presence of y-CD and
Subsequent Chemical Glucosylation of the 19-COOH A suspension of
SB (1.0 g), soluble starch (2.7 g) and y-CD (2.7 g) in 50 mM acetate buffer
(pH 5.4, 20 ml) was heated at 100°C for 10 min to give a clear solution.
After cooling and subsequent addition of CGTase (1.25ml, from B.
circulans, 2000 unit/ml), the solution was incubated at 40°C for 8h.
After heating at 100°C for 30 min and dilution with H,O, the solution
was extracted with 1-BuOH saturated with H,0. The BuOH layer
was concentrated to dryness. [An aliquot of the residue was subjected
to HPLC analysis on an ODS column, YMC-pack ODS AM302
(4.6 mm x 150 mm, YMC Co., Ltd., Kyoto); mobile phase, MeOH-0.05%
aqueous TFA (60 : 40); flow rate, 0.8 ml/min; detection, UV 210nm.] The
above residue was acetylated by refluxing with anhydrous Ac,0-CsHsN
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(1:1, 20ml) for 3h and the solution was concentrated to dryness.
A mixture of the residue and Ag,CO,—Celite (6g) in anhydrous di-
chloromethane was partly distilled to remove moisture. Then, aceto-
bromoglucose (0.5 g) was added and the mixture was refluxed for 1.5h.
Further acetobromoglucose (0.5g) was added and the mixture was
further refluxed for 1.5h. The mixture was filtered through a column of
silica gel and the column was washed with CHCIl;. The filtrate and
washing were concentrated to dryness. The residue was deacetylated by
treatment with 0.2M BaO in anhydrous MeOH at room temperature for
30min under stirring. The reaction mixture, after neutralization with
Amberlite MB-3, was concentrated to dryness. [An aliquot of the residue
was analyzed by HPLC on an ODS column of YMC-pack ODS AM302
(4.6 mm x 150 mm); mobile phase, MeOH-0.05% aqueous TFA (60 : 40);
flow rate, 0.8 ml/min; detection, UV 210nm.] The remaining residue was
separated by HPLC on a column of YMC-pack D-ODS-5 (20 mm x
250 mm); mobile phase, 65% MeOH; flow rate, 6.0 ml/min; detection, UV
210 nm, to give S (78 mg), S-la (62mg), S-2a (56 mg) and S-3a (42 mg).

A mixture of SM (950 mg), y-CD (1.92g) and soluble starch (3.0g) in
50 mM acetate buffer (pH 5.4, 100 ml) was heated at 100 °C for 10 min and
then cooled to room temperature, affording a clear solution. CGTase
(1.19ml, 2000 U/ml) was added to the solution and the mixture was
incubated at 40 °C for 8 h. After work up in the same manner as for SB,
an aliquot of the reaction mixture was analyzed by HPLC under the same
conditions as for SB. The remaining reaction mixture was glucosylated as
in the case of SB and an aliquot of the products was analyzed by HPLC
under the same conditions as for SB. The remaining products were
separated by preparative HPLC in the same manner as the products from
SB to give RU (136 mg), RG-1la (90mg), RG-2a (71 mg), RG-3a (43 mg)
and RG-4a (24 mg).
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Prostanoids and Related Compounds. V."  Synthesis of 6-Aza-5-0x0-2,3,4-trinor-1,5-inter-m-phenylene
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6-Aza-5-0x0-2,3,4-trinor-1,5-inter-m-phenylene prostacyclin derivatives were synthesized by use of 1,3-dipolar

cycloaddition as a key step.

Keywords 6-aza-5-ox0-2,3,4-trinor-1,5-inter-m-phenylene prostacycline derivative; 1,3-dipolar cycloaddition; Wittig reaction;
prostacycline; inhibitory activity; blood platelet aggregation; Prins reaction; Pfitzer—Moffat oxidation

Prostacyclin (PGI,) displays a wide range of biological
properties,? including inhibition of human blood platelet
aggregation,®® deaggregation of platelet thrombi,* vasodi-
lation,® and inhibition of gastric secretion.®) However, PGI,
is a rather unstable molecule, whose instability arises from
the presence of an enol ether functionality. Therefore, a
wide range of stable analogues of prostacyclin have been
prepared.

Prostacyclin analogues prepared to date may be regarded
as involving formally the following general structural
modifications of the natural compound™: (1) stabilization
of the acid-labile enol ether 5,6-double bond by substitu-
tion at the 5-, 7-, or 10-positions; (2) modification of the
tetrahydrofuran ring by replacement of the enol ether
oxygen with a different atom, by introduction of an aromatic
ring or by ring expansion; (3) manipulation of the 5,6-double
bond by changing its position or altering the oxidation level.

Of these analogues, we have been interested in car-
bacyclines and 6-azacarboprostacyclin analogues as po-
tential antithrombotic agents. H. Nakai et al.¥ have re-
ported the synthesis of di-6-aza-6,9-methano PGI; with
weak inhibitory activity in blood platelet aggregation, and
B. Horst et al. have reported the synthesis of CG 4305.

On the other hand, K. Achiwa and his co-workers!® have
applied the 1,3-dipolar cycloaddition of azomethine ylides
to some pyrrolizidine alkaloids.

Thus, we have designed d/-6-aza-5-o0xo-2,3,4-trinor-1,5-
inter-m-phenylene prostacyclin derivatives, 1la and 1b,
whose skeletons can be constructed by 1,3-dipolar cy-
cloaddition developed in our laboratory.!® In this paper,

—

OH
ta, b 2
a8 : R=CH,CH,CH;CH,CH,
b: R= m
' CH,Ph
6
7

we wish to report the synthesis of 1a and 1b.

As shown in Chart 1, we planned to construct the
6-azaprostacyclin skeleton by 1,3-dipolar cycloaddition
developed in our laboratory. Retrosynthetically, 1a and 1b
might be derived from aldehyde 2 by the Wittig reaction
and benzoylation. The aldehyde 2 should be easily
synthesized from diol 3 which, in turn, might be obtained
by the Prins reaction of 4 followed by hydrolysis. The
compound 4 should be obtained by reduction of the
carbonyl group of N-benzyl-3-azabicyclo[3.3.0]octa-8-one
(5) and following dehydrogenation, which should be
obtained by 1,3-dipolar cycloaddition of N-benzyl-N-
(methoxymethyl)trimethylsilylmethylamine (6) and 2-cyclo-
penten-1-one (7).

The actual synthetic route was shown in Chart 2. The
compound § was synthesized by the 1,3-dipolar cycloaddi-
tion of an intermediary iminium ylide formed from 6 to 7
in the presence of a catalytic amount of trifluoroacetic acid
in 79% yield. In order to introduce the C,-double bond of
the compound 8, reduction of 5 to the alcohol compound
by lithium aluminum hydride (LiAlH,) was first attempted,
but the dehydrogenation of the alcohol compound by POCI,
did not proceed. On the other hand, protection of the
hydroxyl group (the alcohol compound) with p-toluene-
sulfonyl chloride, followed by elimination under various
reaction conditions was performed, but the reaction resulted
in the recovery of the alcohol compound. Then, compound
5 was treated with p-toluenesulfonylhydrazide in ethanol
containing a catalytic amount of trifluoroacetic acid to give
tosylhydrazone (8), which was decomposed by disodium

H H CH,Ph

N,
N — MNe= "N

o O O
OH 4 5
3

N

Chart 1
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0 , CF3COOH, CH,Cl, / \ / N
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NNHTSs
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?HzPh
CH,0H H CO,CH,
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COOCH, COOCH; COOCH,
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7N 7N 7N
7 3wHCI-MeOH = DCC-DMSO, pyridine > 7 NaH-(MeO);P(O)CH,C(O)CsH1,
O\ rt/2h O\ CFaCOOH, benzene, r.t./4h O\ DME, .t./2h
CH,0Ac CH,0H CHO
OH
15

OY OCOOCH3 ()Y C} 3

7 ZnHgs DME © \ 10%NaOH - MeOH / \
/\ rt/2n rt./2h a: R=CH,CH,CH,CHsCHs
QV\(R Y 2% Y b: R= m
OH o OH OH OH OH
16a, b 17a, b 1a, b
Chart 2

ethylene glycolate in diethylene glycol in the presence of a
catalytic amount of hexamethylphosphoramide (HMPA)
under reflux!!!? to afford N-benzyl-3-azabicyclo[3.3.0]-
oct-7-ene (9) (57% from 5). Decomposition of 8 was initially
performed under various reaction conditions, but no
reaction occured with n-butyl lithium or terz-butyl lithium.
On the other hand, treatment with NaH or sodium alkoxide
in HMPA afforded 9 in poor yield.

The diacetate 11 was obtained by a regio- and ster-
eospecific addition of formaldehyde on the olefinic dou-
ble bond of 9, followed by an attack of the acetate anion
under the conditions of the Prins reaction.!® The reaction
of the compound 9 with excess paraformaldehyde mono-
merized in situ with sulfuric acid in glacial acetic acid took
place at 70 °C to afford 11 in a 57% yield. The structure of
11 was confirmed by the mechanism of the Prins reaction
and proton nuclear magnetic resonance (*H-NMR) spectral
data. No other regio- or stereoisomeric product could be
detected in the reaction mixture. It is thought that the
formation of a cyclopropenium cation (10) occurred at the
less hindered face due to the steric influence of a bicyclo
ring, and the following opening of the alleged three-center
carbonium ion (10) by an attack of an acetate anion occured
at the sterically less hindered position, i.e. the a-face at the
C-7 position, which seems to account for both regio- and
stereospecificity.

N-Debenzylation of the diacetate 11 was performed by
hydrogenation with palladium on carbon in ethanol to
afford key intermediate compound 12. The carbon ap-
pendage to the compound 12 was introduced by acylation.

Treatment of 12 with isophthalic acid monomethyl ester
chloride in the presence of triethylamine and 4-di-
methylaminopyridine (DMAP) in tetrahydrofuran (THF)
afforded 13 (86% from 11). Isophthalic acid monomethyl
ester chloride was prepared in two steps from dimethyl-
isophthalate. Dimethylisophthalate was hydrolyzed with
1 N barium hydroxide in methanol to afford isophthalic acid
monomethyl ester, which was halogenated with thionyl
chloride to give isophthalic acid monomethyl ester chloride.

Methanolysis of 13 with 3N hydrochloric acid in methanol
gave the diol 14in 80% yield. The diol 14 posseses prim- and
sec-hydroxyl groups. Then, in order to selectively oxidate
a primary alcohol, 14 was treated with Pfitzer—Moffatt!4
reagent to give the corresponding aldehyde 15, which was
used without further purification. The Wittig reaction of 15
with dimethyl (2-oxoheptyl)phosphonate!® in dimethoxy-
ethane (DME) proceeded smoothly to afford 16a (67%
from 15). The reduction of 16a with 1.5 eq zinc borohydride
in DME gave the C-15 (prostanoic numbering) epimeric
mixture 17a in 85% yield. Hydrolysis of 17a with 10%
NaOH aq. in methanol afforded 1a in 80% yield.

In the same route, the compound 1b was synthesiz-
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ed by using cyclohexyl(triphenylphosphoranyliden)methyl
ketone'® in place of dimethyl(2-oxoheptyl)phosphonate.
The Wittig reaction of 15 with cyclohexyl(triphenylphos-
phoranylidene)methyl ketone in THF afforded the com-
pound 16b (33% from 14). Reduction of 16b with zinc bo-
rohydride in DME gave the C-15 epimeric mixture 17b
in 83% yield. Hydrolysis of 17b with 10% NaOH aq. in
methanol afforded 1b in 73% yield.

The structures of 1a and 1b were supported by elemental
analysis and confirmed by analysis of the IR, 'H-NMR and
fast atom bombardment-mass spectrometry (FAB-MS)
spectra. These compounds 1la and 1b showed weak in-
hibitory activities in blood platelet aggregation.

Experimental

Melting points were determined on a micro-melting point apparatus
(Yanagimoto) and are uncorrected. Optical rotations were measured on
a JASCO DIP-140 digital polarimeter. Infrared (IR) spectra were taken
on JASCO A-202 IR spectrophotometers and are given incm ™!, 'H-NMR
spectra were recorded on a JEOL JNM-FX90q (90 MHz) spectropho-
tometer in CDCl;. Chemical shifts are given in § (ppm) downfield from
tetramethylsilane, and the abbreviations of signal patterns are as follows:
s, singlet; d, doublet; t, triplet; m, multiplet; br, broad. Thin layer
chromatography (TLC) was performed on silica gel (Kieselgel 60F,,, on
aluminium sheets, Merck). All compounds were located by splaying the
TLC plate with sulfuric acid and heating it on a hot plate. Preparative
TLC (PTLC) was performed on a preparative layer chromatography plate
(Kieselgel 60F,5, 2mm and 0.5mm, Merck). Column chromatography
was performed on silica gel (Kieselgel 60, 70—230 mesh, Merck).

Preparation of (1R*,55*)-N-Benzyl-3-azabicyclo[3.3.0Joctan-8-one (5)
A solution of trifluoroacetic acid in CH,Cl, (0.8 ml, 1 mol/l) was added
to a stirred solution of N-benzyl-N-(methoxymethyl)trimethylsilylmethyl-
amine (6) (2.4 g, 10mmol) and 2-cyclopenten-1-one (7) (0.7 g, 8.3 mmol) in
CH,Cl, (20ml) at 0°C. The mixture was stirred for 3h at the same
temperature. The reaction mixture was washed with a saturated NaHCO,
aqueous solution (20 ml x 3) and brine (20ml x 2) and dried over MgSO,.
The CH,CIl, solution was concentrated in vacuo and the residue was
subjected to column chromatography on SiO, using a 9:1 mixture of
hexane-AcOEt as the eluent to give 5 as a yellow oil (1.4g, 78.6%). bp
117—118°C (0.5 mmHg). Anal. Caled for C,,H,,NO: C, 78.10; H, 7.96;
N, 6.51. Found: C, 77.81; H, 7.96; N, 6.44. 'H-NMR: 1.94—3.06 (10H,
m, H:1, H-2, H-4, H-5, H-6, H-7), 3.60 (2H, s, CH,Ph), 7.13 (5H, s,
CH,Ph). 1*C-NMR: 27.4 (t, C-6), 38.6:(d, C-7), 39.0 (d, C-5), 50.6 (d,
C-1), 58.0, 59.5 (each t, C-2, C-4), 61.4 (t, CH,Ph), 126.9, 128.2, 128.5
(each d, Ph), 138.9 (s, Ph), 193.0 (s, C=0).

Preparation of (1R*,55*)-N-Benzyl-3-azabicyclo[3.3.0Joct-7-ene (9) A
catalytic amount of trifluoroacetic acid was added in portions to a solution
of 5§ (0.13g, 1 mmol) and p-toluenesulfonythydrazide (0.19 g, 1 mmol) in
5ml of ethanol. The mixture was refluxed for 2 h. After being cooled, the
mixture was concentrated in vacuo to afford a yellow residue (8), which
was used without further purification. Na (0.084 g, 3.6 mmol) was added
in 2.4 ml of diethylene glycol and the mixture was refluxed for 2h. 8 (0.46 g,
1.2 mmol) was added to the mixture in the presence of HMPA (a catalytic
amount). The reaction mixture was refluxed for 6h. After being cooled,
H,0 (30 ml) was added to the mixture. The reaction mixture was extracted
with CH,Cl, (20mlx 10). The CH,Cl, layer was washed with brine
(20 ml x 2), dried over MgSO, and concentrated in vacuo. The residue was
subjected to column chromatography on Al,O, using a 4:1 mixture of
hexane-AcOEt as the cluent to give 9 (0.10g, 57% from 5), bp 47—50°C
(2mmHg). Anal. Caled for C, H,,N: C, 84.56; H, 8.75; N, 6.82. Found:
C, 84.37; H, 8.60; N, 7.03. 'H-NMR: 1.91—3.06 (8H, m, H-1, H-2, H-4,
H-5, H-6), 3.60 (2H, s, CH,Ph), 5.62 (2H, m, H-7, H-8), 7.30 (5H, s,
CH,Ph). !3C-NMR: 39.0 (t, C-6), 39.9 (d, C-5), 50.3 (d, C-1), 59.9, 62.2
t, t, C-2, C4), 60.2 (t, CH,Ph), 126.8, 128.1, 128.8 (d, d, d, Ph), 130.1,
132.8 (d, d, C-7, C-8).

Preparation of (15*,55*,7R*,85*%)-8-{7-acetoxy-N-benzyl-3-azabicyclo-
[3.3.0Joct-8-yl}methyl Acetate (11) A mixture of monomerized para-
formaldehyde (0.27g, 8.6 mmol), ethylene dichloride (EDC) {8 ml) and
sulfuric acid (0.46 ml, 8.6 mmol) was stirred for 20min at 70 °C in a sealed
tube. After being cooled to 20°C, 9 (0.68g, 3.4mmol) and dioxane (a
catalytic amount) in EDC (2ml) was added and the mixture was stirred
for 48 h at 70°C in a sealed tube. The reaction mixture was cooled to
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10°C and sodium acetate (0.70g, 8.6mmol) in H,O was added. The
reaction mixture was extracted with EDC (20ml x 2). The EDC extracts
were washed with 10% NaHCO, aq. (40 ml x 2) and H,0 (30 ml x 2), dried
over MgSO, and concentrated in vacuo. The residue was subjected to
column chromatography on Al,O, using a 4: | mixture of hexane-AcOEt
as the cluent to give 11 (0.64 g, 57%) as a white crystal, mp 75—80°C.
IR (KBr): 1740 (C=0). Anal. Calcd for C,,H,sNO,: C, 68.85; H, 7.64;
N, 4.30. Found: C, 68.86; H, 7.60; N, 4.23. 'H-NMR: 201 (3H, s,
OCOCH;), 2.04 (3H, s, OCOCH,), 2.08—2.77 (9H, m, H-1, H-2, H4,
H-5, H-6, H-8), 3.59 (2H, s, CH,Ph), 4.06 (2H, d, J=5Hz, CH,0Ac),
4.52—5.03 (1H, m, H-7), 7.29 (5H, s, CH,Ph). 1*C-NMR: 20.8, 21.0 (q,
q, OCOCH, x 2), 37.3 (d, C-5), 37.8, (t, C-6), 42.3 (d, C-1), 49.0 (d, C-8),
59.3 (t, CH,0Ac), 60.1 (t, CH,Ph), 59.2, 64.4 (t, t, C-2, C4), 76.0 (d,
C-7),126.9,128.2,128.6,138.9(d, d, d, s, Ph), 170.5, 170.8 (3, s, OCOCH ).

Preparation of Isophthalic Acid Monomethyl Ester Chloride In a flask
fitted with a NaOH tube were placed dimethyl isophthalate (7.8g,
0.02mmol) and 1N Ba(OH), in methanol (20ml, 0.02mmol) and the
mixture was stirred for 15h. The solvent was removed under reduced
pressure and the residue was washed with ether. The filtrate and washings
were concentrated in vacuo to afford the residue, which was washed with
ether. The residue was put together. To a solution of the residue in CH,Cl,
(20ml), 3N HCI aq. was added to create acidity. The CH,Cl, layer was
separated and the H,O layer was extracted with CH,Cl, (20ml x 2). The
CH,Cl, layer and extracts were washed with H,O (20ml x 2) and brine
(20ml x 2), and dried over MgSO,. Removal of the solvent in vacuo
afforded isophthalic acid monomethy] ester (3.6 g), which was used without
further purification. Thionyl chloride (4.2g, 36 mmol) was added to
isophthalic acid monomethy! ester (3.6 g, 20mmol) in CHCl, (20 ml) and
the mixture was refluxed for 2h at 80°C. The solvent was concentrated
in vacuo to afford a residue, which was recrystallized from ‘petr. ether to
give a white powder isophthalic acid monomethyl ester chloride (3.1g,
80%), mp 43—45 °C. IR (KBr): 1768 (COCl), 1731 (COOCH,). 'H-NMR:
3.98(3H, s, CH;), 7.50—8.89 (4H, m, Ph). 1 3C-NMR: 52.61 (q, COOCH,),
129.3, 132.4, 135.0, 135.9 (d, Ph), 133.8, 137.0 (s, s, Ph) 165.46 (s, COCl),
167.74 (s, COOCH,). MS mjz: 198 (M *), 200 (M +2)*.

Preparation of (15*,55*,7R* ,85*)-8-{7-Acetoxy-N-(m-methoxycarbonyl-
benzoy}-3-azabicyclo[3.3.0)oct-8-yl}methylacetate (13) 5% Pd-C (0.12g)
was added to a solution of 11 (0.24g, 0.72mmol) in ethanol (10ml).
Hydrogen was charged at ordinary pressure and the reaction mixture was
vigorously stirred for 18 h at 50°C. Removal of the catalyst by suction
filtration and concentration of the filtrate under reduced pressure gave
oily 12 (0.16g, 93%), which was used without further purification.
Isophthalic acid monomethyl ester chloride (1.3 g, 6.7 mmol) was added
to 12/(0.91 g, 3.8 mmol) in dry THF (20 ml) at 0 °C. Triethylamine (0.46 ml,
4.5 mmol) and DMAP (0.46 g, 3.8 mmol) was added to the reaction mixture,
which was stirred for 18 h at room temperature. After removal of the
solvent in vacuo, the residue was extracted with CH,Cl, (20ml x 2). The
CH,Cl, layer was washed with aq. NaHCO,; (30mlx2) and brine
(15ml x 2), dried over MgSO, and concentrated in vacuo. The residue was
subjected to column chromatography on SiO, using a 4:1 mixture of
AcOEt-hexane as the eluent to give 13 (1.3g, 86%). IR (neat): 1629
(N-C=0), 1723 (C=0). High-resolution MS Calcd for C,,H,;NO; (M *):
403.1600. Found: 403.1606. 'H-NMR: 2.03 (3H, s, OCOCH,), 2.05 3H,
s, OCOCH,), 2.12—3.07 (9H, m, H-1, H-2, H-4, H-5, H-6, H-8), 3.92
(3H, s, COOCH,), 4.09 (2H, d, J=5Hz, CH,0Ac), 4.77—5.11 (1H, m,
H-7), 7.36—8.24 (4H, m, Ph). 13C-NMR: 20.8, 21.1 (q x2, OCOCH,),
36.9 (t, C-6), 49.4 (d, C-8), 52.3 (g, COOCH,), 64.3 (t, CH,0Ac), 77.1
(d, C-7), 128.3, 128.7, 130.4, 131.0, 131.7, 137.1 (d, d, 8, d, d, s, Ph), 166.3
(s, N-C=0), 168.6 (s, COOCH,), 170.5, 170.8 (d, d, OCOCH,).

Preparation of (15*,55*,7R*,85*)-3-{7-Hydroxy-8-hydroxymethyl-3-
azabicyclo[3.3.0]Joctanyl}-m-methoxycarbonylphenylketone (14) 13
(0.17 g, 0.42 mmol) was added to 20 ml of 3 N HCl in methanol. The mixture
was stirred for 2h at room temperature and concentrated in vacuo. The
residue was subjected to column chromatography on SiO, using a 10: 1
mixture of CHCl,/CH,OH as the cluent to give 14 (0.11g, 80%). IR
(neat): 1630 (N-C=0), 1723 (C=0), 3390 (OH). High-resolution MS
Caled for C,,H,;NO, (M*): 319.1389. Found: 319.1386. 'H-NMR:
1.99—2.82 (9H, m, H-1, H-2, H4, H-5, H-6, H-8), 3.17—4.21 (5H, m,
CH-OH, CH,0H), 3.92 (3H, s, COOCH,), 7.43—8.22 (4H, m, Ph).
13C.NMR: 39.1 (t, C-6), 50.9 (d, C-8), 52.2 (g, COOCH,), 63.8 (t,
CH,0Ac), 76.2 (d, C-7), 128.1, 128.5, 130.1, 130.8, 131.4, 136.8 (d, d, s,
d, d, s, Ph), 166.2 (s, N-C-0), 168.7 (s, OCOCH,).

Preparation of (15*,55*,7R* 8R*)-8-{7-Hydroxy-N-(m-methoxycar-
bonylbenzoyl)-3-azabicyclo[3.3.0]Joctanyl}carbaldehyde (15) 14 (0.099g,
0.31 mmol) was dissolved in anhydrous dimethylsulfoxide (DMSO) (0.47
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ml) and benzene (2ml) containing pyridine (0.025ml, 0.31 mmol) and
trifluoroacetic acid (0.012 ml, 0.31 mmol), and the mixture was stirred for
20min. After the addition of N,N’-dicyclohexylcarbodiimide (0.19g,
0.93 mmol), the sealed reaction was stirred for 30 min at 0 °C and for 4h
at room temperature. AcOEt (20 ml) was added followed by a solution of
oxalic acid (0.12g, 0.93 mmol) in methanol (0.8 ml). After gas evolution
had ceased (about 30min), H,0 (10ml) was added and the insoluble
dicyclohexylurea was removed by filtration. The organic layer was washed
with 5% aq. Na,CO,; (20mlx2), 1% HCI aq. (20mlx 1) and brine
(20ml x 2), dried over MgSO, and concentrated in vacuo to afford 15
(0.098 g), which was used without further purification.

Preparation of (15*,55*,7R* 8R*)-7-Hydroxy-/N-m-methoxycarbonyl-
benzoyl-8-(3-0xo-1-octenyl)-3-azabicyclo[3.3.0]octane (16a) A suspen-
sion of sodio dimethyl (2-oxoheptyl)phosphonate (0.12 g, 0.56 mmol) was
prepared under an argon atmosphere from NaH (23 mg as 60% dispersion
in mineral oil, ca. 0.56mmol) and dimethyl 2-oxoheptyl phosphonate
(0.12 g, 0.56 mmol) in 2 m! of DME at room temperature for 0.5 h. To the
suspension was added a solution of 15 (90 mg, 0.28 mmol) in DME (1 ml)
at 0°C, and the whole was stirred .for 2h at room temperature. After
dilution of the suspension with brine (10 ml), the mixture was extracted
with CH,Cl, (15ml x 3), dried over MgSO, and concentrated in vacuo.
The residue was subjected to column chromatography on SiO, using a
4: 1 mixture of AcOEt-hexane as the eluent to afford 16a (57 mg, 49%).
IR (neat): 1630 (N-C=0), 1728 (C=0), 3390 (OH). FAB-MS m/z: (M)*
413. 'H-NMR: 0.88 (3H, brt, J=6.3Hz, CH;), 1.24 (6H, brs,
—CH =CH-C(O)CH,CH,CH,CH,CH,), 1.88—2.81 (11H, m, H-1, H-2,
H-4, H-5, H-6, H-8, -CH=CH-C(O)CH,-), 3.60—4.23 (2H, m, H-7,
OH), 3.92 (3H, s, COOCH,), 6.02—6.32 2H, m, -CH=CH-), 7.32—8.21
(4H, m, ph). '3C-NMR: 139 (q, CHj), 22.5, 243, 29.7, 31.5 (t,
CH=CHC(O)CH,CH,CH,CH,CH,), 34.35 (t, C-6), 49.1 (d, C-8), 52.3
(q, COOCH,;), 77.1 (d, C-7), 127.1, 128.5 (d, d, CH=CH), 128.1, 128.5,
130.3, 130.8, 131.5, 136.9 (d, d, s, d, d, s, Ph), 166.2 (s, N-C=0), 168.4
(s, COOCH,), 173.23 (s, CH=CH-CO-).

Preparation of (15*,55*,7R*,8R*)-8-(3-Hydroxy-1-octenyl)-7-hydroxy-
N-m-methoxycarbonylbenzoyl-3-azabicyclo[3.3.0]octane (17a) Freshly
fused zinc chloride (0.31 g) was added to sodium borohydride (0.18 g) in
redistilled DME (4.1 ml) under argon. The mixture was stirred overnight
at 0—5°C. To a solution of 16a (0.057 g, 0.14 mmol) in anhydrous DME
(0.1 ml) was added 0.42ml! of the above solution of zinc borohydride. The
mixture was stirred at room temperature for 2h, then saturated sodium
tartrate solution was added dropwise until no further evolution of gas was
observed. Methylene chloride was then added and the solution was dried
over MgSO,, filtered and concentrated in vacuo to dryness. The residue
was purified by PTLC with a solvent system (CHCl;—methanol, 10:1) to
give 17a (49mg, 85%, colorless oil). IR (neat): 1625 (N-C=0), 1723
(C=0), 3380 (OH). FAB-MS m/z: (M)* 415. 'H-NMR: 0.88 (3H, brt,
J=6.3Hz, CH,), 1.25 (8H, brs, -CH=CHCH(OH)CH,CH,CH,CH,"
CH,), 1.86—2.95 (9H, m, H-1, H-2, H-4, H-5, H-6, H-8), 3.30—4.69 (4H,
m, H-7, OH, -CH-OH), 3.92 (3H, s, COOCH,), 5.54—5.78 (2H, m,
-CH=CH-), 7.38—8.21 (4H, m, Ph). 13C-NMR: 14.0 (g, CH,), 22.6,
24.3, 29.7, 31.8 (each t, -CH=CHCH(OH)CH,CH,CH,CH,CH,), 35.6
(t, C-6), 49.1 (d, C-8), 52.3 (q, COOCH,), 72.8 (d, C-OH), 76.6 (d, C-7),
129.1, 131.1 (each d, -CH=CH-), 128.2, 128.6, 130.5, 130.9, 131.7, 137.2
(, d, s, d, d, s, Ph), 166.3 (s, N-C=0), 168.5 (s, COOCH,).

Preparation of (15*,5S5*,7R*8R*)-N-m-Carboxybenzoyl-7-hydroxy-8-
(3-hydroxy-1-octenyl)-3-azabicyclo[3.3.0]Joctane (1a) A solution of 17a
(20 mg, 0.048 mmol) in methanol (1ml) and 10% aq. KOH (0.8 ml) was
stirred at room temperature for 2 h. The reaction mixture was acidified by
the addition of 10% aq. HCl followed by extraction with CH,Cl,
(15ml x 2). The CH,Cl, extracts were washed with brine (20 ml x 2), and
dried over MgSO,. Removal of the solvent in vacuo afforded a residue,
which was purified by PTLC with a solvent (CHCl;—methanol, 4:1) to
afford a colorless oil 1a (15mg, 80%). IR (neat): 1626 (N-C=0), 1724
(C=0), 3382 (OH). FAB-MS m/z: (M)* 401. ‘H-NMR: 0.88 (3H, brt,
J=6.3Hz, CH,), 1.26 (8H, br s, -CH =CHC(OH)CH,CH,CH,CH,CH,),
1.86—2.95 (9H, m, H-1, H-2, H-4, H-5, H-6, H-8), 3.36—4.65 (4H, m,
H-7, OH, CH-OH), 5.54—5.78 (2H, m, -CH=CH-), 7.36—8.21 (4H, m,
Ph). !3C-NMR: 14.0 (q, CHj), 22.7, 25.3, 29.7, 319 (each t,
CH=CHC(OH)CH,CH,CH,CH,CHj,), 36.9 (t, C-6), 49.7 (d, C-8), 72.0
(d, C-OH), 77.4 (d, C-7), 129.3, 131.7 (each d, -CH=CH-), 128.5, 128.9,
130.6, 131.4, 132.1, 135.1 (4, d, s, d, d, s, Ph), 166.8 (s, N-C=0), 169.9
(s, COOH).

Preparation of Cyclohexyl(triphenylphosphoranylidene)methylketone
6.7ml of 1.5mol/1 n-butyl lithium (0.01 mol) was added to a solution of
triphenylphosphine bromide (3.57 g, 0.01 mol) in dry toluene (20ml) at
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0°C under argon. The mixture was stirred for 30 min at 0°C and for 4h
at room temperature. To the mixture, ethyl thiolcyclohexanoate (77.4 mg)
was added. The reaction mixture was stirred under reflux for 18 h, then
extracted with CH,Cl,. The CH,Cl, extract was dried over MgSO, and
concentrated in vacuo to give the desired product.

Preparation of (15*,55*,7R* 8 R*)-8-(3-Cyclohexyl-3-oxo-1-propenyl)-7-
hydroxy-/N-m-methoxycarbonylbenzoyl-3-azabicyclo[3.3.0]octane (16b)
The compound 15 (0.18 g, 0.58 mmol) was added to a solution of cyclohexyl
(triphenylphosphoranylidene) methyl ketone (0.89g, 2.30 mmol) in dry
THF (15ml) at room temperature under argon. The mixture was refluxed
at 80°C for 3h, then concentrated in vacuo. To the residue, petr. ether
was added. Deposited triphenyl-phosphine oxide was filtered off and
washed with petr. ether. The filtrate and washings were dried over MgSO,,
concentrated in vacuo and the residue was subjected to PTLC (silica gel)
with a mixture of hexane and AcOEt (1 :4) to give 16b (0.088 g, 33%). IR
(neat): 3330 (OH), 1724 (C=0), 1629 (N-C=0). FAB-MS m/z: (M)*
425. '"H-NMR: 0.73—2.18 (11H, m, cyclohexyl), 2.18—3.23 (10H, m, H-1,
H-2, H-4, H-5, H-6, H-8, H-12), 3.23—4.05 (2H, m, H-7, OH), 3.93 (3H,
s, COOCH,), 6.07—6.40 (2H, m, -CH=CH-), 7.34—8.24 (4H, m, Ph),
13C-NMR: 25.7, 25.8, 28.7, 29.6, 29.9 (each t, cyclohexyl), 33.9 (t, C-6),
49.0 (d, C-8), 52.3 (q, COOCH,), 77.6 (d, C-7), 125.6, 133.1 (each d,
—CH=CH-), 128.2, 128.6, 130.3, 130.9, 131.6, 136.9 (d, d, s, d, d, s, Ph),
166.3 (s, N-C=0), 168.4 (s, COOCH,), 179.4 (s, CH=CH-CO).

Preparation of (15*,5S8*,7R*,8R*)-8-(3-Cyclohexyl-3-hydroxy-1-
propenyl)-7-hydroxy-/V-m-methoxycarbonylbenzoyl-3-azabicyclo[3.3.0]-
octane (17b) Freshly fused zinc chloride (0.31g) was added to sodium
borohydride (0.18 g) in redistilled DME (4.1 ml) under argon. The mixture
was stirred overnight at 0—S5 °C. To a solution of 16a (0.03 g, 0.071 mmol)
in anhydrous DME (1 ml) was added 0.5ml (0.11 mmol) of the above
solution of zinc borohydride at 0°C. The mixture was stirred at room
temperature for 2h, then a saturated sodium tartrate solution was added
dropwise until no further evolution of gas was observed. Methylene
chloride was then added and the solution was dried over MgSO,, filtered
and concentrated in vacuo to dryness. The residue was purified by PTLC
with a solvent system (hexane-AcOEt, 1:4) to give 17b (24 mg, 80%,
colorless oil). IR (neat): 1623 (N-C=0), 1730 (C=0), 3334 (OH).
FAB-MS m/z: (M)* 427. 'H-NMR: 0.71—2.21 (11H, m, cyclohexyl),
2.21—3.15 (9H, m, H-1, H-2, H-4, H-5, H-7, H-8), 3.91 (3H, s, COOCH,),
3.15—4.84 (4H, m, H-7, OH, CH-OH), 5.26—5.76 (2H, m, -CH=CH-),
7.32—8.21 (4H, m, Ph). !3C-NMR: 25.0, 25.7, 28.2, 29.4, 29.8 (each t,
cyclohexyl), 34.0 (t, C-6), 49.1 (d, C-8), 53.3 (g, COOCH,), 69.4 (d,
CH-OH), 75.8 (d, C-7), 126.5, 131.2 (each d, -CH=CH-), 128.3, 128.7,
130.4, 130.9, 131.7, 137.4 (d, 4, s, d, d, s, Ph), 166.5 (s, N-C=0), 168.1
(s, COOCH,).

Preparation of (15*,58*,7R*,8R*)-N-m-Carboxybenzoyl-8-(3-cyclo-
hexyl-3-oxo0-1-propenyl)-7-hydroxy-3-azabicyclo[3.3.0]Joctane (1b) A
solution of 17b (0.016g, 0.037 mmol) in methanol (1 ml) and 10% aq.
KOH (1 ml) was stirred at room temperature for 2h. The reaction mixture

. was acidified by the addition of 10% aq. HCI followed by extraction with

CH,Cl, (15 ml x 3). The CH,Cl, extract was washed with brine (20 mi x 2),
and dried over MgSO,. Removal of the solvent in vacuo afforded a residue,
which was purified by PTLC with a solvent (CHCl;-methanol, 10:1) to
afford colorless oil 1b (12mg, 73%). IR (neat): 1621 (N-C=0), 1719
(C=0), 3400 (OH). FAB-MS m/z: (M+Na)* 435. 'H-NMR: 0.72—2.11
(11H, m, cyclohexyl), 2.11—3.35 (9H, m, H-1, H-2, H-4, H-5, H-6, H-8),
3.35—4.38 (4H, m, H-7, OH, CH-OH), 5.25—5.72 (2H, m, -CH=CH-),
7.46—8.25 (4H, m, Ph). 13C-NMR: 25.2, 25.7, 28.2, 29.4, 29.9 (each t,
cyclohexyl), 34.2 (t, C-6), 49.7 (d, C-8), 69.5 (d, -CH-OH), 77.0 (d, C-7),
126.7, 131.3 (each d, -CH=CH-), 128.2, 128.6, 130.4, 130.8, 131.8, 137.2
d, d, s, d, d, s, Ph), 167.4 (s, N-C=0), 169.9 (s, COOH).
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