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The purpose of this study was to determine the in vitro deposition of both drug (albuterol sulfate) and car-

rier (lactose) particles in relation to each other from a dry powder inhaler formulation using an Andersen cas-
cade impactor (ACI) and time of flight aerosol beam spectrometry (TOFABS). In addition, scanning electron mi-
croscopy (SEM) combined with X-ray microanalysis was employed to distinguish albuterol sulfate from lactose.
Drug particles apparently penetrated deeper into the impactor than lactose particles contained in the formula-
tion. In some certain stages of impactor, drug particles were separated from lactose particles. Although the TO-
FABS cannot distinguish between albuterol sulfate and lactose, the TOF spectra obtained from the Aerosizer
would appear to be partly indicative of the interactions which exist between drug and carrier. One symmetrical
TOF peak was obtained from drug or lactose alone. The TOF peak of the drug was always lower than the TOF of
lactose. The times obtained for each powder between experiments were highly reproducible and typical of mater-
ial and particle size. The use of SEM-X-ray microanalysis also allowed some qualitative characterization of

shape and state of association of the two components.
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Dry powder inhaler formulations generally comprise mi-
cronized drug particles with a mean aerodynamic diameter
(D,) of 2—5 um blended with an inert carrier (30—60 pm),
usually lactose, to form an interactive mixture of the two
components. A carrier is included in the formulation to act as
a bulking agent and to aid aerosolization of the drug," and it
should be deposited in the upper airways with only the drug
particles being liberated into the inspired air, ideally reaching
the lower airways.” Despite the use of impactor data to as-
sess the effect of formulation variables on aerosol cloud
characteristics,>* there is limited knowledge of drug-carrier
interactions and drug release from the carrier during
aerosolization. French et al.>) proposed that the active drug in
carrier formulations can exist in a variety of possible states
following aerosolization, and these include: a) individual ac-
tive drug particles, b) active-active drug particle aggregates,
¢) active drug bound to individual carrier particles in mono-
or multi-layers, and d) combined active drug and carrier ag-
gregates. Few previous studies have focused on the character-
istics of the carrier counterpart during drug deposition in
vitro or considered the relative depositions of the drug and
carrier. A relatively recent technique, based on the aerody-
namic time of flight (TOF), has been used to analyze the par-
ticle size distribution in pharmaceutical powders.” In this
method, particles are accelerated by the drag forces gener-
ated by an accelerating air stream, and while very small par-
ticles almost attain sonic velocity, larger particles experience
a lower acceleration because of their greater mass. As parti-
cles pass through two laser beams in the measuring region
spaced at a set distance, the light interception is detected and
converted into electronic signals by two photomultiplier
tubes. The time required for individual particles to pass be-
tween the beams is measured to a precision of 25 nanosec-
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onds and is termed the TOF. Since TOF is dependent upon
particle size it is possible to obtain a particle size distribution
for any powder, including, for example, the lactose and drug
deposition on individual plates of an ACI after a dry powder
formulation has been aerosolized into the impactor. The size
distribution produced by the software of any instrument
which measures TOF assumes, as with most particle sizing
techniques, sphericity of shape. This, of course, is seldom the
case for pharmaceutical powders, and hence the use of scan-
ning electron microscopy (SEM) together with X-ray micro-
analysis, can be employed to determine the appearance and
to distinguish the drug from carrier particles. X-rays are pro-
duced whenever an electron beam interacts with matter, as in
the use of SEM” for example, and these can be used very ef-
fectively to provide information about the chemical composi-
tion of the specimens examined. X-ray microanalysis can be
regarded as a qualitative non-destructive technique that pro-
vides a means of detecting most elements in situ, sometimes
at levels as low as 107'? g.¥ The nature of the interaction be-
tween lactose and drugs has not been completely character-
ized. Hence, it was the purpose of this study to determine the
interaction between drug and carrier in relation to each other
after aerosolization using the ACI. TOF was used to further
characterize the samples deposited on each stage of the ACI,
and SEM combined with X-ray microanalysis was employed
to distinguish albuterol from lactose.

Materials and Methods

Micronized albuterol sulfate (median diameter 2.8 um) was supplied by
Glaxo Wellcome, Ware, UK. Lactochem lactose (medium grade) was ob-
tained from Borculo Whey, Ltd., Chester, UK. Micronized lactose was ob-
tained from Meggle, Wasserburg, Germany. The ISF® (Cyclohaler®) device
was obtained from Pharbita BV, Zaandam, the Netherlands. Capsules (size
3) were obtained from Farillon Limited, Essex, UK. The formulation was
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prepared by mixing albuterol sulfate (0.2 g) with lactose (13.5g) in a Tur-
bula® mixer (Basel, Switzerland) for 2 h. Two size ranges of lactose, medium
grade Lactochem® (with a multimodal particle size distribution and a vol-
ume median diameter (VMD) of 20.10 um and geometric standard deviation
(GSD) of 1.86) and micronized lactose (with a monomodal distribution and
VMD of 8.60 and GSD of 1.71, measured by laser diffraction (Malvern
Mastersizer, Worcester, UK)), were used as carriers in the powder blend.
27.4mg of each blend, equivalent to 400 ug drug, was weighed into each
capsule. The uniformity of both blends was 102.221.4 and 102.8:2.4%, re-
spectively. Other capsules were prepared containing either 27 mg albuterol
sulfate alone or 27mg of either Lactochem lactose or micronized lactose
alone.

Deposition Studies Using the ACI A cascade impactor comprising a
pre-separator, eight stages and collection plates (Andersen Sampler, Inc., At-
lanta, U.S.A.) was prepared for use by rinsing the cleaned component parts
with deionized water. The stages and plates were dried in a hot air oven be-
fore being employed in deposition studies, conducted at 28.3 I/min and 60
/min for 2 1 and 10s, respectively. Two formulations, one containing Lac-
tochem lactose and the other micronized lactose as a carrier, were
aerosolized into the ACI using a Cyclohaler® device.” After actuating a sin-
gle dose into the ACI, the glass throat,'” pre-separator and each stage were
rinsed with 50 ml of mobile phase containing the internal standards before
determining drug and lactose, as previously described.'” Detection limits of
drug and lactose were 0.1 and 2 ug/ml, respectively. The drug and lactose
deposition were expressed as a percentage of the nominal dose. The mass
median aerodynamic diameter (MMAD) and GSD of drug and lactose was
calculated based on the mass distribution of the respective particles de-
posited on stages 0 to 7 of the ACI,'*!® excluding those particles deposited
on the pre-separator and throat part. The drug fine particle fraction (FPF)
and the amount of fine particle lactose (FPL) of a formulation were defined
by the amounts deposited on stages 2 to 7 after aerosolization at a flow rate
of 28.3 I/min, and when the flow rate is changed to 60 1/min, the FPF and
FPL was defined by the amounts deposited on stages 1 to 7. The data were
analyzed for statistical significance using an analysis of variance, and
p<0.05 was considered to be significant.

SEM-X-Ray Microanalysis of Deposited Samples on Each Stage of
the ACI The localization of drug relative to carrier particles on each stage
of the ACI was assessed qualitatively using SEM and energy dispersive X-
ray microanalysis. Recovered particles were mounted on an aluminium stub
before coating them with carbon (Polaron E-500, Watford, UK). The coated
samples were viewed by a Philips EM501B (Philips Analytical, Einhoven,
The Netherlands) scanning electron microscope. X-ray microanalysis was
used to identify the presence of the sulfur atom in albuterol sulfate, enabling
a distinction to be made between drug and carrier particles on the basis of
X-ray spectra. Such spectra in combination with the electron micrographs,
allowed the determination of drug—carrier and carrier—carrier interactions in
the powders deposited on each stage of the ACIL.

Time of Flight Determination of Dry Powders Deposited on Each
Stage of the ACI The ACI was operated as described above except that
three doses of each formulation were aerosolized sequentially into the im-
pactor at two flow rates (28.3 or 60 I/min). The empty capsule was removed
from the device after aerosolization of each dose, to be replaced by a full
capsule, and the device was not washed between doses. The particles re-
tained on each stage of the ACI were carefully removed by scraping each
plate with a thin sheet of paper, and were then loaded into the sample cup of
the Aerodisperser connected to the Aerosizer Mach 2 (Amherst Process In-
struments, Amherst, MA, U.S.A.). The optimum sample run time was 200—
500 s, depending upon the sample count rate, and when the feed rate reached
100%, the run was considered complete. In particular, it is essential that no
selective sampling of the smaller particles occurs due to larger particles
being unsampled. The amount of powder recovered from the lower im-
paction plates (i.e. stages 4 and 5) provided sufficient data for statistical
analysis (>100000 particles). Powder build up and electrostatic charge ef-
fects within the Aerodisperser were not found to occur using run times
=500s."” The shear force was set at 3 psi, as specified by the manufacturer,
because the particle size was known to be lower than 10 um (the powder
having been recovered from stages 0—7 on the ACI). The deagglomeration
was set at 141/min to prevent excessive impaction energy on the particles,
and the feed rate was set at 5000 particles/s. Although this flow rate is lower
than that employed in the ACI (28.3 I/min). It has to be appreciated that the
air flow of the Aerosizer represents linear velocity rather than flow rate. All
parameters set were kept constant in each experiment, and the results are
displayed as TOF. The photomultiplier tube (PMT) voltage was set at 1100V
in order not only to provide maximum sensitivity but also to allow the detec-
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Stages of the cascade impactor and size ranges in microns
Fig. 1. The Deposition of Albuterol Sulfate and Lactose from Two Formu-

lations of Albuterol Sulfate Containing Either Lactochem or Micronized
Lactose as Diluent after Aerosolization into an ACI at 283 1/min
(mean=*S.D., n=5)

tion of particles with a size greater than 0.5 um. A higher PMT voltage set-
ting resulted in increased noise pulses and required a longer run time (>300
s). Both the Aerosizer and the Aerodisperser have been comprehensively de-
scribed by both Niven® and Hindle and Byron."¥ The TOF of pure albuterol
sulfate and pure carriers were determined as a marker for drug and carrier
TOF spectra. The TOF results were gained as a normalized frequency distri-
bution by number.'® Each experiment was carried out in triplicate.

Results

Deposition Studies Using the ACI The stage cut-off di-
ameters of each stage of the ACI, based on calibration of un-
coated plates at 28.3 I/min, are 9, 5.8, 4.7, 3.3, 2.1, 1.1, 0.7,
0.4 um, for stage 0, 1, 2, 3, 4, 5, 6 and 7, respectively.'? The
cut-off diameters at 60 /min have not been previously re-
ported, however, according to Eqs. 1 and 2, these values can
be calculated.'®

)SthynADIN
dy= 9SthsonmD; )
4pFC

where F=total flow rate through the jets, N=total number of
jets, dg,=effective cut-off diameter, p= density of particle (g
cm™*), C=Cunningham slip correction factor, Stks,=Stokes
number for 50% collection efficiency, n=fluid viscosity
(dyne-scm™?), D;=jet width (cm).

All parameters are constant if the same impactor and oper-
ating conditions are used, therefore, the simplified Eq. 2 is
obtained.

1 1/2
dyy < [Fj @)

From the known dj; at 28.3 I/min, the cut-off diameter at 60
/min is calculated based on Eq. 2, and the values are 6.2,
4.0,32,23,1.4,038,0.5 03 um for stage 0, 1,2,3,4,5, 6
and 7, respectively. The size distributions of the fine lactose
and drug delivered from the two formulations at 28.3 and 60
I/min, are presented in Figs. 1 and 2. Drug particles were de-
tected as low as stage 5 of the ACI when the Lactochem lac-
tose formulation was aerosolized at 28.3 I/min, but with the
same formulation at 60 1/min, some drug penetrated as far as
stage 6 (Figs. 1, 2). After aerosolization of the Lactochem
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lactose formulation at 28.3 /'min lactose could also be de-
tected as having been deposited as far as stage 4 of the ACI
(Fig. 1), whereas at the higher flow rate, carrier particles
could only be determined as reaching stage 3 (Fig. 2). Drug
particles were found to be deposited as far as stage 6 when
the micronized lactose formulation was aerosolized at 28.3
/min, and since no lactose was detected on stage 6 from this
formulation, it can be assumed that the drug on this stage
was separated from carrier particles (Fig. 1). When the flow
rate was increased to 601/min, drug particles penetrated to
stage 7, whereas carrier particles reached only stage 4. Drug
particles were entrained into the airstream in higher quanti-
ties at the higher flow rate (the percent fine particle fraction
of drug increasing (p<<0.01) from 21.6 to 29.7% for the Lac-
tochem lactose formulation and 41.3 to 44.3% for the mi-
cronized lactose formulation). However, at a flow rate of 60
/min, the amount of drug which completely detached from
the lactose particles was 8.8% (particles deposited on stages
4, 5 and 6) for the Lactochem lactose formulation whereas
the comparable value for the micronized lactose formulation
was only 2.3% (particles depositing on stages 5, 6 and 7)
(Fig. 2). When the micronized lactose formulation was
aerosolized at 28.3 I/min, it would appear that the FPL was
much higher than that derived from the Lactochem lactose
formulation at the same flow rate (8.5% and 4.2%), respec-
tively. At the higher flow rate, the amount of FPL increased
to a greater extent from the micronized lactose formulation
(8.5% at 28.3 I/min to 15.0% at 60 1/min) than from the Lac-
tochem lactose formulation (4.2 to 4.3%). When the particle
size was plotted as a log-probability distribution, as de-
scribed in the USP XXIIL" it was found that the MMAD of
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Stages of the cascade impactor and size ranges in microns

Fig. 2. The Deposition of Albuterol Sulfate and Lactose from Two Formu-
lations of Albuterol Sulfate Containing Either Lactochem or Micronized
Lactose as Diluent after Aerosolization into an ACI at 60 1/min (mean£S.D.,
n=5)
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albuterol sulfate in the Lactochem lactose formulation at
28.3 //min was 4.89 um, while in the micronized lactose for-
mulation it was 4.07 um (Table 1), although these two values
were not statistically different (p>0.05). Aerosolization of
the drug at the higher flow rate (60 /min) resulted in a lower
MMAD of the drug, a value of 2.8 um being obtained irre-
spective of formulation (Table 1). The MMAD of lactose de-
posited within the impactor from the Lactochem lactose con-
taining formulation was not surprisingly higher than that of
the drug particles, although the MMAD did not change sig-
nificantly (p>0.05) when the flow rate was increased. De-
spite the MMAD of lactose from the formulation containing
the micronized excipient being smaller (5.10 um at 28.3
1/min) than that in the formulation containing Lactochem lac-
tose, it again did not change significantly as a function of
flow rate. The GSD of both drug and carrier particle size was
approximately 2 in all experiments.

SEM-X-Ray Microanalysis of Samples Deposited on
Each Stage of the ACI X-ray microanalysis enabled drug
particles to be distinguished from lactose, as shown in Fig. 3.
Sulfur atoms present in albuterol are capable of being de-
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(a) Albuterol sulfate
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Beam energy (Kev, unit scale = 1 Kev)

(b) Lactose

Fig. 3. The X-Ray Spectrum of a) Albuterol Sulfate (S) and b) Lactose

The peak (s) is indicative of the sulfur atom present in albuterol sulfate, which is ab-
sent from the X-ray spectrum of a lactose particle. (Al=aluminium, unit scale of x-
axis=1KeV)

Table 1. MMAD of Albuterol Sulfate and Lactose Carrier Obtained from ACI Data (mean=S.D., n=5)
Formulatio Flow rate MMAD (um) GSD MMAD (m) GSD
ormufation (/min) of drug of drug of lactose of lactose
Lactochem lactose 283 4.89+0.11 1.74£0.03 6.94+0.05 1.95+0.01
60 2.81%0.04 2.00*0.02 4.48%0.11 1.65+0.10
Micronized lactose 28.3 4.07+0.09 2.01x0.10 5.10%0.11 2.02x0.03
60 2.80+0.02 1.86+0.04 4.42+0.22 2.30x0.04
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Stage 4

Stage 5

Fig. 4. Electron Micrographs of Albuterol Sulfate (Black Arrows) and Lactose (Empty Deltas) on Each Stage of the ACI after Aerosolization of the Lac-
tochem Lactose Formulation at 28.3 I/min (Bars Correspond to a Distance of {m)

tected as an X-ray peak, even in a single crystal. The electron
micrographs, together with X-ray microanalysis, show how
drug and lactose orientate on each stage of the ACI. In addi-
tion, as the electron beam from the microscope tracked
across the surface of the particles, it was found that while the
lactose crystals changed visibly, possibly as a result of local-
ized heating, this did not occur for albuterol. Such in situ ob-
servations enabled an accurate and reproducible identifica-
tion of the two materials. Figure 4 shows an electron micro-
graph of particles derived from stages 0 to 5 of the ACI for
the Lactochem lactose formulation aerosolized at 28.3 I/min.
Stage 0 indicated clearly that both fine drug and lactose par-
ticles adhered on the surface of coarse lactose particles. The
numbers of adhered drug particles were found to be
markedly lower than the fine lactose particles, being present
in an approximate ratio of 1:4. The same trends were appar-

ent for powder deposited from the micronized lactose formu-
lation, although the number of drug particles was even lower
in comparison to the fine lactose particles. The electron mi-
crographs obtained for powder depositing on stage 1 showed
the presence of drug particles which did not adhere to the
surface of lactose. Not surprisingly, the size of lactose parti-
cles on stage 1 were smaller than those seen on stage 0. Pow-
der derived from stages 2 and 3 showed that free drug parti-
cles were found in combination with aggregates of drug par-
ticles, and sometimes these aggregates were found in associ-
ation with lactose particles. However, on stages 4 and 5 of
the ACI, with the Lactochem lactose formulation aerosolized
at 28.3 I/min, free drug particles were seen more frequently
(in the ratio of approximately 4:1) than lactose particles.
The higher the stage number of the ACT (stages 3—6), the
easier it was to find drug particles either in the aggregated or
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Fig. 5. The TOF of Albuterol and Lactose Particles Recovered from Vari-
ous Stages of the ACI after Aerosolization of the Lactochem Lactose For-
mulation at 28.3 I/min

individual form, as such particles rarely adhered to lactose.
When the flow rate was increased to 601/min for the Lac-
tochem lactose formulation, the drug particles were found to
be adhered to lactose on stage 0, whereas on stages 1 and 2,
individual drug particles could be identified, separate from
the lactose particles. On stage 3 and 4 of the ACI, free and
aggregated drug particles were found, and by stage 5 over
90% of the particles could be characterized as free drug. In
general, when the micronized lactose formulation was
aerosolized at 28.3 and 60 1/min, the state of aggregation and
deposition characteristics of drug and lactose particles was
qualitatively not different from the Lactochem lactose formu-
lation for powder deposition on stages 0 to 5 of the ACI. The
only readily observable difference was that the mean particle
size of lactose in the micronized lactose formulation was rel-
atively smaller than that of the Lactochem lactose formula-
tion,

TOF Analysis of Dry Powder Formulations Recovered
from Each Stage of the ACI Figure 5a shows the results
of TOF measurements carried out on particles deposited on
stage 0 of the ACI from the Lactochem lactose formulation
aerosolized at 28.3 I/min. The frequency distribution indi-
cated that the TOF for the majority of the particles deposited
on this stage was 3.725 s, but the curve tailed, indicating
that some particles had a TOF greater than 5.5 us. The parti-
cles deposited on stage 1 (Fig. 5b) of the ACI from the same
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Fig. 6. The TOF of Albuterol and Lactose Particles Recovered from Vari-
ous Stages of the ACI after Aerosolization of the Lactochem Lactose For-
mulation at 28.3 and 60 I/min

formulation, when re-aerosolized into the Aerosizer, pro-
duced two peaks in the TOF spectra, one corresponding to
3.600 us but also a second indicating a proportion of the par-
ticles with a TOF of about 6.2 us. Powder collected from
stages 2 and 3 (Figs. 5c, 5d) also exhibited split peaks at 5.5
and 5.0 us, respectively, the second peak not being fully sep-
arated from the common first peak found at 3.600 us. How-
ever, when the powder deposited on stage 4 (Fig. Se) was an-
alyzed, the second peak was no longer apparent, leaving only
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Fig. 7. The TOF of Albuterol and Lactose Particles from Two Formula-
tions of Albuterol Sulfate Containing Either Lactochem or Micronized Lac-
tose as Diluent Recovered from Different Stages of the ACI after
Aerosolization at 28.3 I/min

a broad single peak with a TOF for the particles of 4.025 is.
Meanwhile, for particles deposited on stage 5 (Fig. 5f), a
sharp single peak in the TOF spectrum was obtained at 3.425
us. When the flow rate was increased to 60 I/min, the TOF
spectrum for particles from the Lactochem lactose formula-
tion, which was deposited on stages 1, 2 and 3, showed less
tailing of the principal peak compared to those obtained at
28.3 I/min (Fig. 6), and the peak in the TOF spectra appeared
at a shorter time. For example, the maximum in the TOF pro-
file for particles collected from stage 1 of the ACI after
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aerosolization at 60 /min was after 3.2 us, compared to after
3.5 us when the same formulation was aerosolized at 28.3
I/min. In addition, for the powder collected from stages 2 and
3 after aerosolization at 601/min, although a slight shoulder
appeared in the TOF profile after 4.5 and 4.0 us, respectively,
a distinct split peak was not obtained (Figs. 6b, 6¢), as was
the case when the powder collected from the same plates
after aerosolization at 28.3 I/min was analyzed. The particles
from the micronized lactose formulation, collected from
plates 1, 2 and 3 of the ACI operated at 28.3 I/min, showed
tailing of the sole peak in the TOF spectrum of the re-
aerosolized powder, in contrast to the distinct shoulders and
split peaks found for particles from the Lactochem formula-
tion deposited on the same plates (Fig. 7). The TOF spectra
obtained for pure drug or lactose was found to produce a sin-
gle symmetrical peak. Shorter TOF peaks were obtained for
albuterol (3.425—3.475 us) compared with those for lactose
particles (>4 us). Different size ranges of lactose (Lac-
tochem and micronized) also gave different TOF peaks
(p<<0.01). The relevant densities of lactose and albuterol sul-
fate are 1.54 g/ml”) and 1.32 g/ml,lS) respectively. Therefore,
the TOF obtained depended on the type and size of materials
analyzed.

Discussion

There was a clear indication that the interactions (which
existed) between the particles of lactose and drug were dif-
ferent in the Lactochem and micronized lactose formulations
from data derived using the ACI operated at 28.3 and 60
I/min. At higher flow rates more drug particles were sepa-
rated from the lactose carrier, irrespective of the formulation.
The separation of drug particles from lactose particles was
not complete for powder deposited on stage 0 when the Lac-
tochem lactose formulation was aerosolized at 28.3 I/min.
The electron micrographs confirmed that large numbers of
fine drug particles had adhered to the coarse lactose particles
present on this stage. Also, the TOF spectra of particles col-
lected from stage 0 showed tailing because the drug had not
been separated from the lactose carrier on this impactor
plate. If the shear force from the aerosolization process was
sufficient to overcome the adhesive forces between the drug
and lactose, the spectra would be predicted to split into a
doublet peak. Individual drug particles, aggregates of drug
and some aggregates of drug with lactose were apparent
from electron micrographs taken of powder deposited on
stages 1—4, which showed peak splitting in their TOF spec-
tra. The TOF spectrum for powder from the Lactochem lac-
tose formulation recovered from stage 4, after aerosolization
at 28.3 I/min (Fig. Se), contained a single but broader peak
than that found on stage 5 (Fig. 5f), and this was due to the
contribution of small lactose particles present together with
drug particles. The sharp TOF peak on stage 5 appeared to
be due to only drug particles being present, and this was sup-
ported by HPLC analysis as well as electron microscopy
studies. The surface of lactose particles was damaged by the
X-ray beam, while this phenomenon was not apparent when
the beam passed over the drug particles. It is possible that the
change in appearance of the lactose was due to the loss of
water, which occurs due to localized heating.

This study employed an ACI without the plates being
coated, usually carried out to reduce the possibility of parti-
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cle bounce and re-entrainment in the airstream. If the plates
were coated, then difficulties would have arisen when at-
tempting to recover powder from the plates due to adherance
of the powder to the plate. It was also thought that the coat-
ing material might interfere with HPLC analysis and X-
ray microanalysis. In addition, it was considered that the
aerosolized powders (lactose and albuterol sulfate) employed
in this study, which are both plastic materials,'”"'® were not
likely to bounce which would have a marked influence on the
results obtained.

Conclusions

Deposition studies carried out using an ACI required a
large number of chemical analyzes to be carried out by
HPLC, for both drug and lactose, and thus proved to be a
very time consuming exercise. Nevertheless, the results ob-
tained by this technique were quantitative in nature and cer-
tain conclusions could be derived in relation to the strength
of the interaction between the drug and carrier. However, the
results of this study show that TOFABS can be employed in
conjunction with the ACI to validate the deposition profiles
obtained by HPLC analysis if the components of the formu-
lation possess different physical properties (i.e. density and
size). In the case of a binary mixture, after aerosolization of
powder into the ACI, the TOF will give only a single sym-
metrical peak if a single component (either drug or carrier) is
present on an individual plate. When split peaks are obtained,
then both components are present. Use of TOFABS does not
require a prolonged analytical procedure, therefore, once set
up, the influence of subtle changes in formulation on the de-
tachment of drug from carrier can be investigated relatively
rapidly. SEM—X-ray microanalysis, which is also a time con-
suming method to carry out, is useful to view the shape and
orientation of particles. In the case of albuterol sulfate and
lactose, the X-ray spectra can clearly distinguish between
drug and lactose particles. On the basis of the results from
study it is concluded that TOFABS studies carried out on
powder deposition on individual plates within an impactor
can provide useful information on particle—particle interac-
tion. If a difference in particle size and density exists be-
tween drug and excipient, then it is apparent that the parti-
cles, upon re-aerosolization with sufficient force to disrupt
particulate interactions, exhibit measurable differences in
their TOF. During formulation development, determining the
TOF of the particles after deposition on impactor plates
would provide an indication of whether a drug remains asso-
ciated with lactose, is deposited as an aggregate or is primar-
ily in individual particles. Should a drug remain extensively
associated with a lactose of large particle size, then large
amount of drug that would be detected in samples taken from
low numbered stages. Such a drug is unlikely to be res-
pirable. Obviously, the TOFABS data are strengthened by the
analysis of the relative amounts of drug and lactose deposited
on each plate, as carried out in this study. However, TOFABS
studies alone would allow some prediction to be made as to
whether the interactions between particles might change as a
function of air flow or change in the nature (e.g. particle size,
shape, crystallinity, processing, etc.) of drug and/or vehicle.
X-ray microanalysis provides excellent supporting qualitative
data of adherence between particles, providing that one of the
particles contains an atom with an appropriate absorbing
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spectrum. In conclusion, TOF, SEM-X-ray microanalysis
and drug-—carrier analysis from the ACI all proved to be use-
ful tools in studying the interaction of drug and carrier in dry
powder inhalers. It may be possible to relate those results to
the possible states of interaction which exist between drug
and carrier particles during passage through the airways after
aerosolization.

References and Notes

)]

2)

3)
4
5)

6)
7

Ganderton D., Kassem N. M., “Dry powder inhalers,” Vol. 6, ed. by
Ganderton D., Jones T., Advances in Pharmaceutical Sciences, Acade-
mic Press, London, 1992, pp. 165—191.

Hickey A. J., Concession N. M., Van Oort N. M,, Platz R. M., Pharm.
Technol., 18, 58—82 (1994).

Atkins P. J., Pharm. Technol., 16, 26—32 (1992).

Milosovich S. M., Pharm. Technol., 16, 82—86 (1992).

French D. L., Edwards D. A., Niven R. W., J Aerosol Sci., 27, 769—
783 (1996).

Niven R. W., Pharm. Technol., 17, 72—78 (1993).

Goldstein P. J., Newbury D. E., Echlin P, Joy D. C., Fiori C., Lifsin E.,

8)

9)
10)
11)
12)
13)
14)
15)

16)
17)

18)

Vol. 48, No. 2

“Scanning Electron Microscopy and X-ray Microanalysis,” Plenum
Press, New York, 1981, pp. 1—10.

Lawes G., “Scanning Electron Microscopy and X-ray Microanalysis,”
John Wiley & Sons, Chichester, 1987, pp. 100—103.

Srichana T., Martin G. P, Marriott C., Int. J. Pharm., 167, 13—23
(1998).

British Pharmacopoeia 1993 (BP1993), Appendix XVII, A193—
A196.

Srichana T., Martin G. P, Marriott C., Fur. J. Pharm. Sci., 7, 73—80
(1998).

Andersen Sampler, Operating Manual for I ACFM Non-viable Ambi-
ent Particle Sizing Sampler, Georgia (1985).

United States Pharmacopeia 1995 (USP XXIII), 3584—3591.

Hindle M., Byron P. R., Pharm. Technol., 19, 64—78 (1995).

Ambherst Process Instruments, Aerosizer Technical Manual, Massa-
chusetts (1995).

Stein S. W, Olson B. A., Pharm. Res., 14, 1718—1725 (1997).

Wade A., Weller P. J., Handbook of Pharmaceutical Excipients, 2nd
edition, London, 1994, The Pharmaceutical Press.

Marple V. A, Olson B. A, Miller, N. C., derosol Sci. Technol., 22,
124—134 (1995).



February 2000

Chem. Pharm. Bull. 48(2) 175—178 (2000) 175

Multiple Solubility Maxima of Oxolinic Acid in Mixed Solvents and a New
Extension of Hildebrand Solubility Approach

Abolghasem JouyBAN-GHARAMALEKI,** Susana RoMERro,” Pilar BustaManTe,” Brian J. CLARK®

Drug Design Group, School of Pharmacy, University of Bradford,* Bradford BD7 1DP. UK and Department of Farmacia y
Tecnologia Farmaceutica, Facultad de Farmacia, Universidad de Alcala,’ Alcala de Henares, 28871 Madyrid, Spain.

Received June 25, 1999; accepted September 30, 1999

A new extension of the Hildebrand solubility approach which describes drug solubility in solvent mixtures
showing multiple solubility peaks, the chameleonic effect, is proposed. The experimental solubilities of oxolinic
acid were measured at 25 °C in solvent mixtures of ethanol-water and ethanol-ethyl acetate. A plot of the mole
fraction of the drug against the solubility parameter () of the solvent mixtures displays two peaks at 6=30.78
MPa'? (80% v/v of ethanol in water) and at §=20.90 MPa'” (30% v/v of ethanol in ethyl acetate). The new exten-
sion proposed reproduces two solubility peaks. The thermograms of the solid phase before and after equilibra-
tion with the solvent mixtures did not show significant changes. The new extension was also tested with experi-
mental data previously reported for drugs showing two solubility peaks of different height. The accuracy of other
published models for describing two solubility maxima is also compared.

Key words

Oxolinic acid possesses antibacterial effects against Gram-
negative organisms. Its bactericidal action is similar to that of
nalidixic acid. Oxolinic acid is used in the treatment of uri-
nary tract infections due to Gram-negative organisms other
than Pseudomonas species." Very low solubility of oxolinic
acid restricts its therapeutic use. Its aqueous solubility at
20°C is 10=0.5mg1 " and the solubility of its salt form is
20.5=0.5mgl ' at 20°C.?

Solubility determination of drugs in water—cosolvent mix-
tures provides useful data for better understanding of the sol-
ubility phenomenon in these media. In addition to the theo-
retical applications of the results of these determinations, the
data can be employed for building the mathematical models
and optimising the appropriate concentration of the pharma-
ceutical cosolvents for preparing liquid pharmaceutical
preparations. In this study we focused on the theoretical ap-
plications of the cosolvency phenomenon.

The main aim of solubility data modelling is to provide a
mathematical equation to represent the experimental results.
By using these equations, it is possible 1) to report the data
as a few model parameter values rather than presenting in a
tabular form, 2) to screen the experimental data to detect the
possible outliers, 3) to explore basic mechanisms of the solu-
bility phenomenon and, finally, 4) to predict future results by
the model parameters calculated based on training data set.
In the pharmaceutical area, there has been considerable inter-
est in forming a mathematical representation of solubility
data in mixed solvents and several models have been pre-
sented over the past two decades.”® One of the most popu-
lar models for this purpose is the extended Hildebrand solu-
bility approach (EHSA), which was proposed by Martin and
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co-workers. This model is able to calculate solubility data of
drugs in water—cosolvent mixtures showing no peaks or a
single maximum.*” However, EHSA cannot predict drug
solubility in solvent mixtures displaying multiple solubility
peaks.®?

The aim of this paper is to propose a new extension of the
Hildebrand solubility approach for calculating solubility in
mixed solvents showing multiple peaks and to compare the
accuracy of the proposed model with that of previously pub-
lished models.

Theoretical Treatment The EHSA introduced an inter-
action term W to replace the product d,0, of the Hildebrand
equation®”;

Vo9 1(81+83-2W)

~nX,=~InX i+
2 2 RT

)]
where X, represents the mole fraction solubility of a drug in
mixed solvent, X 2‘ stands for the ideal solubility of the solute,
V, is the molar volume of the solute, ¢, denotes the volume
fraction of the solvent, R is the molar gas constant, T is the
absolute temperature, and &, and &, are the solubility para-
meters of the solvent and the solute. The term # is an adhe-
sion parameter which represents solute—solvent interactions
and is correlated by a power series of solubility parameters of
the mixed solvent®:

W=Py+P,8,+P,82+..+P,8" 2)

The solubility parameters of the mixed solvent (8,) are cal-
culated from:

8,=X /6, S

where 9, is the solubility parameter of the pure solvents and
/; is their volume fraction in the mixture.

Rearranging Eq. 1, In a,/4 can be also regressed against a
polynomial in §,, where « is the activity coefficient defined

as the ratio of the ideal to the experimental solubility (X4/X;),
. Vel .
and A4 is L;l Martin et al.®’ also showed that InX, can

be regressed on a polynomial in the volume fraction of the
cosolvent. This was discussed in more detail by Barzegar-

© 2000 Pharmaceutical Society of Japan
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Jalali and Jouyban-Gharamaleki.®

The extended Hildebrand method (Egs. 1 and 2) is not able
to reproduce two solubility peaks, the so-called chameleonic
effect. Bustamante and co-workers®” described this effect for
the first time in a quantitative way using partial solubility pa-
rameters related to Lewis acid—base interactions:

InX,=C,+C,8,+C,81+C;8,,+C,8,,+Cs0,,6,, )

where C;—C; are the model constants, and &, and 0, are
the acidic and basic partial solubility parameters which are
calculated from the volume fraction of the cosolvent as
shown in Eq. 3. Equation 4 predicts two solubility peaks as
found experimentally and explains the chameleonic effect in
terms of differences of Lewis acid-base interactions of the
solvent mixtures. Jouyban-Gharamaleki and Barzegar-
Jalali'” then proposed a computer optimised model to calcu-
late the solubility of solutes with two solubility peaks, using
ratios of partial solubility parameters.

With the EHSA, one can predict the solubility of com-
pounds showing multiple solubility maxima provided that
some modifications are made. For two binary systems with a
common solvent or for actual ternary systems, the &, values
in Eq. 2 are calculated by Eq. 5:

51 :.fa;al(solvem a) +/:)(Sl(s()lvem b)+fc§l(solvem c) (5)
where f,+f, +/,= 1. By substitution of f, with 1—f,—7. in Eq.
5:

61 :/;;6](501\'%1 a)+(1 _fa ‘fc) 6l(snlvem b) +fc6l(solvcm <) (6)

Rearrangements in this equation yield:

51 =.fz;61(so|\'en( a)+ 5l(solvcm b)_fasl(solvem b) 7fc§1(solv‘enl b) +fc61(solvenl c) (7)

61 = Sl(solvenl b) +fa(5!(solvem a)_ 5l(so]vem b))+fc( 61(solvem c)_ 51(so]vcm b)) (8)

Substitution of §, values from Eq. 8 into Eq. 2 yields:

W ' =PO+P] { 61(solvem b)+fa(61(snlvenl a) 5l(solvem b))+fc(61(sol\rem ¢)
- Sl(so]vent b))} +P2{ [5l(solvent b) +.f;( 61(solvcn| a)_ 6](solvcnt b))
2
+ﬁ(61(solve11l C}A 5!(501vem b))] } +.. (9)

Appropriate rearrangements in this equation, considering &,
values for pure solvents as constant figures and deleting f, f;
terms yield:

W =Lo+L fitLofit Ly f 2+ L2+ (10

in which W' stands for the interaction term and L,—L, are
the model constants. In all solvent mixtures which exhibited
multiple solubility peaks, the value of £, or f, is zero, thus all
terms containing f, f, are omitted from the equation. It should
be noted that for 4 component solvent mixtures, e.g. water—
ethanol, ethanol-ethyl acetate and ethyl acetate—hexane, the
corresponding W' equation includes the additional terms f;
(volume fraction of hexane) and /2.

The &, value is a characteristic of the solute, therefore
omitting &3 from Eq. 1 and assuming the values of ¢, to be
equal to 1,'" the experimental values of #’ can be calculated
by Eq. 11. It should be noted that the solute solubility para-
meter is considered in the constant term of Eq. 10, ie. L;
term.
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Fig. 1. DSC Profile of Oxolinic Acid, (—) Original Powder, Solid Phase
after Equilibration with 50% v/v Ethanol in Water (-----) and 50% v/v Ethyl
Acetate in Ethanol (---+)

The term W’ should not be confused with /. In the original
EHSA, W is an adhesion term for the solute—solvent interac-
tion whereas W' includes the adhesion term plus a cohesion
term, the square of the solubility parameter of the solute, 8.

To compare the accuracy of the models, percent mean
error, PME, was calculated using Eq. 12:

100 &
PME:[ N JE Xobserved

! 1 m

calculated __ y~ observed
sty

(12)

where N denotes the number of experimental data points in
each set. The average percent mean error (APME) was con-
sidered as an overall judgement criterion to compare the ac-
curacy of the models.

Materials and Methods

Oxolinic acid was purchased from Sigma. The solvents used were ethyl
acetate, ethanol (spectrophotometric grade, Panreac, Monplet and Esteban,
Barcelona, Spain) and double distilled water.

Solubility Measurements Scaled flasks containing an excess of powder
in the pure solvents and solvent mixtures were shaken at 25+0.1°C in a
temperature-controlled bath (Heto SH 02/100). The dissolution curves of
drug dissolved versus time were studied. When the saturation concentration
was attained, the solid phase was removed by filtration (Durapore mem-
branes, 0.2 um pore size). The drug did not significantly adsorb onto the
membranes. Separate experiments (sedimentation, centrifugation) gave simi-
lar results to those obtained from filtration. The clear solutions were diluted
with ethanol 96% v/v and assayed in a double beam spectrophotometer
(Bausch Lomb 2000). The densities of the solutions were determined at 25+
0.1°C in a 10 ml pycnometer. All the experimental results are the average of
at least three replicated experiments. The coefficient of variation
(CV=S8.D./meanx 100) is within 2% among replicated samples.

Differential Scanning Calorimetry The thermograms of oxolinic acid
were obtained with a differential scanning calorimeter (Mettler TA 4000).
The melting point and the heat of fusion were measured in triplicate. Sam-
ples of 5—6mg in perforated aluminium pans were heated at a rate of
5 °C/min under nitrogen purge. The temperature range studied was 30—350
degrees.

Thermograms of the solid phase after equilibration with the pure solvents
and several solvent mixture ratios were also obtained to detect possible
changes in the solid phase. The solvent excess was evaporated at room tem-
perature until it reached a constant weight.

Results and Discussion
The molar enthalpy of fusion of oxolinic acid was AH'=
166.7J/g, and the temperature of fusion is 7"=319.3°C.
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Neither decomposition nor polymorphic changes was ob-
served at the experimental temperature range. The thermo-
grams did not vary after equilibration of the solid phase with
the solvent systems (Fig. 1). Therefore, the presence of two
solubility peaks could not be related to thermal changes of
the solid phase and it can be attributed to the different hydro-
gen bonding ability of the two solvent mixtures.

The mole fraction solubilities of oxolinic acid at 25°C in
the two solvent mixtures which cover a large range of the sol-
ubility parameter scale, from 18 to 48 (MPa)"%, are listed in
Table 1. Figure 2 displays the experimental solubility (mole
fraction units) against the solubility parameter of the solvent
mixtures. Oxolinic acid shows chameleonic behavior, i.e. two
solubility peaks. The solubility of the drug increases from
100% water (0,=47.97 MPa'"?) to reach a maximum at 80%
v/v ethanol in water. Larger ethanol concentrations decrease
the solubility. Addition of ethyl acetate to ethanol lowers the
polarity of the solvent enhancing the solubility of oxolinic
acid to reach a second maximum at 30% v/v ethanol in ethyl
acetate (6,=20.9 MPa'?) which is higher than that found in
ethanol-water (§,=29.73 MPa'""%). A possible explanation for
the two solubility peaks is that the possibility of dimerisation
of the solute increases in less polar solvents. Therefore, we
have two different solubility parameters for the solute. The

Table 1. Experimental Solubility (Mole Fraction) of Oxolinic Acid in
Ethanol-Water and Ethyl Acetate—Ethanol at 25 °C*

S, S, i X,
% v/v Ethanol
0 4786 1371 6546  10785X107°
10 4573 1403 60.04 29211X107°
20 43.59 1436  54.62  53991x107°
30 4146 1469  49.19  74102X107°
40 3932 15.01  43.77  99686X107°
50 3719 1534 3835  12658%x107°
60 35.05 1567 3293  16336X107°
70 3292 1600 2751  20166X10°°
80 30.78 1632 22.09  20990%x107°
90 28.64  16.65 1667  16879X107°
100 26.51 16.98 1125  82357x107¢
% v/v Ethyl acetate
10 25.71 1636 1051  11781X107°
20 24.91 15.75 9.78  16534%107°
30 24.10  15.14 9.04  22560X107°
50 2250 13.91 7.57  34887X10°°
60 21,70 13.30 6.83  38134%x107°
70 2090 1268 6.10 415881073
90 1929  11.46 462  34276x107°
100 1849  10.84 3.89 245021073

a) &,; total solubility parameter of the solvent mixtures, &, and &,,; acidic and basic
partial solubility parameters, X,; the mole fraction solubility of the drug.
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solubility parameter comes from the Hildebrand solubility
approach, i.e. Eq. 1 with W=§,0,, and originally was devel-
oped for simple non-associated liquid mixtures. This ap-
proach has been applied for non-polar solids by assuming
these chemicals as supercooled liquids. The solute’s solubil-
ity parameters can be calculated using different methods in-
cluding solubility data.'? Although different methods for de-
termining the solute’s solubility parameter give slightly dif-
ferent results, this parameter has been applied in various
fields of pharmaceutical sciences such as solubility,'® drug
binding to plasma proteins'® and tablet technology.'” More
details of pharmaceutical applications of the solubility para-
meter were recently reviewed by Hancock ez al.'®

As for sulfonamides,*” the solubility curve is asymmetri-
cal, the solvent power of the less polar mixture being larger.
In contrast, the solubility peaks of paracetamol'” are of simi-
lar height in both mixtures. The location and height of the
peaks could be related to the polarity of the solute. The high-
est ratio at the solubility maximum in ethanol-water to
ethanol-ethyl acetate corresponds to paracetamol, which
shows a solubility parameter larger than that for sulfon-
amides.

The extended Hildebrand method is applied to the experi-
mental data of oxolinic acid (Eq. 2) and In X, is back calcu-
lated by Eq. 11. This method was not able to calculate the
two solubility peaks, as shown in Fig. 2. In contrast, the mod-
ification proposed in this work (Egs. 10 and 11) reproduces
these two peaks (Fig. 2). The statistical significance of the
curve-fit parameters (the L terms) was evaluated by using ¢-
test and all parameters were significant (p<<0.05).

0.00005

0.00004 |+

0.00003
X3
0.00002
0.00001
0.00000
18 24 30 36 42 48
d1
Fig. 2. Experimental Solubility (Mole Fraction) of Oxolinic Acid in

Ethanol-Water and Ethyl Acetate—Ethanol Mixtures at 25 °C
(®) Experimental solubility values. Calculated solubility values: (----) with Eq. 2,

(A) with Eq. 4 and (—) with Eq. 10.
Table 2. The Model Constants and Statistical Parameters for Eqs. 10 and 11

No.9 LOM LY L, LY LY 20 F PME¢ ND
1 341.896 595.283 —170.467 169.773 —7.540 1.000 344383 7.75 21
2 345.674 605.847 —174.145 142.195 -5 1.000 331830 9.23 24
3 336.890 590.174 —177.820 175.494 -8 1.000 276070 13.69 26
4 359.4063 581.178 —183.731 168.665 —17.780 1.000 105238 12.73 25
5 332.454 596.615 —181.959 182.067 9.649 1.000 304421 11.87 19

a) Numbers 1—S5 represent sulphanilamide,” sulphamethazine,” sulphamethoxypyridazine,* paracetamol'” and oxolinic acid dissolved in water-ethanol and ethanol-ethyl

acetate mixtures.

error which is calculated by Eq. 12, f) N is the number of data points in each data set.

b) The numerical values of the curve-fit parameters (L,—L,) were computed by fitting the experimental values of W’ using Eq. 10.
determination and 2= 1.000 means *>>0.999. d) F is the calculated value of F-test which was used to assess the significance of the correlation.

¢) 1 is the coefficient of
¢) PME is the percent mean
g) These parameters are not significant (p>0.05).
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Table 3. The Percent Mean Error (PME) and Average Percent Mean Error
(APME) Values for Different Models

No.* Eq.4 Eq. 10 EFE  CNIBS/R-K

1 8.39% 775  2.659 2.569

2 11297 923 7309 4.539

3 18.19”  13.69 2429 2479

4 12317 1273 8.929 5.329

5 11.81 11.87  8.05 1.03
APME 12.40 11.05  5.87 3.18

No. of constant terms 6 6 7 9

a) The key to the drugs is the same as Table 2.
employing the model constants taken from the references.
taken from the references.'®!*)

b) PME values are calculated by
8917 ¢) PME values are

In addition to the data of oxolinic acid, four solubility data
sets showing two maxima of different heights cited in the lit-
erature®”!? are fitted to Eqs. 10 and 11. The coefficients and
PME values obtained are shown in Table 2. In all cases, these
equations reproduce the two solubility peaks. As mentioned
in the theoretical section, one can use another version of the
proposed extension, i.e. Eq. 10, for correlating solute solubil-
ity in higher order multicomponent mixed solvents. In an
earlier paper, Escalera et al.¥) reported a wider solvent polar-
ity range using water—ethanol, ethanol-ethyl acetate and
ethyl acetate-hexane mixtures. This mixture provides a sol-
vent media covering the solubility parameter ranging from
14.9 to 47.8 MPa'”2. The corresponding equation for express-
ing the W' term for the solubility of sulphamethoxypyri-
dazine in the solvent mixture is:

W' =336.879+590.229f, — 177.772f.—283.945f,

+175.452f2—16.411f} (13)

#=1.000, F=189949, p<0.0005, PME=13.79, N=29

All the model constants in Eq. 13 are statistically significant
at p<<0.004.

Two theoretical cosolvency models for reproducing multi-
ple solubility maxima have been shown in recent papers.'®!?
Williams and Amidon® proposed an excess free energy
(EFE) approach to estimate solute solubility in ternary sol-
vent mixtures. This model was applied with modifications for
reproducing multiple solubility peaks in mixed solvents.'®
An extension of the combined nearly ideal binary solvent/
Redlich-Kister (CNIBS/R-K) was also employed to describe
the solubility profile of solvent mixtures showing two solu-
bility peaks.'”’ Table 3 summarises the PME values and the
number of constant terms of the models describing two solu-
bility maxima in solvent mixtures. The CNIBS/R-K model
produced the most accurate results. Our recent study showed
that this is also the most accurate model for calculating
solute solubility data in binary mixtures.’”

Vol. 48, No. 2

Whilst considering the number of constant terms, as
shown in Table 3, the more constant the terms the more accu-
rate the predictions. However, in terms of Eqs. 4 and 10 con-
taining an equal number of constant terms, the order of accu-
racy is Eq. 10>Eq. 4.

Although the original EHSA equation cannot reproduce
the solute solubility data in mixed solvents showing two
maxima (Fig. 1), the results show that the modified EHSA is
able to produce two solubility peaks. Of the theoretical mod-
els, EFE and CNIBS/R-K, produced the most accurate re-
sults, although the intercept is not significant statistically in
the case of oxolinic acid.
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The modified extended Hansen method was tested for the first time to determine partial solubility parame-
ters of non-polymeric pharmaceutical excipients. The method was formerly tested with drug molecules, and is
based upon a regression analysis of the logarithm of the mole fraction solubility of the solute against the partial
solubility parameters of a series of solvents of different chemical classes. Two monosaccharides and one disac-
charide (lactose monohydrate, saccharose and mannitol) were chosen. The solubility of these compounds was de-
termined in a series of solvents ranging from nonpolar to polar and covering a wide range of the solubility para-
meter scale. Sugars do not absorb at the UV-vis region, and the saturated solutions were assayed with a recent
chromatographic technique coupled to an evaporative light scattering detector. This technique was suitable to
determine the concentration dissolved in most solvents. The modified extended Hansen method provided better
results than the original approach. The best model was the four parameter equation, which includes the disper-
sion &, dipolar 6p, acidic §, and basic 8, partial solubility parameters. The partial solubility parameters ob-
tained, expressed as MPa'?, were §,=17.6, §,=28.7, §,=19, §,=14.5, §,=12.4, §,=32.8 for lactose, §,=16.2,
5p=24.5, 8,=14.6, 8,=8.7, §,=12.2, 6;=32.8 for mannitol and §,=17.1, 5p=18.5, 0,=13, 8,=11.3, §,=7.6,
0,=28.4 for saccharose. The high total solubility parameters &, obtained agree with the polar nature of the sug-
ars. The dispersion parameters J, are quite similar for the three sugars indicating that the polar é'p and hydro-
gen bonding parameters (8, J,, 8,) are responsible for the variation in the total solubility parameters &, ob-
tained, as also found for drugs. The results suggest that the method could be extended to determine the partial

solubility parameters of other non-polymeric pharmaceutical excipients.

Key words

Solubility parameters and other cohesion parameters pro-
vide a means to correlate and predict cohesive and adhesive
properties of materials from a knowledge of the properties of
their components.” Hansen determined the partial solubility
parameters of polymers, resins and plasticizers to predict
paint component affinities? but these parameters are un-
known for most pharmaceutical excipients. The knowledge
of cohesion parameters would help to predict drug-excipient
interactions and to allow selection of the most suitable excip-
ients for a drug. Hansen divided the Hildebrand solubility pa-
rameter’’ &, into partial solubility parameters J,, 5p, and &,,
related to van der Waals dispersion forces, Keesom dipole in-
teractions and hydrogen bonding, respectively.>¥ The partial
solubility parameters of solvents are found in the literature"
and the extended Hansen method was proposed for solid
drug molecules.”’ Hansen determined the cohesion parame-
ters of polymers and resins from semiquantitative solubility
measurements.” The usual procedure is to contact the poly-
mer or resin with a given amount of solvent and to examine
the solubility behavior using a qualitative scale (clear solu-
tion, almost soluble, strongly swollen, slight solubility,
swollen, little swelling and no visible effect). These data are
then plotted in a suitable manner and a region of solubility is
defined including the solvents dissolving the polymer. The
use of techniques based on quantitative solubility measure-
ments would provide more accurate values for the cohesion
parameters. The partial solubility parameters of sugars have
not been determined; only the values for lactose are

* To whom correspondence should be addressed.

lactose monohydrate; saccharose; mannitol; light scattering; partial solubility parameter

reported.®’ In earlier work, we modified the extended Hansen
method of Beerbower to determine the partial solubility pa-
rameters of drugs.”~” The modified method relates the loga-
rithm of the experimental mole fraction solubility of the drug
to the solubility parameters of the solvents, using the three-
and four-partial solubility parameter models. The modified
method improved the significance of the partial parameters
obtained in relation to those determined with the original ex-
tended Hansen method.

With the three parameter model, the logarithm of the ex-
perimental mole fraction solubility X, is regressed against the
partial solubility parameters of the solvents:

In X2:C0+Cl621d+C261d+c36%p+C461p+c55§h+c65|h (1)
In a similar fashion, the four parameter model is written:
In X2:Co+Cl6%d+c251d+C36%p+c451p+c55]a+C651b+C751361b 2

In Eqgs. 1 and 2, In X, replaces the original variable of the ex-
tended Hansen method, In ,/U, where «, is the activity co-
efficient defined as the ratio of the ideal to the experimental
mole fraction solubility, and U is related to the molar volume
of the drug and the volume fraction of the solute. In Eq. 2,
the hydrogen bonding parameter is divided into the acidic
and basic partial solubility parameters related to the proton
donor and proton acceptor capability.

The partial solubility parameters of solid drugs were cal-
culated from the regression coefficients of Egs. 1 and 2.
From Eq. 1:

© 2000 Pharmaceutical Society of Japan
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8,9=—(Cy2C)); 6,,=—(C,/2C;) and 8y =—(Cy2Cs) (3)
and from Eq. 2:
0,4=—(Cy2C)); 62p= —(Cy2Cy); 8,,=—(C4/C,) and §,,=—(C5/C;) (4)

The modified extended Hansen method (Eqgs. 1—4) is ap-
plied here for the first time to three pharmaceutical excipi-
ents, lactose, saccharose and mannitol. These saccharides are
widely used in pharmaceutical industry and drug formula-
tion. The partial solubility parameters of mannitol and sac-
charose are reported in this work for the first time. Since the
dispersion, dipolar and hydrogen bonding parameters of lac-
tose were obtained from a different experimental method®
these values serve to test the validity of the method used
here. In addition, the acidic and basic partial solubility para-
meters of lactose are obtained in this work for the first time.
The UV-vis spectrophotometric technique cannot be applied
to accurately determine the solubility of sugars because these
compounds do not present absorption peaks. An evaporative
light scattering detector (ELSD) was proposed for the analy-
sis of compounds that do not absorb UV radiation or do so at
inconvenient wavelengths where sensitivity is low.'">~'? This
is a quite recent technique and was used in this work.

Experimental

Materials Lactose monohydrate, mannitol and saccharose were kindly
provided by UPSA (France). p-Fructose (Fluka Biochemika) was used as in-
ternal standard for the assay. The solvents employed (spectrophotometric or
analytical grade, Table 1) include several chemical classes from nonpolar to
highly polar to cover a wide range of the solubility parameter scale.

Methods The water content of lactose, mannitol and saccharose was de-
termined in triplicate using the Karl Fischer rapid test as previously re-
ported.®’ The molar heats and temperatures of fusion were determined by
differential scanning calorimetry (Mettler TA 4000). The solubility experi-
ments were performed as follows. An excess of the sugar powders was
placed in contact with the solvents. The suspensions were shaken at 25+
0.2°C in a temperature-controlled bath (Heto SH 02/100, Germany) during
5-—6 days. After equilibrium solubility was achieved, the nondissolved solid
phase was removed by filtration (0.2 ym pore size membranes Nylaflo, Du-
rapore or Fluoropore). The saturation concentrations were determined by a
liquid chromatographic procedure associated with an evaporative light scat-
tering detector (see below). The densities of the solutions were measured in
10 ml-pycnometers. All the results are the average of at least three replicated
experiments. Weighted multiple regression analysis was performed with a
number cruncher statistical system (NCSS Software, Kayesville, UT,
U.S.A.). Residual analysis and the Cook distance were used to detect devia-
tions of individual cases from the overall regression. A smaller weight
(0.001) was assigned to the solvents that least fitted the models.

Liquid Chromatographic Procedure The liquid chromatograph (LC)
consisted of Waters 600E multisolvent delivery system and a Waters 717
plus autosampler (both from Milford, MA, U.S.A.). The measurements were
carried out on a gel column packed with a micro-particulate resin in the cal-
cium form (300X6.5 mm) from Waters and thermostated at 80 °C. The flow
rate of the mobile phase (distilled water) was 0.5 ml/min and the injection
volume 20 ul. The LC column was coupled to a Sedex 55 evaporative light
scattering detector (Sedere, Alfortville, France). Nebulization of the eluent
in the ELSD was provided by a stream of pressurized air at 2.5 bar with a
flow rate of approximately 4 /min. The nebulization was performed at room
temperature, and the nebulized solvent was evaporated at 40 °C. The detec-
tion output was interfaced to a computer using a Chrom—Card software
(Fisons Instruments, Milan, Italy) for data handling and chromatogram gen-
eration. Samples of water-miscible saturated solutions of lactose monohy-
drate, mannitol and saccharose were either diluted with distilled water or
evaporated to concentrate the solute. Samples of non-water-miscible satu-
rated solutions were directly evaporated and the residues were then diluted
in water. To avoid variations in the ELSD response over time, fructose was
used as an internal standard for all the sugars studied. The experimental
error of the solubility measurements of lactose, mannitol and saccharose
ranges between 0.2—7%, except for the solutions of lactose in propionic
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Fig. 1. Separation by Liquid Chromatography of Different Sugars De-
tected by Evaporative Light Scattering

1: saccharose, 2: lactose monohydrate, 3: fructose, 4: mannitol.

acid (23%) and in acetone (21.7%).

Results and Discussion

Evaporative Light Scattering Technique The detection
principle of ELSD is based on column effluent nebulization
into droplets which are carried by a nebulizing gas in an
evaporator tube and then directed towards a light beam.'>'¥
Light is scattered by residual particles of non-volatile mater-
ial and measured by a photomultiplier. Then, the signal in-
tensity is related to the mass of the analyte in the eluent.

Detector response linearity was determined by preparing
five calibration samples covering a 0.05—0.50 mg/ml con-
centration range. Each sample was injected in triplicate. Be-
cause ELSD gives a nonlinear response, a plot of the ratio
between the peak areas of the solute and the internal standard
versus the sample concentration in double logarithmic coor-
dinates was used,'?

logA=loga+blog C ®)

where A is the peak area ratio, C the concentration, and a and
b constants determined principally by the nature of the mo-
bile phase. Separation of the different sugars with the inter-
nal standard (fructose) was quite efficient as illustrated in
Fig. 1.

Solubility of Lactose, Mannitol and Saccharose as Re-
lated to the Total Solubility Parameter of the Solvents
The water content was 6.12%, 0.41% and 2.6% for lactose
monohydrate, mannitol and saccharose, respectively. The
ideal solubility was obtained from the molar heat and tem-
perature of fusion.” At a heating rate of 5°C/min, lactose
shows a dehydration peak at 141°C and then melts at
214.2°C. The heat of fusion is 98.48 kJ/mol. Chidavaenzi et
al."™ reported endothermic peaks for dehydration (152 °C)
and fusion (204 °C) at a heating rate of 20 °C/min. The tem-
peratures and heats of fusion are 166.6 °C and 50.5kJ/mol
for mannitol and 189.8 °C and 44.53 kJ/mol for saccharose.
The ideal solubilities X of mannitol (X;=1.6X107°) and
saccharose (X)=1.7%X107%) are very similar. The lowest
value corresponds to lactose (X3=2X10"*). This means that
the energy needed to liquefy the crystal to enter into the solu-
tion is larger for lactose than for the other two saccharides.
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Figures 2—4 show the logarithm of the solubility mole
fraction against the total solubility parameter 6, which
serves as a measure of the overall polarity of the solvents.
The plots illustrate in a qualitative way the polarity region
and the kind of solvents providing maximum solubility. Lac-
tose is much more soluble in strongly dipolar solvents of
high dielectric constant values (formamide and water) than in
alcohols and nonpolar solvents. The region of maximum sol-
ubility corresponds to large solubility parameter values (from
36 to 50 MPa'?), the highest solubility being observed in for-
mamide. Alcohols of low solubility parameter values are
poor solvents whereas lactose is quite soluble in glycols. The
solubility in basic solvents such as dioxane is similar to that
observed in acidic solvents and increases as the solubility pa-
rameter of the solvent becomes larger.

As for lactose, the maximum solubility of mannitol occurs
in the region corresponding to the highest solubility parame-
ter values (from 36 to 50 MPa'’%). The solubilities are larger
than for lactose in most of the solvents owing to the higher
ideal solubility of mannitol. Strongly dipolar solvents (form-
amide, N,N-dimethylformamide and water) with large solu-
bility parameter values are the best solvents for mannitol,
and the experimental solubilities are similar to those found
for lactose in these solvents.

The solubility of saccharose in propionic acid, diethyl
ether and in most of the nonpolar solvents was too low to be
detected by the method of assay. The structure of saccharose
which contains two closed rings is similar to that of lactose
and both sugars differ from the open structure of mannitol.
However, the solubility in formamide and in strongly dipolar
solvents is less than for the other two sugars. Among the sol-
vents tested, formamide, N,N-dimethylformamide and water
provide the maximum solubility. Glycols are better solvents
than alcohols, and the region of maximum solubility is lo-
cated at large polarity values (&, above 35 MPa'?). The solu-
bility plots against the total solubility parameter are scattered
(Figs. 2—4) because this single parameter does not differen-
tiate the several kinds of interactions (dispersion, polar, hy-
drogen bonding). Using a polynomial in the second degree
(theoretical curves of Figs. 2—4) the correlation of InJX,
against the total solubility parameter (J;) is poor (*#=0.73
for lactose and mannitol and *=0.68 for saccharose). This
justifies the use of partial solubility parameters in the models
used in this work (Egs. 1 and 2).

Partial Solubility Parameters of Lactose, Mannitol and
Saccharose The experimental logarithm of the mole frac-
tion solubility (Table 1) was fitted to Eqgs. 1 and 2. The values
of the partial solubility parameters used in the regression
analysis were previously published.® The original variable of
the extended Hansen approach was also tested using In o,/U
instead of InX, in Eqgs. 1 and 2. The activity coefficient ¢,
was obtained from the ratio of the ideal to the experimental
solubility mole fraction o, =X3X,. The term U was calcu-
lated from the volume fraction of the solvent ¢, and the
molar volume of the solute ¥,, U=V,¢7/RT where R is the
gas constant and T the absolute temperature. For lactose,
In o,/ U did not give good results; the signs of some of the re-
gression coefficients were not correct with either the three- or
the four parameter model; therefore, this variable is not in-
cluded in Table 1. The best results were obtained with the de-
pendent variable of the modified method, In X;, and the four
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Fig. 2. Experimental Log Mol Fraction Solubility of Lactose against the
Solubility Parameter of the Solvents
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Fig. 3. Experimental Log Mol Fraction Solubility of Mannitol against the
Solubility Parameter of the Solvents

O, nonpolar; A, bases; 0, acids; +, alcohols; X, glycols; *, water.
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Fig. 4. Experimental Log Mol Fraction Solubility of Saccharose against
the Solubility Parameter of the Solvents

O, nonpolar; A, bases; [, acids; +, alcohols; X, glycols; *, water.

parameter model (Eq. 2). The solvents that least fitted the
model were ethanol, methanol, 1,2 propanediol and ethyl ac-
etate. Water was included in the regression analysis because
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Table 1. Dependent Variables for Lactose, Mannitol and Saccharose
Solvents Lactose Mannitol Saccharose
InX, InX, In X,
Ethanol —11.6131 —9.0891 —16.4608
Chloroform b b - 168667
Methanol —9.4781 ~7.9205 —14.2283
Benzene —15.2384 b ~20.0631
Dioxane —10.4385 —9.6962 ~18.2647
Acetic acid —9.7587 —17.2356 —17.0504
Pentanol —9.8703 —8.80489 —18.0534
Cyclohexane —15.4443 b K
Ethylene dichloride b b b
1,2-Propanediol —6.7154 —6.5430 —12.3425
Formamide —3.6711 —5.1104 —11.1010
Ethylene glycol 9 —5.9881 —11.6191
Glycerol —5.4614 ° —12.8991
Octanol —8.8128 9 b
Ethyl acetate —14.2996 -9.73011 —17.0410
Heptane d b b
Chlorobenzene —12.2240 b b
Propionic acid —10.0713 b o
Diethyl ether —12.9426 —11.5626 b
Water —5.3507 —5.6732 —11.2876
Acetone —-10.8519 b b
Acetophenone 2 < K
N,N-Dimethyl —6.3961 —6.3834 —9.9817
formamide

a) In a;=InX}/In X, and U=V, ®?/RT. See Barra et al.” b) The concentration dis-
solved was not detectable by evaporative light scattering detection. ¢) A problem ap-
peared during the measurement, probably because of degradation of the sugar during
the drying of the saturated phase.

this solvent is located at the region of maximum solubility of
lactose and was compatible with the model. Water is usually
very influent for less polar solutes showing a high Cook dis-
tance and should not be included in these cases.®’ The three
parameter model also provided significant partial parameters
for lactose, but the number of incompatible solvents with the
model was larger, and the polar partial solubility parameter
obtained was too high (6,=37.25 MPa'?) to be realistic.

The parameters listed in Table 2 for lactose were obtained
with the four parameter model and are quite close to those
reported by Huu-Phuoc et al.? (8,,=19.6, 6,,=26.2, 8=
23.1, §,;=39.9 MPa'?) using a completely different method.
Instead of solubility measurements, these authors employed
chromatographic parameters obtained from gas-solid chro-
matography. The set of solvents was different from the one
used here. Highly polar solvents (glycols and water) were not
employed, and the acidic and basic partial solubility parame-
ters of lactose were not determined. Examination of the para-
meters obtained in the present study shows that lactose is
very polar (high 6, value) which agrees with the large num-
ber of polar groups of the molecule. The Lewis acid ability is
somewhat larger than the Lewis base properties (J,, is about
two units higher than 6,,). The dispersion partial solubility
parameter is like the values determined for drug molecules.
Therefore, the large values of the dipolar and hydrogen bond-
ing parameters are responsible for the high total solubility
parameter obtained.

As for lactose, the four parameter model associated with
the dependent variable In X, (Eq. 2) provided the best results
for mannitol. The solvents that least fitted the model were
pentanol, ethylene glycol and ethylene dichloride. The partial
solubility parameters obtained are listed in Table 2. Water
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Table 2. Partial Solubility Parameters (MPa'’?) of Lactose, Mannitol and
Saccharose with In X, as the Dependent Variable.”

Dependent

by 2
variable, In X, % % O %, 3, o 7
Lactose 17.57 28.67 18.99 1450 1243 38.61 0.96
Mannitol 16.15 2453 14.56 871 12.18 3278 0.99
Saccharose 17.09 1852 13.05 1126 7.57 2838 0.99

a) The total and partial solubility parameters of the solvents used in the regression
analysis are found in Bustamante ef al. (1998a).Y The parameters were obtained with
Egs. 2 and 4. The standard errors of the regression are: lactose, S.D.=0.77, mannitol,
S.D.=0.25 and saccharose, S.D.=0.21. &) Calculated from §;=26,6,,.

was compatible with the overall regression. Mannitol has
high 8,,, &,, and 6,; values although they are lower than for
lactose. The dispersion partial parameters of lactose and
mannitol are very similar, as expected.

The variable In /U was not calculated for saccharose.
This compound decomposed near fusion and accurate heats
of fusion could not be determined. As for lactose and manni-
tol, the four parameter model associated with the dependent
variable InX, provided the best results, with significant re-
gression coefficients. Ethanol and 1-pentanol were the sol-
vents that least fitted the model.

As observed in Table 2, the dispersion partial solubility
parameter is similar for the three compounds studied. Lac-
tose, mannitol and saccharose are quite polar showing high
dipolar and total solubility parameters. The two cyclic sug-
ars, lactose and saccharose are better Lewis acids (6,,>0,,)
whereas mannitol, with an open structure, is a better Lewis
base (5,,<0,,) against the solvents used. The ratio 8,/9, of
the three sugars increases from mannitol (0.72) to lactose
(1.17) and saccharose (1.49). The three compounds have a
high overall hydrogen bonding capability, showing &, values
above 13 MPa'”.

The results show that the modified extended Hansen
method can be applied to obtain partial solubility parameters
of sugars. The parameters determined for lactose are close to
those obtained by Huu-Phuoc® using another technique and a
different set of solvents. The modified extended Hansen
method has been applied for the first time to pharmaceutical
excipients and the most suitable model was the four parame-
ter equation, as earlier found for drug molecules.” * The
partial solubility parameters obtained for lactose, mannitol
and saccharose provide a quantitative measure of their ability
to interact through dispersion, dipolar and hydrogen bonding
with other excipients and drugs. The large values of the dipo-
lar and hydrogen bonding parameters agree with the highly
polar nature of these excipients, being larger than those pre-
viously found for semipolar drugs. The values of §, and §,
are also large, indicating the ability of the sugars to interact
through both Lewis acid and Lewis base interactions. There-
fore, the interaction of the excipients studied will be larger
either with acidic or basic drugs showing high &, values. The
partial solubility parameters very much improve the fit of
solubility when compared with the results obtained with a
single parameter (J;). According to the #* values shown in
Table 2, more than 96% of the solubility change is accounted
for by the model (Eq. 4). With a single parameter, only 68—
70% of the variance is explained, resulting in scattered plots
(Figs. 2—4). The evaporative light scattering technique of
assay provided good results with most solvents and was suit-
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able to accurately measure the solubility of sugars in individ-
ual solvents. The results suggest that the modified extended
Hansen method could be applied to determine partial solubil-
ity parameters of other non-polymeric pharmaceutical excipi-
ents, provided that an accurate method to measure the experi-
mental solubility is available.
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Various compounds were synthesized by combining three components at positions P, P,. and P,.. Of these,
N-(trans-4-aminomethylcyclohexanecarbonyl)-Tyr(O-2-bromobenzyloxycarbonyl)-octylamide inhibited plasmin
selectively with IC,, values of 0.80 and 0.23 um towards S-2251 and fibrin, respectively. This compound also in-
hibited plasma kallikrein, urokinase, thrombin and trypsin with IC,; values of 10, >50, >50 and 1.6 im, respec-

tively.

Key words
2-BrZ)-octylamide

It is well known that proteinases and their natural in-
hibitors regulate biological functions cooperatively to main-
tain homeostasis, while any imbalance between proteinases
and their natural inhibitors can cause serious disorders.>?
With regard to plasmin (PL), @,-macroglobulin (o,,-M)* and
,-plasmin inhibitor (¢,-PI)” are known as endogenous in-
hibitors. It is also well known that o,-PI consists of two
parts: one part binds to the active site (catalytic site) of
PL and another to the lysine binding site (LBS) of PL. An
imbalance between PL and its natural inhibitors causes a
serious syndrome, such as hyperfibrinolysis.*~® At present,
g-aminocaproic acid” and trans-4-aminomethylcyclohexa-
necarboxylic acid (trans-AMCHA)'” are used clinically as
PL inhibitors. These inhibitors show fairly potent inhibition
of fibrinolysis by PL with an ICy, value of 60 um, but poor
inhibition of the amidolysis of small peptide substrates and
fibrinogenolysis by PL. This is because these inhibitors act
on PL by blocking the LBS of an enzyme, which is not the
catalytic site.'"

With the objectives of obtaining a powerful new tool to
study the role of PL and developing novel types of clinical
therapy, we focused our attention on the synthesis of potent
active center-directed PL inhibitors. Previously, we reported
the development of active center-directed inhibitors of
PL'2!3 and studies of their structure—inhibitory activity rela-
tionship.'"” Our inhibitors consist of three parts, P,, P,. and
P, and their structure-activity relationship is summarized

plasmin inhibitor; selectivity; structure—activity relationship; N-(trans-4-aminomethylcyclohexanecarbonyl)-Tyr(O-

in Table 1.

As shown in Table 1, compound I inhibits plasma kal-
likrein (PK) specifically, compound II inhibits both PL and
PK, and compound III inhibits PL specifically. These results,
showed that we could design enzyme-selective inhibitors by
combining various kinds of substituents at positions P, P,
and P,..

Bearing in mind the above results, we designed and syn-
thesized a series of plasmin-selective inhibitors and this re-
port deals with these PL inhibitors and their structure—activ-
ity relationship.

Tyr(O-2-BrZ) was selected as the P,. substituent, since it is
known that this residue can increase the affinity for some part
of the active center of trypsin-like proteinases.'¥ As the P,
substituent, we chose 6-aminohexanoic acid or trans-4-
aminomethylcyclohexanecarboxylic acid.

First of all, alkyl amines with various chain lengths were
used as the P, substituent. As illustrated in Chart 1, Boc-
Tyr(0-2-BrZ)-OH was coupled with alkylamine to give Boc-
Tyr(O-2-BrZ)-NH-R (R: n-pentyl, n-hexyl, n-heptyl, n-octyl,
n-nonyl, 3-methylbutyl, 1,1-dimethylpropyl). After removal
of Boc with HCl-dioxane, the resulting amine was coupled
with Boc-EACA-OH or Boc-Tra-OH to give Boc-EACA- or
Boc-Tra-Tyr(0O-2-BrZ)-NH-R, which were treated with 6N
HCl—dioxane to give compounds 1—14. Their inhibitory ac-
tivities against a series of enzymes are summarized in Table
2. As the P, substituent, the Tra group is more suitable than

Table 1. 1Cs, Values (um) of Compounds I—III for PL and PK
PL PK
Compound P, P, P,
$-2251 $-2302
I HZNHZC—OMCO Phe HNX_)-CH,COOH 630 13
Br.
Il HNH,C_ YnCO Tyr(O—COZCHZ—O) HNX_)-COCH, 0.23 0.37

Br.
1 HNH,C< JmCO Tyr(O-COZCHZO)

>100 (30%)”

OHZCQ 42

a) Value in parenthesis are % inhibition at the concentration described (um).

* To whom correspondence should be addressed.

© 2000 Pharmaceutical Society of Japan
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NH,R HCl/dioxane
Boc-Tyr(0O-2-BrZ)-OH ———— Boc-Tyr(0O-2-BrZ)-NH-R H-Tyr(O-Z-BrZ)—NH-R
1) Boc-Tra-OH
2) HCl/dioxane
HCI - H-Tra-Tyr(O-2-BrZ)-NH-R (1-7)
HCl * H-EACA-Tyr(0-2-BrZ)-NH-R  (8-14)
1) Boc-EACA-OH
2) HCl/dioxane
1, 8; R, NH-(CH,),CH, 2,9; R, NH-(CH,);CH, 3,10; R, NH-(CH,),CH, 4, 11; R, NH~(CH,),CH,
CH, CH,
5,12; R, NH-(CH),CH, 6, 13; R, NH-(CH,,CH_ 7, 14; R, NH-CH,CH,
CH, CH,
Chart 1. Synthetic Scheme for Compounds 1—14
Table 2. 1C,, Values (um) of Compounds 1—14 for Various Enzymes
Peptide PL PK UK TH TRY
D P, P, P,
§-2251  Fn  S-2302 S-2444 S-2238 Fg  S-2238
Br
1 NH,-(CH,)s-CO Tyr(O-COZCHz-Q) NH-(CH,),-CH;, 10 1.3 110 >250 140 >100 85
Br:
2 NH,-(CH,);-CO Tyr(0O-CO,CH, ) NH-(CH,);-CH, 13 2.7 58 >250 >50 >50 80
Br
3 NH,-(CH,);-CO Tyr(O-COzCHZQ) NH-(CH,),-CH, 11 33 60 >500 >50 >50 >75
Br
4 NH,-(CH,)s-CO Tyr(O—COZCHZO) NH-(CH,);-CH,4 70 1.8 75 >250 >50 >25 >150
Br
5 NH,-(CH,);-CO Tyr(O-COZCHz©) NH-(CH,);-CH, 83 13 200 >10 100 >10 >150
Br CH
6 NH,-(CH,);-CO Tyr(O-CO,CH, ) NH{CHz)Z—CH<CH3 62 12 91 >250 200  >100 68
Br CH, 3
7 NH,-(CH,)s-CO Tyr(O-COZCH2©) NH~C:»—CHZ—CH3 85 19 170 >250 230  >250 >150
Br CH3
8 HZNH2C—<:>""CO Tyr(O-CO,CH, ) NH-(CH,),~CH, 1.1 01 88  >300 150  >100 33
Br
9 H2NH2CO""CO Tyr(0-CO,CH, ) NH-(CH,);-CH, 12 038 9.0 >50 >50 >25 14
Br
10 HZNHZCOHHCO Tyr(O-COZCHZQ) NH-(CH,),-CH, 1.1 043 10 >50 >50 >25 59
Br
11 HZNHZCO""CO Tyr(0-CO,CH, ) NH-(CH,),;-CH,4 08 023 16 >50 >50 >25 1.6
Br
12 HZNHZCO"NCO Tyr(O-CO,CH, ) NH-(CH,),-CH; 05 0.10 22 >10 100 >10 1.9
Br CH
13 HZNHzC—OH"CO Tyr(O-COZCHZQ) NH-(CH,),~CH{ } 046 0.056 2.1 260 70 >100 1.4
Br ClHa CH,
14 HZNHZCO"HCO Tyr(O-CO,CH, ) NH~(F~CH2£H3 13 1.7 69 >200 160  >100 23
CH,

the EACA group as far as potent inhibitory activity is con-
cerned, while the EACA group increased the difference in in-
hibitory activity between PL and the other enzymes exam-
ined so far. As far as the P, substituent is concerned, increas-
ing the chain length resulted in increased inhibitory activity
against PL and reduced inhibitory activity against PK. Com-
pounds 11, 12 inhibited PL potently and selectively. Previ-
ously, it was reported that 6-amidino-2-naphthyl p-guanidi-
nobenzoate dimethanesulfonate (FUT-175) inhibited PL, PK
and thrombin (TH) with IC,, values of 0.12, 1.9 and 3.9 um

(substrate: N%tosylarginine methyl ester, TAME), respec-
tively.'® Our compounds contain an amide bond, while FUT-
175 contains an ester structure and our compounds exhibited
much weaker inhibition of TH compared with FUT-175.
Since compound II in Table 1 inhibited both PL and PK
potently, the 4-acetyl group at the P, position was exchanged
for alkyl groups of various chain lengths. As summarized in
Table 3, the inhibitory activity of compounds 15—18 was
less than that of compounds 19—22. Compound 19—22 ex-
hibited similar inhibitory activity against PL and trypsin
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Table 3. ICs, Values (™) of Compounds 15—22 for Various Enzymes
. PL PK UK TH TRY
Peptide
e P, P, P,
$2251  Fn  S2302 S-2444 S2238 Fg  S-2238
Br.
15  NH,(CH,)-CO Tyr(O-CO,CH,4 /) NH-(CH,),-CH, 92 20 19 >50 9%  >20 1.9
Br-
16 NH,(CH,);-CO Ty(O-COCH,Y ) NH{ J(CH)-CH, 90 23 39 20 >25  >10  >10
Br:
17 NH,-(CH,)-CO Tyr(O-COECHZ‘@) NH{ J(CH)CH, 90 47 58 >25 60 >10 >75
Br:
18 NH,-(CH,)sCO Tyr(O-COZCHZD) r~1}1<j>(01-12)5-CH3 60 35 52 >40  >20  >10 >150
Br:
19 HZNH2C-<:>'“CO TYHO-COCH,_)) NH{ )CH-CH, 063 0098 071  >50 89 >10 0.52
Br:
20 H2NH2C-<:>'HCO Tyr(O-CO,CH, 4 ) NH@-(CHZ)3-CH3 079 0090 1.0 >25  >25  >10 027
Br.
2 H2NH2COHICO Tyr(O—COZCHZO) NHQ M(CH)CH, 057 0070 17  >50  >50 >20 033
Br
2 HZNHZC-OHICO Tyr(O-COZCHZG) NH@-(CHZ)S-CHJ 049 024 79 >40  >20  >10 14
Table 4. 1C,, Values (um) of Compounds 23—26 for Various Enzymes
Peptide ) ) ) PL PK UK TH TRY
1 1 2'
1D S2251 Fn  $-2302 S-2444 S$-2238 Fg  $-2238
Br —
23 HZNHZC—OMHCO Tyr(O-COZCHZ-G) NHE N 098 017 029 19 o1 >100 074
Br. —
2 HNHCL Yo Tyr(O-COZCH2©) NHCHA N 53 14 14 72 240 >200 49
N
25 H2NH2C~<:>HHCO Tyr(0-CO,CH, @) NH-(CHZ)ZO 15 052 12 78 310 >200 43
26 HQNHZC—ONHCO Tyr(0-CO CHZ-@) NH-(CH2)2© L1 030 70 >0  >50  >50 3.0
Table 5. ICg, Values (um) of Compounds 27—34 for Various Enzymes
Peptide PL PK UK TH TRY
h P, P, P,
$2251 Fn $2302 $2444 S$2238 Fg S$-2238
27 NH-(CH,)sCO  Tyr(O- COZCHZQ) H,NH,C<_ ) COOCH, 9.0 6.1 56 >50 >100 >100 90
28 NHy(CH,)»-CO  Tyr(0-CO CHZG) 1{21\1}12c-<:>mCOO(CHZ)SCH3 18 43 >200 >100 >200 >10 >150
29 NH-(CH)»CO  Tyr(O-CO,CH, @) HNH,C< mCOOCH)CH, 24 39 >200 >100 >50 >10 >150
30 NH,(CH,)-CO  Tyr(O- COZCH2 ) H,NH,CX_ ) COO(CH,),CH, >100 50 400 >100 >100 >10 >150
Br
31 HNH,CK YnCO Ty0-CO.CH,{_)  HNH,CX )i COOCH, 10 078 15 >10 >10 >20 0.0
Br
2 HNH,CX e Tyr0-CO,CH, <)) HNH,CX JwCOO(CH)CH, 15 040 40 >50  >50 >10 45
Br
33 HNHC yweo Tyr(O-COZCHZ-G) HNH,C< YCOOCH)CH, 14 042 37 >50 >50 >10 10
Br
34 HNH,CX )mCO Ty0-COCH,{_)) HNHC{ )mCOOCH)CH, 25 056 45 >50 >50 >10 27
(TRY). The longer the chain length, the weaker the inhibition than that of PL.

of PK, although the differences were not very marked.

Next, methylene groups were inserted between NH and the
aromatic ring of the P,, moiety. As summarized in Table 4,
compound 23 inhibited both PL and PK potently, while inser-
tion of methylene groups reduced the inhibition of PK more

Finally, as the P,, moiety, trans-4-aminomethylcyclohexa-
necarboxylic acid alkyl esters of various chain lengths were
used because we believed that the bulkiness of the cleft and
stereogeometry of the active site of PL and PK were quite
different. Compounds 27—34 were prepared and their in-
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hibitory activities are summarized in Table 5. The inhibitory
activity against PL is more potent than against PK, presum-
ably due to the bulkiness of the P, moiety.

In conclusion, it was found that the cleft of the active cen-
ter of PL is larger than that of PK and other enzymes and that
the compound 11 interacts with the active center of PL, as
shown in Fig. 1. For the further study of PL selective in-
hibitors, the compound 11 was selected as the lead com-
pound.

Experimental

Melting points were determined on a Yanagimoto micro-melting point
apparatus without correction. Optical rotations were measured with an auto-
matic polarimeter, model DIP-360 (Japan Spectroscopic Co.). On TLC
(Kieselgel G. Merck), Rf", Rf?, Rf*, Rf* and Rf® values refer to the systems
of CHCl;, MeOH and AcOH (90:8:2); CHCl;, MeOH and H,0
(89:10:1); CHCl,, MeOH and H,0 (8:3: 1, lower phase); n-BuOH, AcOH
and H,0 (4:1:5, upper phase) and n-BuOH, AcOH, pyridine and H,0
(4:1:1:2), respectively.

General Procedure for Synthesis of Boc-Tyr(0-2-BrZ)-NH-X [X: n-
pentyl, n-hexyl, n-heptyl, n-octyl, n-nonyl, 3-methylbutyl, 1,1-dimethyl-
propyl] A mixed anhydride of Boc-Tyr(O-2-BrZ)-OH [prepared routinely
from Boc-Tyr(O-2-BrZ)-OH (1.5g, 3.0mmol), isobutyl chloroformate
(0.45ml, 3.0 mmol) and Et;N (0.45 ml, 3.0 mmol)] in tetrahydrofuran (THE,
15 ml) was added to a solution of NH,X (X: n-pentyl, n-hexyl, n-heptyl, n-
octyl, n-nonyl, 3-methylbutyl, 1,1-dimethylpropyl) (3.3 mmol) in THF
(10ml). The reaction mixture was stirred at 4 °C overnight. After removal of
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Fig. 1. Schematic Representation of Interaction of Tra-Tyr(O-2-BrZ)-
octylamide (11) with Plasmin

o o
Y
o

HN
o}

w
=

.

187

the solvent, the residue was extracted with AcOEt. The extract was washed
with 10% citric acid, 5% Na,CO; and water, dried over Na,SO, and evapo-
rated to dryness. Ether was added to the residue to afford crystals, which
were collected by filtration. The yield, mp, [¢]% values, elemental analysis
and Rf values are summarized in Table 6.

General Procedure for Synthesis of Boc-EACA-Tyr(0-2-BrZ)-NH-X
[X: n-pentyl, n-hexyl, n-heptyl, n-octyl, n-nonyl, 3-methylbutyl, 1,1-di-
methylpropyl] A mixed anhydride of Boc-EACA-OH [prepared routinely
from Boc-EACA-OH (221 mg, 0.89 mmol), isobutyl chloroformate (0.13 ml,
0.89 mmol) and Et;N (0.12ml, 0.89 mmol)] in THF (15ml) was added to a
solution of H-Tyr(O-2-BrZ)-NH-X-HCI [X: n-pentyl, n-hexyl, n-heptyl, n-
octyl, n-nonyl, 3-methylbutyl, 1,1-dimethylpropyl; prepared routinely from
Boc-Tyr(0-2-BrZ)-NH-X (0.89 mmol) and 7.2N HCl-dioxane (2.0ml,
14.4mmol)] in DMF (30ml) containing Et;N (0.15ml, 1.1 mmol) at 0°C.
The reaction mixture was stirred at 4 °C overnight. After removal of the sol-
vent, ether was added to the residue to afford crystals, which were collected
by filtration and washed with water. The yield, mp, [0(]12)5 values, elemental
analysis and Rf values are summarized in Table 7.

General Procedure for Synthesis of H-EACA-Tyr(O-2-BrZ)-NH-
X+ HCl (1—7) [X: n-pentyl, n-hexyl, n-heptyl, n-octyl, n-nonyl, 3-
methylbutyl, 1,1-dimethylpropyl] Boc-EACA-Tyr(O-2-BrZ)-NH-X [X:
n-pentyl, n-hexyl, n-heptyl, n-octyl, n-nonyl, 3-methylbutyl, 1,1-dimethyl-
propyl; (0.2 mmol)] was dissolved in 5.4 N HCl-dioxane (0.5 ml, 2.7 mmol)
at 0°C and the reaction mixture was stirred at the same temperature for
5min. After addition of dioxane (0.2 ml), the reaction mixture was stirred at
room temperature for 90 min. After removal of the solvent, dry ether was
added to the residue to afford a precipitate. The yield, mp, [@]¥ values, ele-
mental analysis and Rf values are summarized in Table 8.

General Procedure for Synthesis of Boc-Tra-Tyr(0-2-BrZ)-NH-X [X:
n-pentyl, n-hexyl, n-heptyl, n-octyl, n-nonyl, 3-methylbutyl, 1,1-di-
methylpropyl] A mixed anhydride of Boc-Tra-OH [prepared routinely
from Boc-Tra-OH (245 mg, 0.89 mmol), isobutyl chloroformate (0.13 ml,
0.89 mmol) and Et;N (0.12ml, 0.89 mmol)] in THF (15ml) was added to a
solution of H-Tyr(O-2-BrZ)-NH-X-HCI [X: n-pentyl, n-hexyl, n-heptyl, n-
octyl, n-nonyl, 3-methylbutyl, 1,1-dimethylpropyl; prepared routinely from
Boc-Tyr(0-2-BrZ)-NH-X (0.89 mmol) and 7.2n HCl-dioxane (2.0ml,
14.4mmol)] in DMF (20ml) containing Et;N (0.15ml, 1.1 mmol) at 0°C
and the reaction mixture was stirred at 4 °C overnight. After removal of the
solvent, ether was added to the residue to afford crystals, which were col-
lected by filtration and washed with water. The yield, mp, [@]% values, ele-
mental analysis and Rf values are summarized in Table 9.

General Procedure for Synthesis of H-Tra-Tyr(0-2-BrZ)-NH-X-HCI
(8—14) [X: n-pentyl, n-hexyl, n-heptyl, n-octyl, n-nonyl, 3-methylbutyl,
1,1-dimethylpropyl] Boc-Tra-Tyr(O-2-BrZ)-NH-X [X: n-pentyl, n-hexyl,
n-heptyl, n-octyl, n-nonyl, 3-methylbutyl, 1,1-dimethylpropyl; (0.14 mmol)]
was dissolved in 5.4 N HCl-dioxane (0.5 ml, 2.7 mmol) at 0 °C and the reac-
tion mixture was stirred at the same temperature for 5 min. After addition of
dioxane (0.2 ml), the reaction mixture was stirred at room temperature for
90 min. After removal of the solvent, dry ether was added to the residue to
afford a precipitate. The yield, mp, [@]¥ values, elemental analysis and Rf

Table 6. Yield, Melting Point, Optical Rotation , Elemental Analysis and Rf Value of Boc-Tyr(O-2-BrZ)-NH-X

Elemental analysis

- Yield mp (o] Formula Calcd (Found) TLe
(%) O (CHCIy)

C H N R

n-Pentyl 83 117—118 +24 C,HyBIN,0, 5754 6.27 4.97 0.80
(c=1.0) (57.45 6.32 4.98)

n-Hexyl 82 117119 +2.9 C,eHyBN,0, 58.23 6.47 485 0.78
(c=1.0) (58.17 6.30 4.83)

n-Heptyl 7 118—121 +32 C,sH3oBIN,O; 58.87 6.66 4m 0.78
(c=1.0) (58.83 6.64 4.76)

n-Octyl 78 113118 +3.05 CyoH, BIN,O, 59.30 6.82 4.61 0.88
(c=1.0) (59.39 6.99 4.70)

n-Nonyl 7 103—105 +4.0 Cy,H,;BrN,0, 60.09 6.99 4.52 0.6
(c=1.0) (59.89 7.10 4.50)

3-Methylbuty] 88 134—136 +23 C,HyBIN,0, 57.54 6.27 4.97 0.81
(c=1.0) (57.81 6.21 5.02)

1,1-Dimethylpropyl 83 7476 +2.1 C,7H;sBIN,0, 57.54 6.27 4.97 0.80
(c=1.0) (57.26 6.12 4.96)
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Table 7. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Value of Boc-EACA-Tyr(O-2-BrZ)-NH-X

Elemental analysis

X Yield mp [o]B Formula Calcd (Found) TLC
(%) °C) (CHCLy)
C H N Rf!
n-Pentyl 87 113—115 +1.5 Cy3H,4BrN;0, 58.57 6.87 6.21 0.65
(c=1.0? (58.33 6.85 6.14)
n-Hexyl 84 105—107 —0.5 C,,H,gBrN;O, 59.12 7.02 6.08 0.70
(c=1.0) (59.04 7.01 5.92)
n-Heptyl 80 120—122 -1.0 Cy5H;,BrN;0O, 59.65 717 5.96 0.71
(c=1.0) (59.53 7.21 5.84)
n-Octyl 84 128—131 —0.6 C,Hy,BIN;O, 60.15 731 5.84 0.80
(c=1.0) (59.91 7.34 5.73)
n-Nonyl 67 124—126 =51 C4,H,,BrN;0, 60.64 7.42 5.73 0.85
(c=1.0y» (60.38 7.50 5.74)
3-Methylbutyl 92 97—99 +15 Cy3H, BN O, 58.57 6.87 621 0.72
(c=1.0)? (58.36 6.85 6.08)
1,1-Dimethylpropy! 65 Amorphous -1.7 Cy3H,BrN;O, 58.57 6.87 6.21 0.75
(c=1.0)" (58.68 7.15 6.13)
a) MeOH, b) DMF.
Table 8. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Values of H-EACA-Tyr(O-2-BrZ)-NH-X-HCI (1—7)
Elemental analysis
: . 25 TLC
X Peptide Yield mp [a]5 Formula Calcd (Found)
ID (%) (°C) (MeOH)
C H N Rf! Rf?
n-Pentyl 1 96 139—143 +8.3 C,sH3sBrN, Oy 54.07 6.48 6.75 0.20 0.67
(c=1.0) HCI-0.5H,0 (5425 692  748)
n-Hexyl 2 87 175—177 +52 CyHyBIN; Oy 54.76 6.66 6.61 0.35
(c=1.0) HCI-0.5H,0 (54.86 6.68 6.79)
n-Heptyl 3 93 178—181 +6.2 C;H,,BrN;O;- 55.43 6.67 6.46 0.32
(c=1.0) HCI-0.5H,0 (55.53 6.87 6.49)
n-Octyl 4 88 162—165 +7.9 C;HyBrN,O;- 56.83 6.92 6.41 0.35
(c=1.0) HCl (5707 719 649)
n-Nonyl 5 87 174—176 +6.9 C;,H BN, O;- 56.67 7.13 6.19 0.40
(c=1.0) HCI-0.5H,0 (56.60 7.21 6.38)
3-Methylbutyl 6 74 123—127 +83 C,gHagBIN,O;- 5407 648 675 032
(c=1.0) HCI-0.5H,0 (53.53 6.83 7.28)
1,1-Dimethylpropyl 7 56 Amorphous +7.5 C,gH1sBrN;O;- 51.81 6.67 6.47 0.32
(c=1.0) HCI-2H,0 (52.13 713 7.08)
Table 9. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Values of Boc-Tra-Tyr(O-2-BrZ)-NH-X
Elemental analysis TLC
X Yield mp [ Formula Caled (Found)
(%) (§®) (DMF)
C H N R Rf?
n-Pentyl 58 202.5—205 -94 C;5H6BrN;0, 59.82 6.88 5.98 0.60 0.70
(c=1.0) (59.52 7.03 5.89)
n-Hexyl 81 199—200 —8.3 CyHsBrN;0, 60.32 7.05 5.86 0.71
(c=1.0) (60.14 7.01 5.75)
n-Heptyl 62 180—182 =23 C,,H4,BrN;0, 60.81 7.19 5.75 0.78
(c=1.0)% (60.65 7.22 5.70)
n-Octyl 65 177—181 —-8.4 CyHg,BrN,0O, 61.27 7.32 5.64 0.70
(c=1.0) (61.28 7.47 5.61)
n-Nonyl 77 189—191 -89 C3H,(BrN;0, 61.73 7.43 5.53 0.87
(c=1.0) (61.66 7.77 5.51)
3-Methylbutyl 84 186—188 —8.8 C;sH3BrN;0, 59.81 6.90 5.98 0.76
(c=1.0) (59.83 7.06 5.97)
1,1-Dimethylpropyl 84 89—92 -8.2 C,5H;9BrN,0, 59.81 6.90 5.98 0.72
(c=1.0» (59.74 6.74 5.87)

a) CHCl,, b) MeOH.
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Table 10. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Values of H-Tra-Tyr(O-2-BrZ)-NH-X-HCl (8—14)

Elemental analysis

< Peptide  Yield mp [0]Z Formula Caled (Found) TLC
ID (%) (°C) (MeOH)
C H N Rf*  RFY RS
n-Pentyl 8 98 200—204 +0.4 CyoHyoBrN;Os- 54.84 6.59 6.39 030 0.27
(c=0.9) HCI-H,0 (54.67 6.28 6.41)
n-Hexyl 9 95 207—209 +1.8 C; H,BrN,O;- 56.23 6.70 6.35 0.42
(c=1.0) HCI-0.5H,0 (56.19 6.58 6.29)
n-Heptyl 10 87 218220 +6.4 C;,H,, BN, Oy 56.85 6.71 6.22 0.38
(c=1.0) HCI-0.5H,0 (56.90 6.87 6.25)
n-Octyl 11 90 210—212 +0.7 C,,H,(BIN,O5: 5743 701 609 033
(c=1.0) HCI-0.5H,0 (57.25 6.91 6.21)
n-Nonyl 12 93 208—210 +3.0 C,H,sBIN;O, - 5799 715 596 043
(c=1.0) HCI-0.5H,0 (5785  7.05  595)
3-Methylbutyl 13 92 203—208 +1.3 CyoH,BIN;O5- 55.60 6.53 6.51 0.32
(c=1.0) HCI-0.5H,0 (55.30 6.54 6.56)
1,1-Dimethylpropyl 14 92 126—130 =27 C;oHyBIN;O;- 54.10 6.66 6.31 0.26
(c=1.0) HCI-1.5H,0 (53.77 6.49 6.38)
Table 11. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Value of Boc-Tyr(O-2-BrZ)-NH-O)-X
Elemental analysis TLC
" Yield mp [a]Z Formula Calcd (Found)
(%) O (CHCLy)
C H N Rf!
Ethyl 92 162—164 -238 C,;,H4;BrN,O; 60.30 5.58 4.69 0.95
(c=1.0) (60.13 5.62 4.74)
n-Butyl 74 160—163 -12 C,,H;,BrN, O 61.43 5.97 4.48 0.78
(c=1.0) (61.57 5.96 4.47)
n-Pentyl 82 164—168 -32 Cy3HyoBrN,Og 61.97 6.16 4.38 0.92
(c=1.0) (61.87 6.09 4.32)
n-Hexyl 79 137—141 -33 C;,H, BN, O 62.47 6.32 428
(c=1.0) (62.33 6.44 4.34)
Table 12. Yield, Melting Point, Optical Rotation , Elemental Analysis and Rf Value of Boc-EACA-Tyr (O-2-BrZ)-NH-(5)-X
Elemental analysis TLC
X Yield mp [a]® Formula Calcd (Found)
(%) Q) (CHCLy)
C H N Rf!
Ethyl 95 137—139 +23.1 C,H,,BrN;O, 60.84 6.25 5.91 0.90
(c=1.0)* (60.72 6.34 5.74)
n-Butyl 90 120-—123 +22.5 C,3H,gBrN, 0O, 61.78 6.56 5.69 0.70
(c=1.0 (61.91 6.54 5.60)
n-Pentyl 76 134—137 +2.9 CyoH,(BrN,;0, 62.22 6.71 5.58 0.70
(c=1.0) (62.08 6.64 5.51)
n-Hexyl 65 134—137 +2.5 C,Hs,BIN;O, 62.65 6.85 5.48 0.68
(c=1.0) (62.54 6.86 5.45)
a) DMF.

values are summarized in Table 10.

General Procedure for Synthesis of Boc-Tyr(0-2-BrZ)-NH-C)-X [X:
ethyl, n-butyl, n-pentyl, n-hexyl] A mixed anhydride of Boc-Tyr(O-2-
BrZ)-OH [prepared routinely from Boc-Tyr(O-2-BrZ)-OH (1.5 g, 3.0 mmol),
isobutyl chloroformate (0.45 ml, 3.0 mmol) and Et;N (0.45 ml, 3.0 mmol)] in
THF (15ml) was added to a solution of NH,-()-X (X: ethyl, n-butyl, n-
pentyl, n-hexyl) (3.3mmol) in THF (10ml). The reaction mixture was
stirred at 4 °C overnight. After removal of the solvent, the residue was ex-
tracted with AcOEt. The extract was washed with 10% citric acid, 5%
Na,CO, and water, dried over Na,SO, and evaporated to dryness. Ether was
added to the residue to afford crystals, which were collected by filtration.
The yield, mp, [a]% values, elemental analysis and Rf values are summa-
rized in Table 11.

General Procedure for Synthesis of Boc-EACA-Tyr(0-2-BrZ)-NH-()-

X [X: ethyl, n-butyl, n-pentyl, n-hexyl] A mixed anhydride of Boc-
EACA-OH [prepared routinely from Boc-EACA-OH (221 mg, 0.89 mmol),
isobutyl chloroformate (0.13 ml, 0.89 mmol) and Et;N (0.12 ml, 0.89 mmol)]
in THF (15ml) was added to a solution of H-Tyr(O-2-BrZ)-NH-)-X-HCl
[X: ethyl, n-butyl, n-pentyl, n-hexyl; prepared routinely from Boc-Tyr(O-2-
BrZ)-NH-{)-X (0.89 mmol) and 7.2 N HCl-dioxane (2.0 ml, 14.4 mmol)] in
DMEF (30 ml) containing Et;N (0.15 ml, 1.1 mmol) at 0 °C. The reaction mix-
ture was stirred at 4 °C overnight. After removal of the solvent, ether was
added to the residue to afford crystals, which were collected by filtration and
washed with water. The yield, mp, []% values, elemental analysis and Rf
values are summarized in Table 12.

General Procedure for Synthesis of H-EACA-Tyr(0-2-BrZ)-NH-()-
X-HCl (15—18) [X: ethyl, n-butyl, n-pentyl, n-hexyl] Boc-EACA-
Tyr(0-2-BrZ)-NH-)-X [X: ethyl, n-butyl, n-pentyl, n-hexyl (0.2 mmol)]
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Table 13. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Value of H-EACA-Tyr(O-2-BrZ)-NH-{)-X - HCl (15—18)
Elemental analysis TLC
- Peptide Yield mp [a)Z Formula Calcd (Found)
ID (%) (°C) (MeOH)
C H N Rf?
Ethyl 15 75 Amorphous +31.2 C5,HyBrN;O; 55.98 5.91 6.31 0.56
(c=1.0) HCI-H,0 (55.90 5.70 6.32)
n-Butyl 16 92 148—152 +273 C33H,BrN;O; 57.94 6.19 6.14 0.57
(c=1.0) HCI-0.5H,0 (57.56 6.01 6.28)
n-Pentyl 17 90 Amorphous +23.7 C;,H,pBrN;0; 58.50 6.35 6.02 0.45
(c=1.0) HCI-0.5H,0 (58.28 6.17 5.81)
n-Hexyl 18 77 Amorphous +25.7 C;5sH BN, O, 58.29 6.56 5.82 0.76
(c=1.0) HCI-H,0 (58.14 6.46 5.59)
Table 14. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Value of Boc-Tra-Tyr(O-2-BrZ)-NH-{)-X
Elemental analysis TLC
" Yield mp ()3 Formula Calcd (Found)
(%) °C) (DMF)
C H N Rf!
Ethyl 95 219—222 +18.0 C,H,6BrN;O, 61.95 6.31 5.70 0.90
(c=1.0) (61.72 6.39 5.63)
n-Butyl 90 196—199 +17.2 C,HsoBrN;0; 62.81 6.60 5.49 0.74
(c=1.0) (62.82 6.55 5.51)
n-Pentyl 77 199—202 +18.7 C, Hy,BrN,0, 63.22 6.74 5.39 0.63
(c=1.0) (64.14 6.78 5.28)
n-Hexyl 65 181—183 +18.3 C,,Hs,BrN;0, 63.62 6.88 5.30 0.78
(c=1.0) (63.74 7.03 5.32)
Table 15. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Value of H-Tra-Tyr(O-2-BrZ)-NH-()-X - HCI (19—22)
Elemental analysis TLC
X Peptide Yield mp [a]E Formula Caled (Found)
ID (%) (°C) (MeOH)
C H N Rf?
Ethyl 19 95 200—203 +183 Cy3H BN O, 56.61 6.04 6.00 0.58
(c=1.0) HCI-1.5H,0 (56.45 5.68 6.23)
n-Butyl 20 81 Amorphous +19.4 C;H,,BrN;O;- 57.74 6.37 5.77 0.62
(c=1.0) HCI-1.5H,0 (58.00 6.07 5.80)
n-Pentyl 21 101 175—178 +17.6 C36H4,BIN; Oy 58.99 6.46 5.73 0.43
(c=1.0) HCI-H,0 (58.73 6.32 5.70)
n-Hexyl 22 84 188—190 +17.1 C;,HyBrN,O;- 59.84 6.58 5.65 0.55
(c=1.0) HCl1-0.75H,0 (59.79 6.42 5.63)

was dissolved in 5.4N HCl-dioxane (0.5 ml, 2.7 mmol) at 0°C and the reac-
tion mixture was stirred at the same temperature for 5 min. After addition of
dioxane (0.2 ml), the reaction mixture was stirred at room temperature for
90 min. After removal of the solvent, dry ether was added to the residue to
afford a precipitate. The yield, mp, [@]3 values, elemental analysis and Rf
values are summarized in Table 13.

General Procedure for Synthesis of Boc-Tra-Tyr(0-2-BrZ)-NH-)-X
[X: ethyl, n-butyl, n-pentyl, n-hexyl] A mixed anhydride of Boc-Tra-OH
[prepared routinely from Boc-Tra-OH (245 mg, 0.89 mmol), isobutyl chloro-
formate (0.13ml, 0.89mmol) and Et;N (0.12ml, 0.89mmol)] in THF
(15ml) was added to a solution of H-Tyr(0-2-BrZ)-NH-()-X-HCI [X:
ethyl, n-butyl, n-pentyl, n-hexyl; prepared routinely from Boc-Tyr(O-2-
BrZ)-NH-)-X (0.89 mmol) and 7.2~ HCl-dioxane (2.0 ml, 14.4 mmol)] in
DMF (20 ml) containing Et;N (0.15ml, 1.1 mmol) at 0°C and the reaction
mixture was stirred at 4 °C overnight. After removal of the solvent, ether was
added to the residue to afford crystals, which were collected by filtration and
washed with water. The yield, mp, [a]% values, elemental analysis and Rf
values are summarized in Table 14.

General Procedure for Synthesis of H-Tra-Tyr(0-2-BrZ)-NH-{)-
X-HCI (19—22) [X: ethyl, n-butyl, n-pentyl, n-hexyl] Boc-Tra-Tyr(O-2-
BrZ)-NH-()-X [X: ethyl, n-butyl, n-pentyl, n-hexyl; (0.14 mmol)] was dis-

solved in 5.4 N HCl-dioxane (0.5 ml, 2.7 mmol) at 0 °C and the reaction mix-
ture was stirred at the same temperature for 5 min. After addition of dioxane
(0.2 ml), the reaction mixture was stirred at room temperature for 90 min.
After removal of the solvent, dry ether was added to the residue to afford a
precipitate. The yield, mp, [«]% values, elemental analysis and Rf values are
summarized in Table 15.

General Procedure for Synthesis of Boc-Tyr(0-2-BrZ)-NH-X [X: 4-
pyridyl, 4-picolyl, 2-(2-pyridyl)ethyl, B-phenethyl] A mixed anhydride
of Boc-Tyr(O-2-BrZ)-OH [prepared routinely from Boc-Tyr(O-2-BrZ)-OH
(1.5g, 3.0mmol), isobutyl chloroformate (0.45ml, 3.0mmol) and Et;N
(0.45ml, 3.0mmol)] in THF (15 ml) was added to a solution of NH,-X (X:
4-pyridyl, 4-picolyl, 2-(2-pyridyl)ethyl, S-phenethyl) (3.3 mmol) in THF
(10 ml). The reaction mixture was stirred at 4 °C overnight. After removal of
the solvent, the residue was extracted with AcOEt. The extract was washed
with 10% citric acid, 5% Na,CO, and water, dried over Na,SO, and evapo-
rated to dryness. Ether was added to the residue to afford crystals, which
were collected by filtration. The yield, mp, [@]3 values, elemental analysis
and Rfvalues are summarized in Table 16.

General Procedure for Synthesis of Boc-Tra-Tyr(0-2-BrZ)-NH-X [X:
4-pyridyl, 4-picolyl, 2-(2-pyridyl)ethyl, B-phenethyl] A mixed anhydride
of Boc-Tra-OH [prepared routinely from Boc-Tra-OH (245 mg, 0.89 mmol),
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Table 16. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Values of Boc-Tyr(O-2-BrZ)-NH-X
Elemental analysis TLC
X Yield mp [o]% Formula Calcd (Found)
(%) (°O) (MeOH)
C H N Rf! Rf?
4-Pyridyl 27 126—128 +36.6 C,,H,sBIN;O 56.84 4.94 7.36 0.25 0.54
(c=0.9) (56.57 4.94 7.44)
4-Picolyl 59 156.5—158 +1.5 C,eH, BTN, 0, 57.54 5.17 7.18 0.49 0.53
(c=1.0) (57.57 S.17 7.20)
2-(2-Pyridyl)ethyl 75 114—122 —0.11 CyoH3,BIN;0, 58.19 5.38 7.02 0.65 0.62
(¢=0.9) (57.76 5.25 6.87)
B-Phenethyl 75 152—155 -1.6 CyoHy;BIN, O, 60.30 5.58 4.69 0.83
(c=1.0" (60.46 5.57 4.63)
a) CHCl,.
Table 17. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Values of Boc-Tra-Tyr(O-2-BrZ)-NH-X
Elemental analysis TLC
X Yield mp [a]y Formula Calcd (Found)
(%) (°0) (MeOH)
C H N Rf! Rf?
4-Pyridyl 66 178-—180 +194 C;H,,BrN,O, 58.50 5.89 7.80 0.40 0.57
(c=1.0) (58.72 5.86 7.71)
4-Picolyl 59 189—192 -132 C,6H,,BIN,O, 59.75 5.98 7.74 0.46 0.48
(c=1.0) (59.48 5.86 7.71)
2-(2-Pyridyl)ethyl 65 195—195.5 —14.6 C;,H,sBN,O, 59.51 6.14 7.50 0.57 0.42
(¢=0.9) (59.55 6.13 7.48)
B-Phenethyl 81 198—200 -7.8 C,H,(BIN;O, 61.95 6.31 5.70 0.76
(c=1.0) (61.77 6.31 5.72)
Table 18. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Value of H-Tra-Tyr(O-2-BrZ)-NH-X - HCI (23—26)
Elemental analysis
. . - TLC
X Peptide Yield mp [a)5 Formula Calcd (Found)
ID (%) (°C) (MeOH)
C H N Rf?
4-Pyridyl 23 83 Amorphous +40.3 C;,H3,BrN,O5- 49.48 5.16 7.42 0.39
(c=0.9) 2HCI-2.5H,0 (49.53 5.54 7.70)
4-Picolyl 24 72 Amorphous —0.35 C4,H;sBrN,Os- 50.21 5.71 7.56 0.39
(c=0.9)" 2HCI-2.5H,0 (49.93 5.40 7.28)
2-(2-Pyridyl)ethyl 25 80 Amorphous —4.4 C;,H4,BtN,O;- 50.27 5.93 7.32 0.52
(c=0.6)" 2HCI-3H,0 (50.10 530 7.20)
B-Phenethyl 26 74 204—206 =35 C;;H3sBiN; O 58.11 591 6.16 0.30
(c=1.0) HCI1-0.5H,0 (57.81 5.84 6.17)
a) 0.1 N HCL

isobutyl chloroformate (0.13 ml, 0.89 mmol) and Et;N (0.12 ml, 0.89 mmol)]
in THF (15ml) was added to a solution of H-Tyr(O-2-BtZ)-NH-X - HCI [X:
4-pyridyl, 4-picolyl, 2-(2-pyridyl)ethyl, B-phenethyl; prepared routinely
from Boc-Tyr(O-2-BrZ)-NH-X (0.89 mmol) and 7.2 N HCl-dioxane (2.0 ml,
14.4 mmol) as usual] in DMF (20 ml) containing Et;N (0.15ml, 1.1 mmol) at
0°C and the reaction mixture was stirred at 4 °C overnight. After removal of
the solvent, ether was added to the residue to afford crystals, which were
collected by filtration and washed with water. The yield, mp, [«]% values, el-
emental analysis and Rf values are summarized in Table 17.

General Procedure for Synthesis of H-Tra-Tyr(0-2-BrZ)-NH-X-HCI
(23—26) [X: 4-pyridyl, 4-picolyl, 2-(2-pyridyl)ethyl, B-phenethyl] Boc-
Tra-Tyr(0O-2-BrZ)-NH-X [X: 4-pyridyl, 4-picolyl, 2-(2-pyridyl)ethyl, -
phenethyl; (0.14 mmol)] was dissolved in 5.4N HCl-dioxane (0.5ml,
2.7 mmol) at 0 °C and the reaction mixture was stirred at the same tempera-
ture for 5min. After addition of dioxane (0.2 ml), the reaction mixture was
stirred at room temperature for 90 min. After removal of the solvent, dry
ether was added to the residue to afford a precipitate. The yield, mp, [&]%
values, elemental analysis and Rf values are summarized in Table 18.

General Procedure for Synthesis of Boc-Tyr(0-2-BrZ)-Tra-O-X [X:

methyl, n-hexyl, n-heptyl, n-octyl] A mixed anhydride of Boc-Tyr(O-2-
BrZ)-OH [prepared routinely from Boc-Tyr(0-2-BrZ)-OH (1.5 g, 3.0 mmol),
isobutyl chloroformate (0.45 ml, 3.0 mmol) and Et,N (0.45 ml, 3.0 mmol)] in
THF (15 ml) was added to a solution of NH,-X (X: methyl, n-hexyl, n-hep-
tyl, n-octyl) (3.3 mmol) in THF (10ml). The reaction mixture was stirred at
4°C overnight. After removal of the solvent, the residue was extracted with
AcOEt. The extract was washed with 10% citric acid, 5% Na,CO, and water,
dried over Na,SO, and evaporated to dryness. Ether was added to the residue
to afford crystals, which were collected by filtration. The yield, mp, [o]Z
values, elemental analysis and Rf values are summarized in Table 19.
General Procedure for Synthesis of Boc-EACA-Tyr(0-2-BrZ)-Tra-O-
X [X: methyl, n-hexyl, n-heptyl, n-octyl] A mixed anhydride of Boc-
EACA-OH [prepared routinely from Boc-EACA-OH (221 mg, 0.89 mmol),
isobutyl chloroformate (0.13 ml, 0.89 mmol) and Et;N (0.12 ml, 0.89 mmol)]
in THF (15 ml) was added to a solution of H-Tyr(O-2-BrZ)-Tra-O-X - HCl
[X: methyl, n-hexyl, n-heptyl, n-octyl; prepared routinely from Boc-Tyr(O-
2-BrZ)-Tra-0-X (0.89 mmol) and 7.2~ HCl-dioxane (2.0 ml, 14.4 mmol)] in
DMF (30 ml) containing Et;N (0.15ml, 1.1 mmol) at 0 °C. The reaction mix-
ture was stirred at 4 °C overnight. After removal of the solvent, ether was
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Table 19. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Value of Boc-Tyr(O-2-BrZ)-Tra-O-X

Elemental analysis

X Yield mp [a]® Formula Calcd (Found) TLC
(%) 0 (CHCLy)
C H N Rf!
Methyl 70 144—147 -0.1 C;Hy,BIN,Oq 57.50 6.08 432 0.70
(c=1.0) (5737 5.92 4.29)
n-Hexyl 87 98101 +1.2 C;H BN, O 60.24 6.90 3.90 0.81
(c=1.0) (60.05 6.95 3.87)
n-Heptyl 89 109—112 +1.8 C;5;Hg,BrN,Oq 60.72 7.04 3.83 0.75
(c=1.0) (60.67 7.08 3.82)
n-Octyl 89 95—99 -0.5 C4Hg;BrN, Oy 61.20 7.18 3.75 0.95
(c=1.0) (61.17 6.91 3.72)
Table 20. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Value of Boc-EACA-Tyr(O-2-BrZ)-Tra-O-X
Elemental analysis TLC
X Yield mp [@)E Formula Calcd (Found)
(%) O (DMF)
C H N Rf!
Methyl 84 103—106 -25 C5;HsBrN;O, 58.41 6.37 5.52 0.70
(c=1.0)” (58.28 6.56 5.44)
n-Hexyl 86 94—97 —43 C,,HgBrN;O, 60.71 7.29 5.05 0.69
(c=1.0) (60.49 7.31 5.02)
n-Heptyl 80 101103 —535 C,3Hg,BrN;O, 61.12 7.41 4.97 0.72
(c=1.0) (60.97 7.33 4.86)
n-Octyl 73 118—120 —4.15 C,HgBrN;O, 61.52 7.53 4.89 0.71
(c=1.0) (61.30 7.56 4.80)
a) CHC,.
Table 21. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Value of H-EACA-Tyr(O-2-BrZ)-Tra-O-X - HCI (27—30)
Elemental analysis TLC
x Peptide Yield mp [ Formula Caled (Found)
D (%) °C) (McOH)
C H N Rf?
Methyl 27 82 168—178 +72 Cy,H,BIN,O, - 53.74 6.34 5.88 021
(c=1.0) HCI H,0 (53.70 6.19 6.12)
n-Hexyl 28 90 155—157 +6.7 Cy;Hg,BrN,O,- 56.60 7.06 5.35 0.38
(c=1.0) HCI-H,0 (56.45 6.83 5.29)
n-Heptyl 29 92 156—159 +6.6 CyH4,BrN;0;- 57.11 7.19 5.26 0.69
(¢=1.0) HCI-H,0 (56.82 6.96 5.17)
n-Octyl 30 91 159—161 +7.0 CyoH, BIN;O,- 56.97 735 5.11 0.61
(c=1.0) HCI 1.5H,0 (56.95 7.15 5.09)

added to the residue to afford crystals, which were collected by filtration and
washed with water. The yield, mp, [@]% values, elemental analysis and Rf
values are summarized in Table 20.

General Procedure for Synthesis of H-EACA-Tyr(0-2-BrZ)-Tra-O-
X-HCl (27—30) [X: methyl, #n-hexyl, n-heptyl, n-octyl] Boc-EACA-
Tyr(0-2-BrZ)-Tra-O-X [X: methyl, n-hexyl, n-heptyl, n-octyl (0.2 mmol)]
was dissolved in 5.4 N HCl-dioxane (0.5 ml, 2.7 mmol) at 0 °C and the reac-
tion mixture was stirred at the same temperature for S min. After addition of
dioxane (0.2ml), the reaction mixture was stirred at room temperature. for
90 min. After removal of the solvent, dry ether was added to the residue to
afford a precipitate. The yield, mp, [¢]% values, elemental analysis and Rf
values are summarized in Table 21.

General Procedure for Synthesis of Boc-Tra-Tyr(0-2-BrZ)-Tra-O-X
[X: methyl, n-hexyl, n-heptyl, n-octyl] A mixed anhydride of Boc-Tra-
OH [prepared routinely from Boc-Tra-OH (245 mg, 0.89 mmol), isobutyl
chloroformate (0.13 ml, 0.89 mmol) and Et;N (0.12ml, 0.89 mmol)] in THF
(15ml) was added to a solution of H-Tyr(O-2-BrZ)-Tra-O-X-HCI [X:
methyl, n-hexyl, n-heptyl, n-octyl; prepared routinely from Boc-Tyr(O-2-
BrZ)-Tra-O-X (0.89 mmol) and 7.2N HCl-dioxane (2.0ml, 14.4 mmol)] in

DMF (20 ml) containing Et,N (0.15ml, 1.1 mmol) at 0°C and the reaction
mixture was stirred at 4 °C overnight. After removal of the solvent, ether was
added to the residue to afford crystals, which were collected by filtration and
washed with water. The yield, mp, [@]5 values, elemental analysis and Rf
values are summarized in Table 22.

General Procedure for Synthesis of H-Tra-Tyr(O-2-BrZ)-Tra-O-
X-HCI (31—34) [X: methyl, n-hexyl, n-heptyl, n-octyl] Boc-Tra-Tyr(O-
2-BrZ)-O-Tra-X [X: methyl, n-hexyl, n-heptyl, n-octyl (0.14 mmol)] was
dissolved in 5.4~ HCl-dioxane (0.5 ml, 2.7mmol) at 0 °C and the reaction
mixture was stirred at the same temperature for 5min. After addition of
dioxane (0.2ml), the reaction mixture was stirred at room temperature for
90 min. After removal of the solvent, dry ether was added to the residue to
afford a precipitate. The yield, mp, [@]3 values, elemental analysis and Rf
values are summarized in Table 23.

Assay Procedure The enzymes used were as follows: human PL and
PK (KABI Co.), bovine TH (Mochida Seiyaku Co.), porcine glandular
kallikrein (GK) (Sigma Chemical Co.), human urokinase (UK) (Green
Cross) and TRY (Sigma Chemical Co.). Enzymatic activities of PL, PK, TH,
GK, UK and TRY were determined by the method described previously,'”
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Table 22. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Value of Boc-Tra-Tyr(O-2-BrZ)-Tra-O-X
Elemental analysis TLC
X Yield mp ()% Formula Caled (Found)
(%) O (DMF)
C H N Rf!
Methyl 82 219—222 —45 C,;sH BN, O, 59.53 6.66 5.34 0.64
(c=1.0)? (59.46 6.65 5.31)
n-Hexyl 67 189—191 -85 C,Hg,BIN,O, 61.66 7.31 4.90 0.81
(c=1.0) (61.64 7.44 4.89)
n-Heptyl 68 185—187 -79 C,Hg, BN, O, 62.05 7.42 4.82 0.72
(c=1.0) (62.06 7.41 4.73)
n-Octyl 88 184—187 -7.8 C,¢HBrN;0, 62.42 7.53 4.75 0.73
(c=1.0) (62.52 7.63 4.69)
a) CHCI,,
Table 23. Yield, Melting Point, Optical Rotation, Elemental Analysis and Rf Value of H-Tra-Tyr(O-2-BrZ)-Tra-O-X - HCI (31—34)
Elemental analysis TLC
% Peptide Yield mp []E Formul Calced (Found)
D (%) (°C) (MeOH) ormuia
C H N Rf?
Methyl 31 95 213216 -1.1 C,,H,,BrN;0,- 54.45 6.45 5.60 0.17
(c=1.0) HCI- 1.5H,0 (54.79 6.53 5.66)
n-Hexyl 32 86 200—203 +1.0 C,,H,,BrN, 0, 58.38 7.03 5.23 0.66
(c=1.0) HCl-1.5H,0 (58.34 7.11 5.22)
n-Heptyl 33 75 212214 —0.4 C,oHy(BIN,0,- 58.85 7.16 5.14 0.71
(c=1.0) HCI-0.5H,0 (58.93 7.22 5.18)
n-Octyl 34 82 198—202 +1.0 C,HsBrN, 0, 58.05 7.38 4.95 0.83
(c=1.0) HCI-1.5H,0 (58.16 7.07 4.94)

using D-Val-Leu-Lys-pNA (S-2251), p-Pro-Phe-Arg-pNA (S-2302), p-Phe-
Pip-Arg-pNA (S-2238), p-Val-Leu-Arg-pNA (5-2266), <Glu-Gly-Arg-pNA
(S-2444) and p-Phe-Pip-Arg-pNA (S-2238), respectively. Fibrin and fibrino-
gen were used as substrates for PL and TH, respectively. IC,, values were
determined as follows: 1) Antiamidolytic assay'®; the ICy, value was taken
as the concentration of inhibitor which reduced the absorbance at 405 nm by
50% compared with the absorbance measured under the same conditions
without inhibitor. 2) Antifibrinolytic assay'®; the IC,, value was taken as the
concentration of inhibitor which prolonged the complete lysis time two-fold
compared with that without inhibitor. 3) Antifibrinogenolytic assay: to a bo-
rate saline buffer (pH 7.4) was added solutions containing various concen-
trations of the inhibitor to be tested (0.5 ml), 0.2% bovine fibrinogen in the
above buffer (0.4 ml), and bovine TH 4 U/ml (0.1 ml). The assay was carried
out at 37 °C and the clotting time was measured. The ICy, value was taken as
the concentration of inhibitor which prolonged the clotting time two-fold
compared with that without inhibitor.
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From the stem-bark of Juglans mandshurica, two new naphthalenyl glucopyranosides, 1,4,8-trihydroxy-
naphthalene 1-O-[ o-L-arabinofuranosyl-(1—6)-8-p-glucopyranoside] (1) and 1,4,8-trihydroxynaphthalene 1-0-f-
p-[6'-0-(3",5"-dihydroxy-4"-methoxybenzoyl)|glucopyranoside (4), and two new a-tetralonyl glucopyranosides,
40,5,8-trihydroxy-co-tetralone  5-0-fB-p-[6'-0-(3",5"-dihydroxy-4"-methoxybenzoyl)|glucopyranoside (7) and
4a,5,8-trihydroxy-a-tetralone 5-O-B-p-[6'-0-(3",4",5"-trihydroxybenzoyl)]glucopyranoside (8), were isolated to-
gether with three known naphthalenyl glucopyranosides (2, 3 and 5), one ¢-tetralonyl glucopyranoside (6), four
flavonoids (9—12), and two galloyl glucopyranosides (13, 14).

Amongst the isolated compounds, 1,2,6-trigalloylglucopyranose (13) and 1,2,3,6-tertagalloylglucopyranose
(14) exhibited the most potent inhibition of reverse transcriptase (RT) activity with ICy, values of 0.067 and
0.040 um, respectively, while the latter compound also inhibited ribonuclease H (RNase H) activity with an ICy,
of 39 um, comparable in potency to illimaquinone used as a positive control. 1,4,8-Trihydroxy-naphthalene 1-0-
B-o-glucopyranoside (2), 1,4,8-trihydroxynaphthalene 1-0-B-p-[6'-0-(4"-hydroxy-3",5"-dimethoxybenzoyl)]glu-
copyranoside (3) and 8 showed moderate inhibition against both enzyme activities, and inhibitory potency of 2
against RNase H activity (IC,,=156 um) was slightly greater than that against the RT activity (IC5=290 um).
The inhibitory potencies of 4a,58-trihydroxy-o-tetralone 5-O-B-p-[6'-O-(4"-hydroxy-3",5"-dimethoxybenzoyl)]
glucopyranoside (6), 7 and 8 against RT activity increased accompanied by an increase in the number of free hy-

droxyls on the galloyl residues, as represented by the I1C, values of >500, 330 and 5.8 um, respectively.

Key words
clease H; a-tetralonyl glucopyranoside

Reverse transcriptase (RT) of human immunodeficiency
virus type 1 (HIV-1) has been demonstrated to be important
for viral replication."” The crucial role of RT in the early
stages of the HIV-1 life cycle has made it one of the most re-
liable targets for potential anti-AIDS chemotherapy.” The en-
zyme possesses not only RT activity but also DNA-depen-
dent DNA polymerase and ribonuclease H (RNase H) activi-
ties. The single-stranded RNA genome of HIV is reverse-
transcribed by the RNA-dependent DNA polymerase activity
(RT activity) into the minus DNA strand to form an RNA-
DNA hybrid. Then, RNase H catalyzes hydrolysis of the
RNA component of the hybrid leaving small RNA primers
for the subsequent synthesis of complementary plus DNA
strand by the DNA-dependent DNA polymerase activity.*”
The enzyme from HIV-1 consists of a pair of polypeptides, in
which the DNA polymerase activity resides in the N-terminal
domain, whereas the RNase H activity is located in the C-ter-
minal domain.®

Inhibition of each catalytic function of RT interferes with
virus production. Two classes of inhibitors of RT have been
developed up to the present; nucleoside analogues and non-
nucleoside compounds, which are distinguished by their dif-
ferent inhibitory mechanisms. The nucleoside analogues 3'-
azido-2’,3’-dideoxythymidine (AZT), 2',3'-dideoxycytidine
(DDC) and 2',3'-dideoxyinosine (DDI) act by chain termina-
tion and are known to inhibit competitively with respect to
substrates, deoxynucleoside triphosphates. Unfortunately,
their use for treatment of patients with AIDS is limited due
to emergence of resistant virus and their cellular toxicity. On

* To whom correspondence should be addressed.

human immunodeficiency virus; Juglans mandshurica; naphthalenyl glucopyranoside; reverse transcriptase; ribonu-

the other hand, non-nucleoside inhibitors act at sites other
than the substrate binding sites of the polymerase.” These in-
clude compounds, such as nevirapine,” calanoide,” coumarin
derivatives,” benzodiazepine derivatives,'” pyridinone,'"
catechin derivatives'? and psychotrine.'® These inhibitors
have been reported to exert low levels of toxicity. However,
these compounds also lead to rapid drug cross-resistance.
The need for development of an effective and selective in-
hibitor of HIV-1 with a new mechanism of action still re-
mains. A relatively large volume of research has been con-
ducted on the inhibition of RT activity, but there are only a
few reports on the selective inhibition of RNase H activity,
such as herparin,'? illimaquinone,'® novenamines (U-34445,
U-35122 and U-35401)'® and a degradation product of
cephalosporin (HP 0.35)."”

Therefore, we examined a conventional assay method for
RNase H activity associated with HIV-1 RT to find new in-
hibitory substances from natural sources. During in vitro
screening, we found that naphthoquinone derivatives and
naphthalene derivatives from Lithospermum erythrorhizon
SIEBOLD et ZuccaRINI (Borraginaceae), Limonium tetragonum
A. A. Burrock (Plumbaginaceae), and Juglans (J.) mand-
shurica Maxmowicz (Juglandaceae) inhibited RNase H ac-
tivity. Of the tested plants, the extract of J mandshurica
(stem-bark) appreciably inhibited RNase H activity with a
50% inhibitory concentration (ICs,) of 22 ug/ml, while it
more potently inhibited RT activity (IC,, 0.047 ug/ml).

J. mandshurica has been used as a folk medicine for treat-
ment of cancer in Korea.'" Several naphthoquinones, naph-

© 2000 Pharmaceutical Society of Japan
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thalenyl glucopyranosides, a-tetralonyl glucopyranosides
and diarylheptanoyl glucopyranosides have been isolated
from this plant'*~” and these compounds have been shown
to display cytotoxicity to human colon and lung carcinoma.?”
In this paper, we describe the characterization of compounds
isolated from the stem-bark of this plant and their inhibitory
potencies against HIV-1 RT and RNase H activities.

Results and Discussion

Isolation and Structure Determination Repeated col-
umn chromatography of an EtOAc-soluble fraction of the
MeOH extract of J mandshurica (stem-bark) on silica gel
followed by gel filtration on Sephadex LH-20 and reversed
phase medium pressure liquid chromatography (MPLC) led
to the isolation of five naphthalenyl glucopyranosides (1—5),
three a-tetralonyl glucopyranosides (6—8), four flavonoids
(9—12) and two galloyl glucopyranosides (13—14). The
known compounds were identified as 1,4,8-trihydroxynaph-
thalene 1-O-fB-p-glucopyranoside (2),2" 1,4,8-trihydroxy-
naphthalene  1-O-f-p-[6'-0-(4"-hydroxy-3",5"-dimethoxy-
benzoyl)]glucopyranoside (3),' 1,4,8-trihydroxynaphthalene
1-0-B-p-[6'-0-(3",4",5"-trihydroxybenzoyl)]glucopyranoside
(5),"  4,58-trihydroxy-o-tetralone  5-O-B-p-[6'-O-(4"-hy-
droxy-3",5"-dimethoxybenzoyl)]glucopyranoside (6),2” taxi-
folin (9),”? afzelin (10),” quercitrin (11),>¥ myricitrin
(12),*Y 1,2,6-trigalloylglucopyranose (13)* and 1,2,3,6-
tertagalloylglucopyranose (14)* by comparing their spectral
data with those previously reported.

Compound 1 was obtained as a light brown amorphous
powder, [a], —94°. Its positive FAB-MS spectrum gave a
quasi-molecular ion peak at m/z 471 [M+H]". The "H-NMR
spectrum showed signals for five aromatic protons at § 6.70,
6.81, 7.21, 7.26 and 7.65, eleven sugar protons between &
3.42 to 4.10, and two anomeric protons at & 4.95 and 4.97
(Table 1). The *C-NMR spectrum, in combination with dis-
tortionless enhancement by polarization transfer (DEPT) and
"H-detected multiple quantum coherence (HMQC) experi-
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Table 1. 'H-NMR Spectral Data of Compounds 1 and 4 in CD,0D

Position 19 4>

1

2 6.70 d (8.4) 6.44d(8.2)

3 7.21d(8.4) 7.06d (8.2)

4

5 7.65dd (8.4, 1.1) 7.55dd (8.3, 1.1)
6 7.26 dd (8.4, 7.5) 7.16 dd (8.3, 7.6)
7 6.81 dd (7.5, 1.1) 6.71dd (7.6, 1.1)
8

9
10

1 495d(7.7) 4.87d(7.5)

2' 353m 349m

3’ 347m 343 m

4’ 3.42dd (17.8, 8.6) 341 m

5 3.64m 371 m

6’ 3.68 m 442 dd (11.8,7.0)

410 m 4.58dd(11.8,2.2)

G 497d(1.3)

2" 4.04dd (34, 1.3) 7.05s

3" 3.86dd (5.9,3.4)

4" 3.99m

5" 3.63dd (11.8,5.1)

3.73dd (11.8,3.2)

6" 7.05s

‘7”

3",5"-OCH,

4"-OCH, 3.82s

a) S00MHz. b) 400 MHz,

& values in ppm and coupling constants (in parentheses) in Hz.

ments, showed signals for five aromatic methine carbons at &
108.3,112.1, 113.0, 114.6 and 127.1, seven aliphatic methine
carbons in a region at § 71.8 to 85.6, two anomeric carbons
at 6 105.2 and 110.0, two aliphatic methylenes at & 62.9 and
68.3, and five quaternary carbons (Table 2). On the basis of
spectroscopic evidence obtained by 'H-'H correlation spec-
troscopy (COSY) and HMQC experiments, all protons and
carbons of sugars were assigned as shown in Tables 1 and 2,
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Table 2. '3C-NMR Spectral Data of Compounds 1, 4 and 6—8 in CD,0D
Position 19 4 6 7” 8"
1 148.5 148.6 206.3 206.4 206.4
2 108.3 108.4 335 33.5 33.5
3 113.0 1133 30.2 30.2 30.2
4 150.5 150.5 61.3 61.3 61.3
5 114.6 114.6 148.3 148.5 148.5
6 127.1 127.1 128.7 128.8 128.8
7 112.1 112.2 118.8 119.1 119.2
8 154.7 154.6 159.2 159.3 159.3
9 117.8 117.8 116.1 116.4 116.1
10 128.8 128.9 135.4 1352 135.1
1 105.2 105.3 104.2 104.6 104.6
2! 75.1 75.1 75.2 75.3 753
3 78.1 78.1 77.8 78.0 77.9
4’ 71.8 71.8 71.9 71.9 71.7
5! 712 76.0 75.8 75.7 75.8
6 68.3 65.1 65.0 64.9 64.6
1” 110.0 126.5 121.1 126.4 121.0
2" 834 1104 108.3 110.2 110.1
3" 78.8 151.8 148.9 151.9 146.7
4" 85.6 141.4 1423 141.5 140.4
5" 62.9 151.8 148.9 151.9 146.7
6" 110.4 108.3 110.2 110.1
7" 167.7 167.7 167.7 168.2
3".5"-OCH, 56.9
4"-OCH, 148.5 60.8 60.8
a) 125MHz. b) 100 MHz.
respectively.?"*

The sugar linkages were determined by heteronuclear mul-
tiple-bond correlations (HMBC, Fig. 1), which showed cor-
relations between signals at §y 4.95 (Gle-H-1') and at J.
148.5 (C-1 of the aglycone), and at 8y 4.97 (Ara-H-1") and
Oc 68.3 (Gle-C-6"), indicating glycosylation at C-1 with an
Ara (1—-6)Glc moiety. The positions of the hydroxy groups
on the naphthalene ring were deduced from the coupling pat-
tern in the "H-NMR spectrum and the correlations between
signals at 8, 6.70 (H-2) and 7.21 (H-3), and among signals
at &y 7.65 (H-5), 7.26 (H-6) and 6.81 (H-7) in the 'H-'H
COSY spectrum. This was further confirmed by an HMBC
experiment, where long-range correlations were observed be-
tween signals at &,; 6.70 (or 7.21) and & 150.5 (C-4), and at
Oy 7.26 (or 6.81) and & 154.7 (C-8) (Fig. 1).

Acid hydrolysis of 1 afforded glucose and arabinose as
monosaccharide units, which were identified on TLC by
comparison with authentic samples. Furthermore, these sug-
ars were determined to be p-glucose and L-arabinose, respec-
tively, by GLC of their pertrimethylsilated L-cysteine methyl
ester derivatives.??) The configuration of the glycosidic link-
age of the glucopyranose moiety in 1 was determined to be 8
on the basis of the J,.,. value (7.7 Hz) of the anomeric pro-
ton, while that of the arabinofuranose moiety was o from the
Jy»p value (1.3 Hz) and the chemical shifts of C-1 (5. 110.0)
and C-2 (8. 83.4) in the >C-NMR spectrum.”* Conse-
quently, the structure of 1 was determined as 1,4,8-trihydrox-
ynaphthalene 1-O-[@-L-arabinofuranosyl-(1—6)--p-glu-
copyranoside].

Compound 4, a light brown amorphous powder, gave a
quasi-molecular ion peak [M+H]" at m/z 505 in the positive
FAB-MS spectrum. The 'H- and >C-NMR spectra of 4 were
similar to those of 1, except for signals due to a methylated
galloly moiety instead of the arabinose signals. It showed a
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Fig. 1. HMBC Correlation of 1 and 7

methoxy proton at § 3.82 and an aromatic proton at § 7.05 in
the '"H-NMR spectrum (Table 1). The methylated galloyl
moiety was deduced from the chemical shift of the methoxy
carbon at 6 60.8, two chemically equivalent aromatic carbons
at 6 1104 (C-2", 6”) and 151.8 (C-3", 5"), two substituted
aromatic carbons, and one carbonyl carbon at § 167.7 in the
BC-NMR spectrum (Table 2). The chemical shift values and
coupling constants of the glucosylnaphthalene moiety were
essentially identical to those of 1. The glycone part was iden-
tified as glucose on TLC after acid hydrolysis. The position
linked with the galloyl group was determined by HMBC,
which showed correlations between signals at 5y 4.42 (H-6")
and 8. 167.7 (C-7"), as well as between signals at 7.05 (H-2",
6") and 8. 167.7 (C-7"). The position of a methoxy group on
the galloyl moiety was assigned at C-4" by observation of an
equivalent signal in the "H-NMR spectra (8 7.05; H-2", 6")
and the >C-NMR (& 110.4; C-2",6" and 151.8; C-3",5"). Fur-
thermore, it was confirmed by the presence of correlations of
'H-signals at &y, 7.05 (H-2",6") and 3.82 (OCH,) with a "*C-
signal at . 141.4 (C-4") in the HMBC spectrum. The con-
figuration of the glucosidic linkage was assigned as 3 on the
basis of the coupling constant, which was similar to that in 1.
The structure of 4 was thus determined to be 1,4,8-trihydrox-
ynaphthalene 1-O-f-p-[6'-0-(3",5"-dihydroxy-4"-methoxy-
benzoyl)]glucopyranoside.

Compound 7, a light yellow amorphous powder, showed a
quasi-molecular ion peak [M+Na]* at m/z 545 in the posi-
tive FAB-MS spectrum. The 'H- and *C-NMR spectra of 7
were similar to those of 4. However, it had signals assignable
to two methylenes at 6 2.16 (2H), 2.48 (1H) and 3.01 (1H),
and an oxymethylene at & 5.32 (t, J=3.3 Hz) in the 'H-NMR
spectrum (Table 3), and signals for a carbonyl carbon at &
206.4, two methylene carbons at § 30.2 and 33.5, and a
carbinol carbon at § 61.3 in the '*C-NMR spectrum (Table
2), indicating an oxygenated o-tetralone moiety in 7. The
presence of this aglycone was further confirmed by the posi-
tive FAB-MS spectrum, which showed a prominent fragment
jon peak at m/z 329 [M—tetralone moiety]™.*” The sugar
linkages and the methylated galloyl group were determined
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Table 3. 'H-NMR Spectral Data of Compounds 6—8 in CD,0D
Position 6¥ 7 8"
1
28 244 dt(17.7,3.4) 248 dt(17.7,3.4) 2.48dd (17.6,3.4)
2a 3.00 ddd 3.01 ddd 3.01 ddd
(177, 12.6, 5.6) (17.7,11.8,6.8) (17.6,11.9, 6.5)
3 2.13m 2.16 m 2.16m
4 530t (3.2) 5.32t(3.3) 532t (3.2)
5
6 7.36d(9.1) 7.40d (9.2) 7.41d9.2)
7 6.60d (9.1) 6.74d(9.2) 6.75d(9.2)
8
9
10
1’ 4.814d(7.5) 4784 (1.7) 4784 (1.7)
2’ 3.54m 354m 3.55t(8.2)
3’ 3.50 m 3.48 m 3.49m
4’ 3.43m 344m 3.45m
5’ 3.70ddd (9.5,7.3,2.2) 3.67ddd(9.3,7.2,2.2) 3.67td(7.8,1.9)
6 4.47dd (11.8,7.3) 4.45dd(11.8,7.0) 4.44 dd (11.8,6.8)
4.634dd (11.8,2.1) 4.56.dd (11.8,2.2) 4.55dd (11.8,2.1)
1
2" 7.25s 7.02s 7.06 s
3
4
5
6" 7.25s 7.02s 7.06s
7
3",5"-OCH, 3.83s
4-0CH, 3.87s
a) 500MHz. &) 400 MHz. § values in ppm and coupling constants (in parenthe-
ses) in Hz.

by HMBC correlations observed between signals at & 4.78
(Glc-H-1") and & 148.5 (C-5), and at &y, 4.45 (H-6") and O
167.7 (C-7") (Fig. 1). The anomeric configuration of the
sugar was determined to be 8 (J;, ,,=7.7 Hz).

To determine the absolute configuration of the chiral cen-
ter at C-4 in 6—8, these compounds were hydrolyzed with
naingenase to give the same product 4,5,8-trihydroxy-o-
tetralone (6a, [o], +13° in EtOH), which afforded a triben-
zoate (6b, [a], —17° in EtOH) on benzoylation. The circular
dichroic (CD) spectrum of 6a exhibited a negative Cotton ef-
fect at 265 nm (Ae=—16.8), indicating S-configuration at C-
4 in comparison with the reported data of natural tetralones,
such as (4R)-shinanolone (Ae=+3.0 at 272nm),*” (4R)-
isoshinanolone (Ae=+33.0 at 240nm)’" and (4S)-regiolone
(Ae=—44.3 at 238 nm).*?

In compound 7, a hydroxy group at C-4 was subsequently
arranged at an -oriented axial position on the basis of the
'H-NMR spectrum, where the coupling constant of H-4 (t)
was Jy55,=Jag35=3.3 Hz. This was further supported by the
conformation of the cyclohexanone ring possessing a half-
chair form (Fig. 2), which was deduced from the multiplici-
ties of Ho-2 (axial) at 6 3.01 (ddd, J,,,5=17.7Hz, J,,35=
11.8Hz, J,,;,=6.8 Hz) and Hf3-2 (equatorial) at & 2.48 (dt,
Jrp26=17.7Hz, J,53,=J,5:5=3.4Hz). The appreciable dif-
ference in chemical shifts of the above protons might be
caused by environmental differences around the protons: i.e.,
Ho-2 experiences the deshielding effects of the C=0 and
axial C,-OH, whereas HfB-2 only feels the effect of C=0.
Thus, Hor-2 was more deshielded compared to HB-2.%2 The
structure of 7 was consequently determined as 4,5,8-trihy-
droxy-o-tetralone 5-O-B-p-[6'-0-(3",5"-dihydroxy-4"-
methoxybenzoyl)] glucopyranoside.

Compound 8, a light yellow amorphous powder, showed a
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Fig. 2. Partial Structure of 7

quasi-molecular ion peak [M+Na]" at m/z 531 in the posi-
tive FAB-MS spectrum. Inspection of the NMR data (Tables
2 and 3) of 8 suggested a similar structure with 7, except the
absence of a methyl group in the galloyl moiety. This was
supported by the difference of 14 mass units between quasi-
molecular ion peaks of 7 and 8 in the positive FAB-MS, as
well as the presence of a [galloyl group]™ ion peak at m/z 153
in 8. The connectivities of the sugar and galloyl groups were
established by the HMBC experiment, where glucose and the
galloyl group were linked at C-5 and C-6’, respectively. The
anomeric configuration was determined to be f (J;.,=7.7
Hz). The configuration of the hydroxy group at C-4 was the
same as that of 7. From these findings, the structure of 8 was
established as 4@,5,8-trihydroxy-o-tetralone 5-O-fB-p-[6'-O-
(3",4",5"-trihydroxybenzoyl)] glucopyranoside.

Inhibitory Effects of Compounds on RT and RNase H
Activities In an effort to develop anti-AIDS agents, we
have so far isolated several inhibitory substances against en-
zymes essential for proliferation of HIV, from medicinal
plants, i.e., putranjivan A from Phyllanthus emblica,*® cori-
lagin and 1,3,4,6-tetragalloylglucose from Chamaesyce hys-
sopifolia,*® and magnesium lithospermate, calcium and mag-
nesium rosmarinate from Cordia spinescens,* on RT (RNA-
dependent DNA polymerase). However, they were not suffi-
ciently potent for further development as anti-HIV drugs. In
the course of screening for novel natural products with anti-
HIV-1 RT and RNase H activities, we found that the
methanol extract of J. mandshurica (stem-bark) appreciably
inhibited both enzyme activities. The extract was further
fractionated with various solvents into hexane-, ethyl acetate-
and butanol-soluble fractions. Of these, the ethyl acetate-sol-
uble fraction inhibited the HIV-RT and RNase H activities
most potently with IC,, values of 0.047 and 22 pig/ml. From
the ethyl acetate-soluble fraction, 14 compounds (1—14)
were isolated as mentioned above and their inhibitory poten-
cies were examined against both enzyme activities.

Substances that inhibit in virro HIV RT are likely to fall
into one of three categories; i) substances potently blocking
both RT and RNase H activities; ii) those inhibiting prefer-
ably the RT activity; and iii) those selectively inhibiting the
RNase H activity without any significant effect on the RT
function.>® Of the compounds isolated in this experiment, 8,
13 and 14 belonged to the second category; they showed po-
tent inhibition against HIV-1 RT activity with IC; values of
5.8, 0.067, and 0.040 LM, respectively, but showed moderate
inhibition against RNase H activity with ICy, values of 330,
310 and 39 um (Fig. 3, Table 4). The inhibitory potencies of
13 and 14 against HIV-1 RT were stronger than those of cori-
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Table 4. Effects of Compounds Isolated from J. mandshurica on RT and
RNase H Activities of HIV-1 RT

1Cy, (M)
Compound
RT RNase H

1 >500 490

2 290 156

3 323 460

4 >500 >500

5 >500 >500

6 >500 >500

7 330 >500

8 5.8 330

9 >500 >500

10 >500 >500

11 >500 >500

12 >500 >500

13 0.067 310
4 0.040 39

Adriamycin® 45

Illimaquinone? 50

a) Inhibitor of HIV-1 RT. ) Inhibitor of RNase H.

lagin and 1,3,4,6-tetragalloylglucose, which lack a galloyl
group at C-2 and showed ICy, values of 20 and 86 uM, re-
spectively, in our previous experiment,*® a galloyl group at-
tached at C-2 of glucopyranose seems to enhance signifi-
cantly the inhibitory potency of galloylglucoses against HIV-
1 RT. Compound 14 was comparable in inhibitory potency to
illimaquinone with an IC, of 50 um and used as a positive
control (Fig. 4, Table 4). Of the characteristic ingredients
such as naphthalenyl and o-tetralonyl glycosides present in
this plant, 2, 3 and 8 showed moderate inhibition against both
enzyme activities, and the inhibitory potency of 2 against
RNase H activity (IC;,=156 um) was stronger than that
against RT activity (IC5,=290 um). The inhibitory potencies
of 6, 7 and 8 against RT activity increased in this order, as
represented by 1Cs, values of >500, 330 and 5.8 um, being
proportional to the number of free hydroxyls on the galloyl
residue in the molecule. It has been reported that naphthalene
derivatives such as naphthalenesulfonic acid®” and N-(4-tert-
butylbenzoyl)-2-hydroxy-1-naphthaldehyde hydrazone
(BBNH),*® have anti-HIV-1 RT activity. Flavonoids, 9—12,
were inactive against HIV-1 RT and RNase H activities.
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Experimental

Optical rotations were measured with a DIP-360 automatic polarimeter
(JASCO Co., Tokyo, Japan). UV spectra were measured with a UV-2200
UV-VIS recording spectrophotometer (Shimadzu Co., Kyoto, Japan). CD
spectra were recorded in EtOH on a JASCO J-715 CD dispersion spectrome-
ter (JASCO Co.). IR spectra were measured with an FT/IR-230 infrared
spectrometer (JASCO Co.). 'H- and *C-NMR spectra were measured with
UNITY 500 (‘H, 500 MHz; '*C, 125 MHz; Varian Co., Palo Alto, U.S.A.) or
JEOL JNA-LAA 400 WB-FT ('H, 400 MHz; "*C, 100 MHz; JEOL Co.,
Tokyo, Japan) spectrophotometers. The chemical shifts are presented as ppm
with tetramethylsilane as an internal standard. FAB-MS was measured with
a JEOL JMX-AX 300L spectrometer (JEOL Co.) using glycerol as a matrix.
Column chromatography was carried out on silica gel (Kieselgel 60, 70—
230 mesh, Merck Co., Darmstadt, Germany), Sephadex LH-20 (Pharmacia,
Upsala, Sweden), Amberlite MB-3 (Rohm and Haas Co., Philadelphia
US.A.), and ODS (Chromatorex, 100—200 mesh, Fuji Silysia Chemical
Ltd., Aichi, Japan). MPLC was carried out on LiChroprep RP-18 (size A,
Merck Co.). TLC was carried out on pre-coated silica gel 60 F,, plates
(0.25 mm, Merck Co.), and spots were detected under UV light and by 10%
H,SO, followed by heating.

Plant Materials The stem-bark of J mandshurica was collected during
September 1998 at a mountain area of Kimchun, Kyungbook, Korea, and
dried at room temperature for 3 weeks. A voucher specimen is deposited at
the herbarium of the College of Pharmacy, Chungnam National University,
Taejon, Korea.

Isolation Procedure The stem-bark of J mandshurica (3.0kg) was ex-
tracted with MeOH (6000 m1X3) at room temperature for 24 h to give an ex-
tract (390 g). A part of the MeOH extract (300 g) was suspended in H,O
(2500 ml) and extracted with hexane (2500 m1X3) to give a hexane-soluble
fraction (48 g). The resulting H,O layer was extracted with CH,Cl, (3000
mlX3), EtOAc (3000mIX3) and BuOH (3000 mlX3), successively. The
EtOAc-soluble fraction (90 g) was chromatographed on a column of silica
gel (1kg). The column was eluted using a stepwise gradient of CHCl,,
MeOH and H,0 to give 6 fractions (Fr. A—F; 2.7, 15.9, 23.9, 7.5, 5.4 and
10.2 g, respectively). Repeated column chromatography of Fr. B on silica gel
(CHC1,-MeOH, 9: 1), Sephadex LH-20 (CHCl,-MeOH, 1:9) and reversed
phase ODS (50% aq. MeOH), followed by MPLC on RP-18 (50% aq. MeOH
and 70% aq. CH,CN) afforded 3 (60 mg), 4 (15 mg), 6 (335 mg), 7 (3.3 mg),
9 (165 mg) and 10 (189 mg). Repeated column chromatography of Fr. C on
Sephadex LH-20 (MeOH and CHCI,-MeOH, 1:9), silica gel (CHCl,—
MeOH, 8:2) and reversed phase ODS (40% aq. MeOH), followed by MPLC
on RP-18 (40% aq. MeOH and 80% aq. CH,CN) furnished 1 (18 mg), 2 (5
mg), 5 (164 mg), 8 (11 mg), 11 (168 mg), 12 (345 mg), 13 (340mg) and 14
(294 mg).

1,4,8-Trihydroxynaphthalene 1-O-[+L-Arabinofuranosyl-(1—6)-f-b-
glucopyranoside] (1) Light brown amorphous powder, [¢], —94° (¢=0.1,
MeOH). IR v, cm™": 3400, 1610, 1520, 1405, 1375, 1255, 1165. UV A .
nm (log €): 224 (4.6), 306 (3.8), 326 (3.7), 342 (3.7). Positive FAB-MS m/z:
493 [M+Na]", 471 [M+H]". 'H- and ®C-NMR data: see Tables 1 and 2.

1,4,8-Trihydroxynaphthalene 1-O-B-p-Glucopyranoside (2)*” Brown
amorphous powder, [a], —85° (¢=0.1, MeOH). IR v, cm™": 3400, 1615,
1520, 1405, 1375, 1260, 1070. UV A, nm (log €): 224 (4.6), 306 (4.2), 326
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(4.1), 342 (4.1).

1,4,8-Trihydroxynaphthalene 1-O-B-p-[6'-0-(4"-Hydroxy-3",5"-
dimethoxybenzoyl)|glucopyranoside (3)'® Light brown amorphous pow-
der, [0], —49° (¢=0.1, MeOH). IR v,,,, cm™': 3400, 1680, 1610, 1520,
1460, 1420, 1340, 1215, 1120. UV 4, nm (log €): 224 (4.8), 288 (4.1), 326
(4.1), 342 (3.8).

1,4,8-Trihydroxynaphthalene 1-0-B-p-[6'-0-(3",5"-Dihydroxy-4"-
methoxybenzoyl)|glucopyranoside (4) Light brown amorphous powder,
[a]ly —49° (¢=0.1, MeOH). IR v, em™": 3400, 1700, 1610, 1520, 1360,
1240, 1160. UV 4_,, nm (log £): 224 (4.7), 265 (3.9), 305 (3.9), 326 (3.8),
342 (3.8). Positive FAB-MS m/z: 527 [M+Na]”, 505 [M+H]*. 'H- and "*C-
NMR data : see Tables 1 and 2.

1,4,8-Trihydroxynaphthalene 1-0-B-b-[6'-0-(3",4",5"-Trihydroxyben-
zoyl)|glucopyranoside (5)'” Brown needles (MeOH-H,0), [a], —53°
(c=0.1, MeOH). IR v,,, cm™': 3400, 1690, 1610, 1520, 1445, 1350, 1070,
1030. UV 4, nm (log €): 224 (4.8), 282 (4.1), 326 (3.9), 342 (3.9).

4a,5,8-Trihydroxy-o-tetralone 5-0-p-p-[6'-0-(4"-Hydroxy-3",5"-
dimethoxybenzoyl)|glucopyranoside (6)°” Light yellow amorphous pow-
der, [at], —53° (c=0.1, MeOH). IR v,,, cm™": 3400, 1705, 1645, 1610,
1515, 1465, 1410, 1335, 1225, 1115, 1070. UV 4,,, nm (log €): 216 (4.5),
262 (4.1), 348 (3.5).

4¢,5,8-Trihydroxy-o-tetralone 5-O-f-p-[6'-0-(3",5"-Dihydroxy-4"-
methoxybenzoyl)]glucopyraneside (7) Light yellow amorphous powder,
[a]p, —18° (¢=0.1, MeOH). IR v,,,, cm™": 3400, 1700, 1640, 1600, 1470,
1440, 1360, 1250, 1160. UV A, nm (log £): 214 (4.5), 260 (4.1), 348 (3.3).
Positive FAB-MS m/z: 545 [M+Na]*, 523 [M+H]". 'H- and "C-NMR
data: see Tables 3 and 2.

4@,5,8-Trihydroxy-o-tetralone 5-0-f-p-[6'-0-(3",4",5"-Trihydroxyben-
zoyl)|glucopyranoside (8) Light yellow amorphous powder, [a], —34°
(¢=0.1, MeOH). IR v,,,, cm™': 3400, 1700, 1640, 1610, 1470, 1350, 1340,
1230, 1070. UV A, nm (log €): 216 (4.6), 262 (4.1), 350 (3.5). Positive
FAB-MS m/z: 531 [M+Na]", 509 [M+H]". 'H- and '*C-NMR data: see Ta-
bles 3 and 2.

Taxifolin (5,7,3',4'-Tetrahydroxyflavanol, 9)*” White amorphous
power, [a], +20° (¢=0.1, MeOH). IR v, em™": 3420, 1620, 1520, 1470,
1360, 1265, 1165. UV A, nm (log €): 288 (4.2), 328 (sh).

Afzelin  (Kaempferol 3-O-orL-Rhamnopyranoside, 10)* Yellow
amorphous power, [a], —184° (¢=0.1, MeOH). IR v, cm™": 3280, 1655,
1615, 1500, 1450, 1365, 1070, 1060. UV A, nm (loge): 264 (4.3), 342
4.1).

Quercitrin (Quercetin 3-0-o-L-Rhamnopyranoside, 11)* Yellow
amorphous power, [@], —178° (¢=0.1, MeOH). IR v_,, cm™!: 3320, 1660,
1610, 1500, 1450, 1360, 1300, 1200. UV A, nm (loge): 254 (4.2), 314
(sh), 350 (4.1).

Myricitrin (Myricetin 3-O-0~L.-Rhamnopyranoside, 12)*Y  Yellow
amorphous power, [@], —141° (¢=0.1, MeOH). IR v, em™!: 3270, 1655,
1610, 1500, 1455, 1340, 1290. UV A, nm (log €): 254 (4.2), 312 (sh), 354
4.1).

1,2,6-Trigalloylglucopyranose (13> White amorphous power, [¢],
—94° (¢=0.1, MeOH). IR v,,, cm™": 3420, 1710, 1610, 1540, 1525, 1450,
1355, 1310, 1240, 1210. UV A_,, nm (log €): 216 (4.6), 278 (4.4).

1,2,3,6-Tertagalloylglucopyranose (14)° White amorphous power,
[o)p +39° (¢=0.1, MeOH). 3400, 1700, 1610, 1540, 1455, 1355,1200. UV
Ao nm (log £): 216 (4.9), 278 (4.5).

Determination of Sugars in 1, 4, 7 and 8 Each sample (2 mg) was re-
fluxed with 4 N HCl-dioxane (1 : 1, 2ml) for 2 h. The mixture was extracted
with EtOAc (5 m1X3). The residual water layer was neutralized with Amber-
lite MB-3 and dried to give a residue. The residue was dissolved in pyridine
(1 ml), to which 0.1 M L-cysteine methyl ester hydrochloride in pyridine (2
ml) was added. The mixture was kept at 60 °C for 1.5h. After the reaction
mixture was dried in vacuo, the residue was trimethylsilylated with hexam-
ethyldisilazane-trimethylchlorosilane (0.1 ml) at 60 °C for 1h. The mixture
was partitioned between hexane and H,0 (0.3 ml each) and the hexane ex-
tract was analyzed by gas-liquid chromatography (GLC). In the acid hy-
drolysate of 1, p-glucose and L-arabinose were confirmed by comparison of
the retention times of their derivatives with those of p-glucose, L-glucose, p-
arabinose and L-arabinose derivatives prepared in a similar way, which
showed retention times of 21.34, 22.00, 17.37 and 16.34 min, respectively.

The sugars from acid hydrolysis of 4, 7 and 8 were identified by TLC on
silica gel with a solvent system of EtOAc-MeOH-H,0-AcOH (65:20:15:
15). The spots on the plate were visualized by spraying an anisaldehyde-
H,SO, solution.

Enzymatic Hydrolysis of 6—8 Naringinase (50 mg, Sigma Co.) was
added to a suspension of 6, 7 or 8 (5—10mg) in 50 mm acetate buffer (pH
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5.5) and the mixture was stirred at 37 °C for 5h. The reaction mixture was
extracted with EtOAc (10 m1X3) and evaporated to dryness. The residue was
chromatographed on silica gel eluting with hexane—acetone (2:1) to give
4,5 8-trihydroxy- o-tetralone (6a) in 50—60% yields. Compound 6a, yellow
amorphous powder, [a]2 +13° (¢=0.1, EtOH). UV A,,, nm (log €): 235
(4.0, 265 (3.7), 372 (3.5). CD (c=1.55X107%) Ae (nm): —16.79 (265),
—5.79 (319). 'H-NMR (CDCL+CD,0D) §: 2.60 (ddd, J=17.3, 10.3, 4.7
Hz, HB-2), 2.90 (ddd, J=17.3, 7.1, 4.5 Hz, Ha-2), 2.33 (m, HB-3), 2.20 (m,
Ha-3), 5.21 (dd, J=8.1, 4.5Hz, H-4), 7.07 (d, J=9.3Hz, H-6), 6.81 (d,
J=9.3Hz, H-7). B3C-NMR (CDCl,+CD,0D) §: 204.4 (C-1), 35.2 (C-2),
30.8 (C-3), 65.5 (C-4), 147.4 (C-5), 126.3 (C-6), 118.0 (C-7), 156.0 (C-8),
115.2 (C-9), 128.0 (C-10).

Benzoylation of 6a Benzoyl chloride (100 mg) was added to a solution
of 6a (2.5mg) in pyridine (0.1 ml) and the reaction mixture was kept
overnight at room temperature. The mixture was evaporated to give a
residue, which was purified by preparative thin layer chromatography on sil-
ica gel with hexane—acetone (3:1) to give 4,5,8-tribenzoyloxy-o-tetralone
(2.6 mg, 6b); white amorphous powder, []2 —17 (c=0.1, EtOH). UV 1,,,,
nm (log €): 235 (4.0). CD (¢=0.59X107%) Ae (nm): —2.35 (254), —3.24
(280). 'H-NMR (CDCl;) &: 2.61 (dt, J=16.8, 3.6Hz, HB-2), 2.98 (ddd,
J=16.8, 13.1, 5.6 Hz, Ha-2), 2.48 (2H, m), 6.61 (t, J=3.3Hz, H-4), 7.37
(5H, m), 7.57 (5H, m), 7.66 (1H, m), 7.86 (2H, m), 7.99 (2H, m), 8.26 (2H,
m). PC-NMR (CDCl,) §: 195.5 (C-1), 34.5 (C-2), 27.1 (C-3), 64.5 (C-4),
146.9 (C-5), 164.9, 165.7, 169.2 (3 Xbenzoyl group C=0).

RNase H Activity Assay For the assay of HIV-1-RT-associated RNase
H,” HIV-1 RT was adjusted to 2.5 U/ul with a solution of 50 mm Tris-HCI
(pH 8.0), 50mm KCI, 8 mm MgCl, and 2.5 mm dithiothreitol (DTT). A mix-
ture (20 1) containing of 50 mm Tris—HCl (pH 8.0), 50mm KCl, 8 mm
MgCl,, 2.5mm DTT, 7.2nM of [*H]poly(rA)-poly(dT) (370 kBg/ml), and a
test sample in dimethyl sulfoxide (DMSO; final concentration of 5%) was
preincubated at 37°C for 5min. The reaction mixture was kept for 2h at
37°C. A blank reaction was carried out under the same conditions without
adding enzyme, and a control reaction was done in the absence of a test
sample. The reaction was terminated by addition of 20 ul of 0.02M EDTA.
The mixture was applied onto a Whatman DE81 paper disc, which was
washed batchwise with 3ml of 5% Na,HPO,, distilled water three times,
ethanol once and ether once. The paper disc was then dried and immersed in
3 ml of scintillation fluid. The RNase H activity was measured as the inhibi-
tion of the degradation of RNA in a hybrid in the presence of a test sample
as follows:

inhibition (%) = [ 1- (dpmblank - dpmsample)/(dpmblank - dpmcoml‘)] X100

Illimaquinone was used as a positive control and inhibited RNase H activity
with an ICy, of 50 M under the above conditions.

DNA-RNA Hybrid Preparation 0.57nm poly(dT) was annealed to
0.32nM poly(rA) and 5pM [*H]poly(rA) in 50 il of H,O. The mixture was
heated to 90 °C for 5 min, allowed to cool gradually to 37 °C, incubated for
30 min, kept at room temperature for 30 min and finally stored at —20 °C.**

RT Activity Assay For the assay of RT,***) HIV-1 RT was adjusted to

10.01 U/ul with a solution of 0.2 M phosphate buffer (pH 7.2), 50% glycerol,

2mM DTT and 0.02% of Triton X-100. The reaction mixture (20 ul) con-
taining 50 mm Tris~-HCl1 (pH 8.3), 30 mm NaCl, 10 mm MgCl,, Smm DTT,
1.25 pug/ml (ca. 16 nm) poly(rA)- oligo(dT),,_,s as a template-primer, 250 nMm
dTTP, 100 nm [methyl-*H]dTTP (18.5 MBg/ml) and 0.01 U/ul of RT, and 1.0
4l of a test sample dissolved in DMSO (final concentration of 5%) was incu-
bated at 37°C for 1 h. A control reaction was done under the same condi-
tions without adding a test sample. The reaction was terminated by addition
of 20 ul of 0.02m EDTA. The resulting mixture was applied onto Whatman
DE81 paper disc and washed in a similar manner as described above. The
paper disc was then dried and immersed in 3 ml of scintillation fluid. The
amount of a polymer fraction was determined by counting the radioactivity
on the paper disc according to the incorporation of *H-labeled substrate into
the DNA polymer. The calculation of the inhibitory potency for the test sam-
ple was done as follows:
inhibition (%)=[1—(dpm,

comp.

/dpmcontl_)] X100

Adriamycin was employed as a positive control and inhibited the RT with
an IC,, of 46 um under the above conditions.
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Radix, and Increase of Water Solubility of Proanthocyanidins in

the Presence of Paeoniflorin

Takashi Tanaka, Maki Kataoka, Nagisa Tsusol, and Isao Kouno*

School of Pharmaceutical Sciences, Nagasaki University, 1-14 Bunkyo-machi, Nagasaki 852-8521, Japan.

Received July 14, 1999; accepted October 15, 1999

Seven new monoterpene glycoside esters related to paeoniflorin were isolated from Paeoniae Radix, together
with polymeric proanthocyanidins, polygalloylglucoses and 48 known compounds (a benzoylsucrose, seven aro-
matic acids, adenosine, nine monoterpene glycosides, eight flavan-3-ols, a catechin dimer formed by oxidation,
seven proanthocyanidins, three galloylsucroses, five galloylglucoses, and six ellagitannins). The structures of the
new compounds were determined by spectral investigation including two-dimensional NMR techniques. In addi-
tion, increased water solubility of polymeric proanthocyanidin in the presence of paeoniflorin was examined by
n-octanol-water partition and 'H-NMR spectral experiments.

Key words  Paeonia obovata; monoterpene glucoside; tannin; Paeoniae Radix; proanthocyanidin; hydrophobic association

Paeoniae Radix (Shaoyao) is an important crude drug in
Japanese and Chinese traditional medicine. Although the
roots of Paeoniae lactiflora PaLLas and related species are
usually used after removal of cortex, the root with cortex is
also used medicinally for different purposes, for example im-
provement of blood flow. It was inferred from this that a dif-
ference in the constituents of these two crude drugs was re-
sponsible for the difference in the medicinal usage. Hence,
we compared these two types of Paeoniae Radix by reversed
phase HPLC and chemically investigated in detail the con-
stituents of commercial Paeoniae Radix with cortex originat-
ing from Paeoniae obovata MaxM. In addition, the change in
water solubility of polymeric proanthocyanidin in the pres-
ence of paeoniflorin, the major monoterpene glycoside of the
crude drug, was also examined.

Results and Discussion

Figure 1 shows reversed phase HPLC chromatograms (Fig.
1) of hot water extracts of two typical commercial Paeoniae
Radix samples (A, commercial Paconiae Radix without the
cortex part originating from P, lactiflora cultivated in Japan;
B, commercial Paeoniae Radix with the cortex part originat-
ing from P, obovata imported from China). A rise of baseline
in chromatogram B (crude drug with cortex) suggested the
presence of polymeric proanthocyanidins. This was also sup-
ported by thin-layer chromatography showing a reddish-or-
ange coloration at the origin with the p-anisaldehyde-H,SO,
reagent. In addition, many peaks arising from minor con-
stituents appeared in chromatogram B. It was not clear
whether the difference between the two chromatograms arose
from the difference in the plant species, or from the presence
of the cortex part.

Commercial Paeoniae Radix with cortex (dried root of P
obovata) was extracted with a mixture of acetone and water,
and the extract was partitioned successively with ethyl ether
and ethyl acetate. The ethyl acetate extract and water layer
were separately subjected to a combination of column chro-
matography on Sephadex LH-20, MCI gel CHP20P, Chroma-
torex ODS, TSK-gel Toyopear] HW40F, and silica gel to
yield a total of 55 compounds, together with polygalloylglu-
coses" and polymeric proanthocyanidins. Among these com-

* To whom correspondence should be addressed.

pounds, eight (1—7) were found to be new compounds and
one (8) was isolated for the first time from natural source.
The remaining compounds were identified as seven aro-
matic carboxylic acids (gallic acid, benzoic acid, vanillic
acid, syringic acid, p-hydroxybenzoic acid, 4,5-dihydroxy-
3-methoxybenzoic acid, and an equilibrium mixture of m-
and p-digallate”), adenosine, nine monoterpene glycosides
[paeoniflorin (9),) oxypaeoniflorin (10),” benzoylpaeoni-
florin (11),”Y benzoyloxypaeoniflorin (12),” galloylpaeoni-
florin (13),” galloyloxypaeoniflorin (14), mudanpiosides E
(15),” and F (17),>° and desbenzoylpaeoniflorin (16)”], 6-O-
(18), 1'-0- (19), and 6'-O- (20) galloylsucroses,” (+)-cate-
chin, catechin 5-O-, 7-O-, 3'-O-, and 4’-O-glucosides,” cate-
chin 7-O-gallate,” catechin 3’(4')-O-gallate (an equilibrium
mixture),'” epicatechin 3-O-gallate,'" catechin dimer formed
by oxidation (21),' seven proanthocyanidins [procyanidins
B-3 (22),"Y B-1 (23),'Y B-1 3-O-gallate (24),'¥ B-2 3'-O-
gallate (25),'V and B-7 (26),"” AC-trimer (27),'”¥ and
arecatannin A-1 (28)"], 1,2,3-tri-,'® 1,2,6-tri-,'> 1,2,3,4-
tetra,' and 1,2,3,4,6-penta-O-galloyl-8-p-glucoses,? 2,3,4,6-
tetra-O-galloyl-p-glucose,'® and six ellagitannins [2,3-(S)-
hexahydroxydiphenoyl-p-glucose (29),'” eugeniin (30),'®

A B
paeoniflorin
paeoniflorin
pentagalloyl pentagalloyl
glucose glucose
polymeric

Pmamhocymidin

Fig. 1. HPLC Chromatograms of Hot-Water Extract of Paconiae Radix

A, crude drug from the root of P, lactiflora without the cortex part; B, crude drug
from the root of P obovata with the cortex part. Conditions: Cosmosil 5C ,-AR, 5%~
35% (30 min)—75% (20 min) CH;CN in 50 mm H,PO,, 0.8 ml/min, 280 nm.
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pterocaryanin B (31),'” casuariin (32),” pedunculagin
(33),)” and 1(B)-O-galloylpedunculagin (34)'”]. These
known compounds were identified by comparison of physical
and '"H-NMR data with those of authentic samples or de-
scribed in literature. The mixture of polymeric proantho-
cyanidins (Fig. 2) was characterized by the thiol degradation
method?” and C-NMR spectral analysis (see Experimen-
tal). The extension units were suggested to be (—)-epicate-
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chin (65%, estimated by HPLC analysis of thiol degradation
products), (*)-catechin (21%), and (—)-epicatechin 3-O-gal-
late (14%), and the terminal units were (+)-catechin (69%)
and (—)-epicatechin 3-O-gallate (31%). Furthermore, the
ratio of extension/terminal units was estimated to be about
7.6. The structural characteristics seemed to be an extension
of those of procyanidin dimer—tetramers (22—28).
Compound 1 was obtained as a tan amorphous powder and
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19 29 39 4 59 6 PG

H-3 2.19(d, 13) 2.16 (4, 12) 1.90 (4, 12) 1.88 (d, 13) 1.94 (d, 13) 2.32(4, 13) 1.92 (dd, 6, 15)
1.80(dd, 1,13) 1.78(dd, 1,12)  1.65—1.69 (m) 1.71(d, 13) 1.71 (d, 13) 1.78 (dd, 1, 13) 1.80 (d, 15)

H-4 3.97(dd, 5, 6)

H-5 2.57(dd, 1, 6) 2.46(dd, 1,7) 2.30—237(m) 2.51(d,7) 2.55(d, 6) 2.58(dd, 1,7) 2.54(dd, 5, 8)

H-7 2.50(dd, 6,11) 2.41(dd, 7,11) 2.30—237(m) 2.47(dd, 7,11) 248(dd,6,11) 2.52(dd,7,11) 2.64 (d4, 8, 11)
1.95(d, 11) 1.90 (d, 11) 1.65—1.69 (m) 1.77(d, 11) 1.79 (d, 11) 2.02(d, 11) 1.62 (d, 11)

H-8 4.69 (d, 12) 4.50 (d, 12) 3.95(d, 12) 4.71 (2H, s) 4.70 (2H, s) 4.77 (4, 12) 3.92 (2H, s)
4.61(d, 12) 4.47 (4, 12) 3.87(4, 12) e — 473 (4, 12) —

H-9 5.38(s) 5.27(s) 5.23(s) 5.38(s) 5.39(s) 5.41(s)

H-10 1.36 (s) 1.33 (s) 1.22 (s) 1.26 (s) 1.28 (s) 1.35(s) 1.34 (s)

Gle-1 4.53(d,7.5) 4.48 (d, 8) 4.55(d, 8) 4.57(d, 8) 4.69 (4, 8) 4.56 (4, 8) 4.82 (d, 4) 4.59(d,8)

Gle-2 3.17—3.31 3.19(dd, 8,9) 3.22—332(m) 3.26(dd,8,9) 3.51(dd, 8,9) 3.22(dd, 8,9) 3.40 (dd, 4, 9) 3.17—3.33 (m)

Gle-3 3.17-3.31 3.24 (m) 322—332(m) 3.38(t,9) 5.15(t,9) 3.32(t,9) 3.67(t,9) 3.17—3.33 (m)

Gle-4 3.17—3.31 3.24 (m) 3.22—332(m) 3.32(,9) 3.61(t,9) 3.25(t,9) 3.34(t,9) 3.17—3.33 (m)

Gle-5 3.17—3.31 3.35 (m) 3.22--3.32(m) 3.58 (m) 3.68 (m) 3.49(ddd, 2,7,9) 3.65(ddd,2,5,9) 3.17—3.33 (m)

Glc-6 3.86(dd,2,12) 3.85(dd,2,12) 4.50(dd, 3,12) 4.59(dd, 2,12) 4.48(dd, 6,13) 3.82(dd,7,11) 3.78 (dd, 2, 12) 4.52(dd, 8, 12)
3.60(dd, 5,12) 3.60(dd, 6,12) 4.44(dd, 6,12) 4.44(dd, 8,12) 4.54(dd,3,13) 3.71(dd,2,11) 3.69 (dd, 5, 12) 4.47(d4, 3, 12)

Benzoyl-2, 6 8.02(brd, 7) 8.03 (br, d, 8) 8.05 (br d, 8)

Benzoyl-3, 5 747 (brt, 7) 7.48 (br, t, 8) 7.49 (brt, 8)

Benzoyl-4 7.61 (brt,7) 7.61 (brt, 8) 7.62 (brt, 8)

Galloyl 7.08 (s) 7.07 (s) 7.09 (s) 7.08 (s)

7.13 (s)

Isovaleryl-2 2.25(d,7)

Isovaleryl-3 2.09 (m)

Isovaleryl-4, 5 0.97(d,7)

Vanillyl-2 7.55(d, 2)

Vanillyl-5 6.84 (d, 8)

Vanillyl-6 7.58 (dd, 2, 8)

OMe 3.87 (s)

& in ppm from TMS. Coupling constants in Hz are given in parentheses. a) 300 MHz. b) 500 MHz.

showed a dark blue coloration with the FeCl; reagent. The
'H-NMR spectrum (Table 1) was closely related to that of 9,
except for the appearance of an aromatic two-proton singlet
at & 7.08 instead of benzoyl signals. This observation indi-
cated the presence of a galloyl group at C-8 of the monoter-
pene moiety and the >C-NMR spectrum also confirmed the
presence of a galloyl group in place of the benzoyl group of
9. This was further supported by the [M+Na]" peak at m/z
551 in the FAB-MS. Therefore, the structure of this com-
pound was determined as shown in formula 1, and named 8-
O-galloyl desbenzoylpaeoniflorin.

The "H-NMR spectrum of compound 2 (Table 1) was also
related to that of 1 and 9, showing similar signals due to
monoterpene and glucopyranosyl moieties. The distinctive
features of the spectrum were the appearance of two methyls

(6 0.97, 6H, d, /=7 Hz), methine (6 2.09, 1H, m), and meth-
ylene (8 2.25, 2H, d, J=7 Hz) signals, instead of the aro-
matic signals of 1 and 9. These aliphatic signals indicated the
presence of an isovaleryl group at the C-8 of monoterpene
moiety. Furthermore, the *C-NMR spectrum [isovaleryl: &
174.68 (C-1), 44.16 (C-2), 26.84 (C-3), and 22.76 (C-4, 5)]
and FAB-MS (m/z 483, [M+Na]*) of 2 verified the structure.
This compound was named 8-O-isovaleryl desbenzoyl-
paconiflorin.

Compound 3 showed a dark blue coloration with the FeCl,
reagent, and the negative ion FAB-MS (m/z 527, [M—H]")
indicated that the molecular weight of 3 was the same as that
of 1. '"H-NMR spectral comparison of 3 and 1 (Table 1) indi-
cated that these two were positional isomers differing in the
location of the galloyl group (3: 6 7.07, 2H, s). In the spec-
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trum of 3, the glucose H-6 signals appeared at lower field (&
4.44, dd, J=6, 12 Hz; 4.50, dd, /=3, 12 Hz) and the H-8 sig-
nals of the monoterpene moiety were shifted upfield (6 3.87
and 3.95, each d, /=12 Hz) compared with those of 1. From
this spectral analysis, compound 3 was determined to be 6'-
0-galloyl desbenzoylpaeoniflorin (3).

The "H-NMR spectrum of compound 4 (Table 1) was sim-
ilar to that of 9 and showed signals due to benzoyl, glucosyl
and monoterpene moieties. However, the glucose H-6 signals
(6 444, dd, J=8, 12Hz; 4.59, dd, J=2, 12Hz) were ob-
served at lower field, and additional ABX-type aromatic pro-
ton signals (& 7.55, d, J=2Hz; 6.84, d, J=8Hz; 7.58, dd,
J=2, 8 Hz), along with a methoxyl signal (§ 3.87, 3H, s) ap-
peared. The *C-NMR spectrum exhibited two carboxyl car-
bon signals at 6 168.08 and 167.69 together with two oxygen
bearing aromatic carbon signals at & 148.76 and 152.99, sug-
gesting the presence of a vanillyl group. This was supported
by the [M+Na]" peak at m/z 653 in the FAB-MS. The loca-
tions of the benzoyl and vanillyl groups were unequivocally
confirmed by the heteronuclear multiple bond correlation
(HMBC) spectrum, in which both glucose H-6 signals were
correlated with the carboxyl signal at & 167.7, which also
correlated with an aromatic doublet at § 7.55 (d, /=2 Hz),
indicating that the vanillyl group was attached to the C-6 po-
sition of glucose. Thus, compound 4 was characterized as 6'-
O-vanillylpaeoniflorin (4).

Compound 5 showed a dark blue coloration with the FeCl,
reagent and a [M—H] ™~ peak in the negative FAB-MS at m/z
783, which is 152 mass units larger than galloylpaeoniflorin.
This difference coincided with the mass of a galloyl group.
The 'H-NMR spectrum (Table 1), which was closely related
to that of 9, indicated the presence of two galloyl groups (0
7.09 and 7.13) in the molecule of 5. On hydrolysis with tan-
nase, 5 yielded 9 and gallic acid, confirming that 5 is a digal-
loyl ester of 9. The locations of the galloyl groups were de-
termined to be the C-3 and C-6 positions of the glucosyl
moiety, since the proton signals at these positions resonated
at lower field compared to those for 1 and 2 (Table 1). On the
basis of these observations, compound 5 was established as
3’,6’-di-O-galloylpaeoniflorin.

The 'H-NMR spectrum of compound 6 (Table 1) also re-
sembled that of paeoniflorin (9), except for the appearance of
extra sugar proton signals. The [M+Na]™ peak at m/z 665 in
the FAB-MS revealed that this compound contains an addi-
tional hexose in the molecule, and this was also supported by
BC-NMR spectral analysis. The coupling constants for the
sugar proton signals (Table 1) suggested the presence of a-
and B-glucopyranoses. In addition, a large low field shift for
C-6 (8 68.1) of the B-glucose in the *C-NMR spectrum indi-
cated glycosidation at this position. The connection of the
two sugars and the aglycone was confirmed by the HMBC
experiment. The anomeric proton of o-glucose correlated
with the C-6 of the B-glucose, and the anomeric proton of the
B-glucose was coupled with the C-1 of the monoterpene
moiety. Other HMBC correlations were consistent with the
structure shown in formula 6. Thus, this compound was char-
acterized as 6'-O-a-glucopyranosylpaeoniflorin, and named
isomaltopaeoniflorin (6).

Compound 7 showed a [M—H]™ peak at m/z 527 in the
FAB-MS, and indicated that this compound is an isomer of 1
and 3. Appearance of a two-proton singlet signal at 6 7.08 in
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Fig. 3. Selected HMBC Correlations (H—>C, °J) for Compound 7

the "H-NMR spectrum, in addition to a dark blue coloration
with the FeCl; reagent, indicated the presence of a galloyl
group in the molecule. In the *C-NMR spectrum, the chemi-
cal shifts of ten carbon signals including one methyl group,
three methylenes, two methines, three quaternary carbons,
and a single carboxyl carbon, were similar to those of the
aglycone part of albiflorin,”? except for the absence of ben-
zoyl signals. In comparison with the spectrum of 3, signals
due to a carboxyl carbon (6 178.7, C-9) and a secondary al-
cohol (0 68.3, C-4) were observed in place of two acetal car-
bons (8 106.34, C-4; 102.09, C-9) for 3. These spectral ob-
servations strongly suggested that 7 is a galloyl ester of des-
benzoylalbiflorin. The location of the galloyl group was de-
termined to be at the glucose C-6 position because the glu-
cose H-6 signals (6 4.52, dd, J=8, 12Hz; 4.47, dd, J=3, 12
Hz) appeared at lower field compared with those of 1 and 2.
Final confirmation of the structure was achieved by analysis
of the HMBC spectrum, as shown in Fig. 3, and hence, this
compound was characterized as 6'-O-galloyl desbenzoylalbi-
florin (7). In this investigation of the constituents of Paconiae
Radix, albiflorin was not isolated.

The 'H-NMR spectrum of compound 8 was closely related
to that of 1’-O-galloylsucrose (19),” except for the appear-
ance of signals due to a benzoyl group instead of a galloyl
group. The sugar carbon signals of 8 in the *C-NMR were
also superimposable to those of 19. From this spectral data,
compound 8 was deduced to be 1'-O-benzoylsucrose. Al-
though 8 has been synthesized,” this is the first report of iso-
lation from plants.

As shown by HPLC analysis, the presence of polymeric
proanthocyanidin is one of the distinctive features of Paeo-
niae Radix with cortex, compared to that without cortex. In
addition, a considerable number of the minor peaks observed
in the HPLC chromatogram of the sample with cortex (Fig.
1, B) were probably attributable to proanthocyanidins with
lower molecular weight (19—25), catechin and its deriva-
tives, sucrose esters, galloyl esters of monoterpene glycoside,
and ellagitannins. Hence, the difference in medicinal applica-
tions may be related to the presence of these phenolic sub-
stances. Proanthocyanidins and the related flavan-3-ol are
known to be excellent antioxidants and radical scavengers
and increase the resistance of blood plasma towards oxidative
stress.”? It was also reported that proanthocyanidins inhibit
oxidation of low-density lipoprotein and show antiatheroscle-
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Table 2. Solubility of Polymeric Proanthocyanidins in the Presence of
Paeoniflorin (9), Amygdarin, Apiosyl liquiritin, Glycyrrhizin, and Sucrose
(Proanthocyanidin 2 mg in 1 ml of Water, 28 °C)

Conc. Solubility
(M) (%, relative value®)
50% MeOH 100
None 75
Paeoniflorin 0.01 81
0.02 84
Amygdalin 0.01 82
0.02 87
Apiosyl liquiritin 0.01 87
0.02 98
Glycyrrhizin 0.01 106
0.02 104
Sucrose 0.01 79
0.02 79

a) Relative solubility was estimated by comparison of the HPLC peak area with that
of 50% MeOH solution (100%).

Table 3. Change of the Chemical Shifts of Paeoniflorin (9) in the Presence
of Polymeric Proanthocyanidin (9, 0.013 m; Proanthocyanidin <7.5 mg/ml in
D,0,% at 20°C )

[P +Tannase + Tannase
Paeoniflorin +Polymer (30 min) (3h)
B-2,6 8.058 8.040 8.043 8.044
B-4 7.699 7.684 7.687 7.688
B-3,5 7.553 7.532 7.536 7.537
H-9 5.625 5.621 5.620 5.619

a) After dissolution in D,O by heating, the solution was cooled to 20 °C, and the re-
sulting precipitate was removed by filtration.

rotic activity.”> These beneficial properties seem to be con-
sistent with those of Paconiae Radix with cortex, and are dif-
ferent to those from plant without cortex containing lesser
amounts of proanthocyanidins, which are mainly used for
restoration of blood flow circulation.

In addition to the above structural investigation, we are in-
terested in the water solubility of polymeric proanthocyani-
din, which showed poor water solubility in a purified form.
Previously, we have demonstrated the increase in water solu-
bility of rhubarb polymeric proanthocyanidins in the pres-
ence of an anthraquinone glycoside.?® Since large amounts
of paeoniflorin coexist with proanthocyanidin in the extract
of Paeoniae Radix, the change in water solubility of poly-
meric proanthocyanidin from Paeoniae Radix in the presence
of 9 was examined. After dissolution in water at 80 °C, 25%
of the polymeric proanthocyanidin precipitated from solution
as the temperature was cooled down to 28 °C, and 75% re-
mained in solution. When 9 (0.02 M) was present, the amount
of precipitate was decreased and 84% of the proanthocyani-
din remained in solution (Table 2). On the other hand, the
presence of sucrose did not affect the water solubility. The
increase in water solubility was attributable to the hydropho-
bic association between 9 and polymeric proanthocyanidins.
This was deduced from the "H-NMR chemical shift change
of 9 in the presence of polymeric proanthocyanidin (Table 3).
When polymeric proanthocyanidin coexists in aqueous solu-
tion, the aromatic proton signals shifted upfield. This phe-
nomenon was similar to that observed for association be-
tween anthraquinone glycoside and polymeric proantho-
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cyanidin from rhubarb. In addition, treatment with tannase
partially restored the chemical shift to lower field. This ob-
servation suggested that the presence of galloyl groups in the
polymeric proanthocyanidins was important for the associa-
tion with 9. Other glycosides contained in major Japanese
traditional crude drugs having amphipathic structure also in-
creased the water solubility (Table 2). Water solubility is an
important factor for bioavailability and affects the biological
activities especially with orally administered drugs. Hence,
the increased water solubility of polymeric proanthocyani-
dins by coexisting compounds may be important in oriental
medicine.

Experimental

Column chromatography was performed with Sephadex LH-20 (25—100
mm, Pharmacia Fine Chemical Co. Ltd.), Diaion HP-20 and MCI-gel CHP
20P (75—150 mm, Mitsubishi Chemical Industries, Ltd.), Bondapak ODS
(Waters), TSK-gel Toyopearl HW40F (TOSOH Co.), Chromatorex ODS
(Fuji Silysia), and Silica gel 60 (Merck). Thin layer chromatography was
performed on precoated Silica gel 60 F,;, plates (0.2 mm thick, Merck) with
CHC1,-MeOH-H,0 (70:30:5, v/v) or benzene-HCO,Et~-HCO,H (1:7:1
or 1:7:2, v/v), and spots were detected by ultraviolet (UV) illumination, by
spraying with 5% H,SO, followed by heating, by spraying with 2% ethanolic
FeCl, reagent, and by p-anisaldehyde-H,SO, reagent. Analytical HPLC was
performed on a Cosmosil 5C,;-AR (Nacalai Tesque Inc.) column (4.6 i.d.
X250mm) (mobile phase, CH,CN-50mm H,PO,, gradient elution; flow
rate, 0.8 ml/min, detection, UV absorption at 280 nm). Negative FAB-MS
were recorded on a JEOL JMX DX-303 spectrometer with glycerol as a ma-
trix. 'H- and >C-NMR spectra were obtained with Varian Unity plus 500
and Varian Gemini 300 spectrometers operating at 500 and 300 MHz for 'H,
and 125 and 75 MHz for '*C, respectively; chemical shifts are reported in
parts per million on the § scale with tetramethylsilane (TMS) as the internal
standard, and coupling constants are in Hertz.

Extraction and Isolation From H,O Layer: Commercial Paeoniae
Radix with the cortex part (2.0 kg, imported from China) originating from
the root of P obovata was extracted with a mixture of acetone—water (7:3,
v/v) three times and then with MeOH two times. The extracts were com-
bined and defatted by partition between water and Et,0 (Et,0 extract,
24.6 g). The aqueous layer was extracted with AcOEt five times (AcOEt ex-
tract, 47.5g), and the water layer was subjected to Diaion HP-20 column
chromatography with water containing increasing amounts of MeOH to give
four fractions: frs. 1—4. The first fraction was fractionated once again by
Diaion HP-20 chromatography to five fractions. Fraction 1-1 was mainly
comprised of sugars. Fraction 1-5 contained paeoniflorin as the major com-
pound and was combined together with fr. 3. Fractions 1-2—1-4 were sepa-
rately subjected to a combination of column chromatography over Sephadex
LH-20, MCI-gel CHP 20P, Chromatorex ODS, Toyopearl HW-40 and Bon-
dapak ODS with water—methanol to yield adenosine (47.2 mg), mudanpio-
sides E (15, 6.7mg) and F (17, 81.1 mg), desbenzoylpaeoniflorin (16,
26.0 mg), oxypaeoniflorin (10, 1.28 g), paeoniflorin (9, 3.66 g), 6-O-galloyl-
sucrose (18, 22.1 mg), 1'-O-galloylsucrose (19, 29.4mg), 6'-O-galloylsu-
crose (20, 92.1 mg), catechin 7-O-glucoside (47.3 mg), catechin 5-O-gluco-
side (37.8 mg), catechin 3’-O-glucoside (34.6 mg), catechin 4’-O-glucoside
(32.7mg), 2,3-(S)-hexahydroxydiphenoyl-n-glucose (29, 24.5mg), ptero-
caryanin B (31, 36.3mg), casuariin (32, 59.7mg), pedunculagin (33,
346 mg), procyanidin B-3 (22, 265 mg), 8-O-galloyl desbenzoylpaeoniflorin
(1, 11.9 mg), 8-O-isovaleryl desbenzoylpaeoniflorin (2, 25.3 mg), 6’-O-gal-
loyl desbenzoylpaeoniflorin (3, 129.9 mg), and 6'-O-galloyl desbenzoylalbi-
florin (7, 35.7mg). Fraction 2 was fractionated by Diaion HP-20
(H,0-MeOH) to give two fractions: frs. 2-1 (19.9g) and 2-2 (39.9g). The
latter fraction contained mainly 9 and was combined with fr. 3. Fraction 2-1
was separated by Sephadex LH-20, MCI-gel CHP 20P, and Chromatorex
ODS to give AC-trimer A (27, 454 mg) and arecatannin A-1 (28, 76.5mg),
and polymeric proanthocyanidin (2.3 g). Fraction 3 (81.6 g in total) was ap-
plied to a column of Sephadex LH-20 with water containing increasing
amounts of MeOH and then water-acetone (1: 1, v/v) to give two fractions:
frs. 3-1 and 3-2. Fraction 3-1 was subjected to a combination of chromatog-
raphy over MCI-gel CHP 20P, Sephadex LH-20, Chromatorex ODS and sil-
ica gel 60 to give 10 (0.5g) and 9 (ca. 40g), isomaltopaeoniflorin (6,
30.8mg), and 1'-O-benzoylsucrose (8, 51.0mg). Fraction 3-2 was mainly
composed of proanthocyanidins and gallotannins. Fraction 4 (17.5g) was
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separated by Sephadex LH-20 chromatography into two fractions: frs. 4-1
and 4-2. Fraction 4-1 was chromatographed over MCI-gel CHP 20P fol-
lowed by Chromatorex ODS to yield galloylpaeoniflorin (13, 1.05g), the
structure of which was confirmed by spectral comparison and tannase hy-
drolysis affording 9 and gallic acid. Fraction 4-2, mainly comprised of
proanthocyanidins, was combined with fr. 3-2 and applied to a column of
Sephadex LH-20 with water—acetone (1 : 1, v/v). The fraction positive to p-
anisaldehyde—H,SO, reagent was concentrated, and the residue was precipi-
tated from H,0-MeOH to give a mixture of polymeric proanthocyanidins
(10.1g).

Isolation from AcOEt Layer: The AcOEt layer (47.5 g) was subjected to
Sephadex LH-20 column chromatography with water containing increasing
amounts of MeOH and then water—acetone (1:1, v/v) to give seven frac-
tions: frs. 17 (5.8g), 2" (5.1g),3' (4.7g),4' (1.5g),5' (4.8g), 6’ (7.4g), and
7’ (6.23 g). The first fraction contained sugars and 9 as the major compo-
nents and was not examined further. Fractions 2'—6’ were separately sub-
jected to a combination of column chromatography similar to those de-
scribed for the aqueous layer to yield gallic acid (759 mg), benzoic acid
(78.6 mg), p-hydroxybenzoic acid (16.9 mg), 4,5-dihydroxy-3-methoxyben-
zoic acid (13.6 mg), vanillic acid (29.3 mg), syringic acid (19.0 mg), galloyl-
paeoniflorin (13, 950 mg), galloyloxypaeoniflorin (14, 65.6 mg), benzoyl-
paeoniflorin (11, 693 mg), benzoyloxypaeoniflorin (12, 141 mg), and 6'-O-
vanillylpaeoniflorin (4, 58.6mg) from fr. 2'; (+)-catechin (531mg), pro-
cyanidins B-1 (23, 63.5 mg) and B-3 (22, 34.9 mg) from fr. 3'; a mixture of
m- and p-digallate (8.8 mg), procyanidin B-7 (26, 59.4 mg), AC-trimer (27,
81.7mg), 1,2,3-tri-O-galloyl-B-glucose (33.8mg), and pedunculagin (33,
55.0mg) from fr. 4’; catechin 3-O-gallate (76.2 mg), 7-O-gallate (37.8 mg),
and 3'(4')-O-gallate (equilibrium mixture, 14.3 mg), epicatechin 3-O-gallate
(76.2 mg), catechin oxidation product (21, 18.5 mg), procyanidins B-3 (22,
14.6 mg), B-1 3-O-gallate (24, 47.5 mg), B-7 (26, 95.8 mg), B-2 3'-O-gallate
(25, 19.7 mg), 1,2,3 4-tetra-O-galloyl-B-p-glucose (50.1 mg), and 3',6'-di-O-
galloylpaeoniflorin (5, 10.9 mg) from ft. 5; 1(f)-O-galloylpedunculagin (34,
111 mg), eugeniin (327 mg), 2,3,4 6-tetra-O-galloylglucose (315 mg), and
1,2,3,4,6-penta-O-galloyl-B-p-glucose (2.33 g) from fr. 6. The structure of
14 was confirmed by tannase hydrolysis yielding 10. The last fraction (fr. 7")
was characterized as a mixture of polygalloylglucoses by 'H-NMR spectral
analysis which showed complex aromatic multiplet signals around 6.7—
7.5 ppm along with signals due to an acylated sugar core related to that of
pentagalloyl-B-p-glucose.

8-0-Galloyl Desbenzoylpaeoniflorin (1) A tan amorphous powder,
[al, —4.9° (¢=0.35, MeOH). 4nal. Calcd for C,3H,40,,-2H,0: C, 48.92;
H, 5.72. Found: C, 48.60; H, 5.43. FAB-MS m/z: 551 [M+Na]*. 'H-NMR
(MeOH-d,, 300MHz): Table 1. “C-NMR (MeOH-d,, 75.5MHz) &:
monoterpene moiety: 89.28 (C-1), 87.32 (C-2), 44.58 (C-3), 106.40 (C-4),
44.09 (C-5), 72.31 (C-6), 23.72 (C-7), 61.26 (C-8), 102.33 (C-9), 19.56 (C-
10); glucose moiety: 100.17 (C-1), 75.04 (C-2'), 78.01, 77.90 (C-3", 5'),
71.78 (C-4"), 62.90 (C-6'); galloyl group: 121.22 (C-1"), 110.20 (C-2", 6"),
147.55 (C-3", 5"), 139.98 (C-4"), 168.25 (C-7").

8-O-Isovaleryl Desbenzoylpaeoniflorin (2) A tan amorphous powder,
[alp, —19.6° (¢=0.33, MeOH). Anal. Caled for C,H,,0,,-3/4H,0: C,
53.20; H, 7.12. Found: C, 53.17; H, 6.88. FAB-MS m/z: 483 [M+Na]". 'H-
NMR (MeOH-d,, 300 MHz): Table 1. '*C-NMR (MeOH-d,, 75.5 MHz) &:
monoterpene moiety: 89.19 (C-1), 87.21 (C-2), 44.55 (C-3), 106.31 (C-4),
43.95 (C-5), 72.02 (C-6), 23.30 (C-7), 60.93 (C-8), 102.20 (C-9), 19.57 (C-
10); glucose moiety: 100.14 (C-1"), 74.98 (C-2"), 78.06, 77.92 (C-3" and 5"),
72.02 (C-4"), 62.88 (C-6'); isovaleryl group: 174.68 (C-1"), 44.16 (C-2"),
26.84 (C-3"),22.76 (C-4", 5").

6'-0-Galloyl Desbenzoylpaeoniflorin (3) A tan amorphous powder,
[al, —12.8° (¢=0.46, MeOH). Anal. Calcd for C,;H,0,, 3/2H,0: C,
49.92; H, 5.23. Found: C, 49.91; H, 5.49. Negative ion FAB-MS m/z: 527
[M—H]". 'H-NMR (MeOH-d,, 300 MHz): Table 1. *C-NMR (MeOH-d,,
75.5MHz) &: monoterpene moiety: 89.34 (C-1), 87.22 (C-2), 44.54 (C-3),
106.34 (C-4), 43.46 (C-5), 73.44 (C-6), 22.95 (C-7), 59.00 (C-8), 102.09 (C-
9), 19.53 (C-10); glucose moiety: 99.76 (C-1"), 74.90 (C-2"), 77.91 (C-3"),
72.04 (C-4"), 75.19 (C-5'), 64.69 (C-6'); galloyl group: 121.38 (C-1"),
110.16 (C-2", 6"), 146.53 (C-3", 5"), 139.89 (C-4"), 168.08 (C-7").

6'-0-Vanillylpaeoniflorin (4) A white amorphous powder, [@], —12.6°
(¢=0.53, MeOH). A4nal. Caled for C;,H,,0,,-3/2H,0: C, 56.62; H, 5.67.
Found: C, 56.77; H, 5.57. FAB-MS m/z: 653 [M+Na]*. 'H-NMR (MeOH-
d,, 300 MHz): Table 1. >*C-NMR (MeOH-d,, 125MHz) &: monoterpene
moiety: 89.15 (C-1), 87.08 (C-2), 44.41 (C-3), 106.20 (C-4), 43.78 (C-5),
71.93 (C-6), 23.10 (C-7), 61.57 (C-8), 102.17 (C-9), 19.56 (C-10); glucose
moiety: 99.95 (C-1'), 74.90 (C-2"), 77.78 (C-3"), 72.06 (C-4'), 75.26 (C-5'),
64.97 (C-6'); benzoyl group: 131.10 (C-1"), 130.62 (C-2", 6"), 129.60 (C-3",
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5", 134.39 (C-4"), 167.69 (C-7"); vanillyl group: 122.36 (C-1"), 113.49 (C-
2), 148.76 (C-3"), 152.99 (C-4"), 116.00 (C-5"), 125.14 (C-6"), 168.08
(C-7").

3’,6'-Di-O-galloylpaeoniflorin (5) A brown amorphous powder, [&],
—5.7° (¢=0.77, MeOH). Anal. Caled for C;;H,0,4-2H,0: C, 54.15; H,
4.42. Found: C, 54.13; H, 4.70. Negative ion FAB-MS m/z: 783 [M—H]".
'H-NMR (MeOH-d,, 300 MHz): Table 1. *C-NMR (MeOH-d,, 75.5 MHz)
&: monoterpene moiety: 90.05 (C-1), 87.61 (C-2), 44.93 (C-3), 106.76 (C-
4), 44.26 (C-5), 72.48 (C-6), 23.40 (C-7), 62.04 (C-8), 102.68 (C-9), 20.12
(C-10); glucose moiety: 100.57 (C-1"), 73.98 (C-2"), 79.44 (C-3'), 71.05 (C-
4", 75.71 (C-5"), 64.96 (C-6'); benzoyl group: 131.66 (C-1"), 131.07 (C-2,
6"), 130.11 (C-3", 5"), 134.89 (C-4"), 168.53 (C-7"); galloyl group: 121.89,
122.22 (C-1",1"™),110.72, 110.” (C-2", 6", 2", 6""), 146.89, 147.08 (C-3",
573" 5™, 140.23, 140.47 (C-4", 4""), 168.71, 168.08 (C-7", 7"). Tannase
hydrolysis of 5 (1 mg) yielded gallic acid and 9, which were identified by
TLC and HPLC comparison.

Isomaltopaeoniflorin (6) A white amorphous powder, [¢], 30.9°
(¢=0.39, MeOH). Anal. Caled for CyH,0,4°5/2H,0: C, 50.65; H, 6.30.
Found: C, 50.92; H, 5.98. FAB-MS m/z: 665 [M+Na]*. 'H-NMR (MeOH-
d,, 500 MHz): Table 1. "C-NMR (MeOH-d,, 125 MHz) §: monoterpene
moiety: 89.38 (C-1), 87.32 (C-2), 44.57 (C-3), 106.47 (C-4), 44.05 (C-5),
72.32 (C-6), 23.60 (C-7), 61.72 (C-8), 102.34 (C-9), 19.80 (C-10); B-glu-
cose moiety: 100.07 (C-1"), 74.95 (C-2'), 78.00 (C-3'), 71.96 (C-4"), 76.07
(C-5"), 68.09 (C-6"); a-glucose moiety: 99.86 (C-1"), 73.48 (C-2"), 71.24
(C-3"), 71.62 (C-4™), 73.38 (C-5"), 62.58 (C-6"); benzoyl group: 131.20
(C-1"), 130.66 (C-2", 6"), 129.64 (C-3", 5"), 134.41 (C-4"), 167.98 (C-7").

6'-0-Galloyl Desbenzoylalbiflorin (7) A tan amorphous powder, [¢],
—4.9° (¢=0.41, MeOH). Anal. Calcd for C,;H,40,,-3/2H,0: C, 49.92; H,
5.23. Found: C, 49.67; H, 5.41. Negative ion FAB-MS m/z: 527 [M—H]".
'H-NMR (MeOH-d,, 300 MHz): Table 1. *C-NMR (MeOH-d,, 125 MHz)
0: monoterpene moiety: 86.96 (C-1), 93.06 (C-2), 41.43 (C-3), 68.25 (C-4),
40.83 (C-5), 57.84 (C-6), 27.08 (C-7), 59.95 (C-8), 178.74 (C-9), 20.33 (C-
10); glucose moiety: 99.27 (C-1'), 74.55 (C-2’), 77.99 (C-3'), 72.27 (C-4"),
75.19 (C-5"), 64.67 (C-6"); galloyl group: 121.37 (C-1"), 110.17 (C-2", 6"),
146.58 (C-3", 5"), 139.91 (C-4"), 167.90 (C-7").

1'-O-Benzoylsucrose (8) A tan amorphous powder, [o], 43.2°
(¢=0.48, MeOH). Anal. Caled for C,;H,;0,,°5/4H,0: C, 48.67; H, 6.13.
Found: C, 48.71; H, 5.76. FAB-MS m/z: 469 [M+H]". '"H-NMR (MeOH-d,,
300 MHz): §: 3.30—4.05 (m), 4.22 (1H, dd, J=2, 9Hz, H-3), 4.59, 4.39
(each 1H, d, J/=12Hz, H-1), 5.48 (1H, d, /=4 Hz, H-1"), 7.49 (2H, br t, J=
8 Hz, H-3", 5"), 7.63 (1H, br t, J=8 Hz, H-4"), 8.06 (2H, br t, /=8 Hz, H-2",
6"). *C-NMR (MeOH-d,, 125 MHz) &: 64.42 (C-1), 104.13 (C-2), 78.91 (C-
3), 74.98 (C-4), 83.83 (C-5), 63.25 (C-6), 94.18 (C-1"), 73.03 (C-2'), 74.43,
74.60 (C-3", 5"), 71.38 (C-4"), 62.21 (C-6"); benzoyl group: 131.08 (C-1"),
130.66 (C-2", 6"), 129.64 (C-3", 5"), 134.43 (C-4"), 167.33 (C-7").

Polymeric Proanthocyanidin A brown powder from H,0. “C-NMR
(acetone-dg, 75.5MHz) 8: 28.4 (C-4 of terminal unit), 36.7 (C-4 of exten-
sion unit), 67.5 (C-3 of terminal catechin unit), 71.9 (C-3 of extension
units), 76.8 (C-2 of extension units), 81.9 (C-2 of terminal catechin unit),
96.7 (A-ring C-6 and/or 8), 101.2 (A-ring C-4a), 107.8 (A-ring C-8 or 6),
109.8 (galloyl C-2, 6), 114.7, 115.6, 118.9 (B-ring C-2', 5', 6"), 120.5 (gal-
loyl C-1), 129.2, 129.8, 131.8 (B-ring C-1’), 139.4 (galloyl C-4), 144.9,
145.7 (B-ring C-3', 4’; galloyl C-3, 5), 154.1, 155.9, 157.2 (A-ring C-5, 7,
8a), 166—168 (galloyl C-7).

Thiol Degradation of Polymeric Proanthocyanidin Isolation of the
Products: Polymeric proanthocyanidin (500 mg) was treated with a mixture
of mercaptoethanol (4 ml), 0.5 HC1 (16 ml) and MeOH (10 ml) at 50 °C for
7h. After concentration to about half volume, the solution was applied to a
column of MCl-gel CHP 20P with water containing increasing amounts of
MeOH to give (+)-catechin (12.3mg), [0, +4.1° (¢=0.8, acetone) and
epicatechin 3-O-gallate (4 mg), [a], —50.0° (¢=0.3, acetone) from terminal
units; (*)-catechin 4-(2-hydroxyethyl)thio ether (12.8 mg), [a], 0° (¢=0.2,
acetone), epicatechin 4-(2-hydroxyethyl)thio ether (101.0mg), [a], —53.5°
(¢=0.3, acetone), and epicatechin 3-O-gallate 4-(2-hydroxyethyl)thio ether
(55.6 mg), [0], —91.0° (c=0.4, acetone) from extension units.?"

HPLC Analysis of Thiol Degradation Products: Polymeric proanthocyani-
din (10 mg) was treated with a mixture of mercaptoethanol (0.3 ml), acetic
acid (0.3 ml) and ethanol (2.4m) in N, gas at 50 °C for two days. The mix-
ture was diluted with water, passed through Sepak ODS (60% MeOH), and
analyzed by reversed phase HPLC [10%—30% (40 min) CH,CN in 50 mm
H,PO,]. Retention time (min): (+)-catechin (12.63), epicatechin 3-O-gallate
(26.36), (*)-catechin 4-(2-hydroxyethyl)thio ether (18.16), (—)-epicatechin
4-(2-hydroxyethyl)thio ether (22.76), (—)-epicatechin 3-O-gallate 4-(2-hy-
droxyethyl)thio ether (30.62). The molar ratio of the products was estimated
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by comparison of peak area with those of standard solutions: (—)-epicate-
chin (65%), (=)-catechin (21%), and (—)-epicatechin 3-O-gallate (14%) for
extension units, (+)-catechin (69%) and (—)-epicatechin 3-O-gallate (31%)
for terminal units (average value obtained from four samples with four injec-
tions for each sample).

Water Solubility of Polymeric Proanthocyanidin  Polymeric proantho-
cyanidin (2mg) was dissolved in water (1 ml) containing 0, 0.01 or 0.02M of
test compounds at 80 °C. The solution was cooled to 28 °C and left to stand
for 15h. The resulting precipitates were removed by centrifugation (3000
rpm, 20min), and the supernatant was analyzed by reversed-phase HPLC
(Cosmosil 5C3-AR, 15—45% (20 min) CH;CN-50 mm H,PO,, 0.8 m!/min).
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A heat conduction microcalorimeter was used to evaluate the isothermal transition in water from anhydrate
to monohydrate at 298 K. Sulfaguanidine (SGN) anhydrate was used as a model compound for the measurement
of hydration kinetics in water. It is the well-known that SGN is very slightly soluble in water and capable of exist-
ing as the anhydrate or monohydrate form in the solid state. The transition rates of SGN anhydrate to monohy-
drate in tablets and granules were investigated. The hydration kinetics of tablets with controlled surface areas,
obtained by coating the side with paraffin in aqueous solution, followed an apparent zero-order mechanism. On
the other hand, the transition mechanism of the granules involved a phase boundary-controlled contracting in-

terface reaction.

Key words hydration kinetics; calorimetry; sulfaguanidine; tablets; granules

In the development of solid dosage forms, the phase tran-
sition of the active ingredient from the metastable form to the
stable form can be a problem. When solid preparations are
administered orally, the phase transition may influence the re-
lease or dissolution of the active agents from the solid dosage
forms. For this reason it is important to measure the transi-
tion rate of anhydrate to hydrate in water. The phase transi-
tion of drug in the solid state can be determined by many
methods,>>*? however, measurement of the transition kinet-
ics in water is none, because it is difficult to determine the
rate under such conditions. Although the transition behavior
in water has already been investigated by measuring the dis-
solution profile,? is the transition of drug inside solid dosage
forms can’t be determined by this method. Hence, it is desir-
able to develop a method for investigating the phase transi-
tion rates inside solid dosage forms in water.

In the present study, sulfaguanidine (SGN) was selected as
a model compound for the measurement of the hydration ki-
netics in water because SGN is very slightly soluble in water
and capable of existing as the anhydrate and monohydrate
forms in the solid state. The hydration rates in water for solid
dosage forms, ie., tablets and granules, were determined
continuously by the calorimetric method.*” Using this
method, it is possible to investigate the phase transition kinet-
ics and the transition mechanism of solid dosage forms in
liquids.

Experimental

Materials SGN monohydrate was recrystallized from distilled water
and then allowed to dry on filter paper at room temperature. The material
was then ground gently in an agate mortar. The fraction passed through a
100 mesh sieve was used. This fraction was heated at 90 °C for 3h under
vacuum with P,O; and then stored in a desiccator containing P,O;. This ma-
terial was used as the test sample.

Preparations of Tablets and Granules The compression equip and
tablet preparation were as described in the previous paper.* Sample powder,
250 mg, was compressed under a pressure of 5000kg/cm® with flat-faced
punches in a die of 7.0 mm internal diameter at a speed of 50 mm/min. The
tablets were used in this form or the side was coated with paraffin. The
tablets were crushed in the agate mortar and the 12—22 mesh fraction was
used as granules. The sample weight was 250 mg.

Calorimetry A twin-type heat conduction microcalorimeter CM-204D1
(Electronic Laboratory, Ltd.) was used throughout the studies. The proce-

* To whom correspondence should be addressed.

dure for the calorimetric measurements was as described in the previous
paper.*® All measurements were carried out at 25 °C.

Determination of Hydration Rate by Microcalorimetry The hydra-
tion rates of SGN were determined as follows. Fifty milliliters of saturated
SGN aqueous solution with its fine crystals was transferred to the reaction
vessel and the thermogram measured without stirring. The hydration rate
(dw/dy), i.e., dQ/dt, was analyzed by the deconvolution method described in
the previous paper.” To obtain the thermogram of the heat generated instan-
taneously in the reaction vessel, i.e., the weight function in the deconvolu-
tion equation, a Nichrome wire was used. The Nichrome wire was immersed
in the solvent in the reaction vessel on the sample side. The heat were gener-
ated by passing an electric current for 0.1s through the Nichrome wire,
change transforming the voltage from 130 to 80'V.

Measurement of Moisture Content The moisture content of SGN
monohydrate and anhydrate was determined by the Karl Fisher method as
described in the previous paper.*” This showed that SGN monohydrate and
anhydrate contained 1 and 0 mol moisture, respectively.

X-Ray Diffraction Powder X-ray diffractometry was performed as de-
scribed in the previous paper.*”

Results and Discussion

Confirmation of Change from SGN Anhydrate to
Monohydrate in Water Figure 1 shows the powder X-ray
diffraction patterns of SGN anhydrate before and after im-
mersion in water.

From the X-ray powder diffraction profiles, it was found
that SGN anhydrate was completely transformed into mono-
hydrate in water.”

(a)

(b)

Intensity

(c)

5 10 15 20 25 30 35

2 g (degree)

Fig. 1. X-Ray Powder Diffraction Patterns of SGN Anhydrate, before and
after Immersion in Water, and Monohydrate

(a) anhydrate before immersion in water, (b) anhydrate after immersion in water, (c)
monohydrate.
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Analysis of Hydration Rates by the Deconvolution
Method The thermograms obtained by passing different
amounts of electric current through the Nichrome wire
placed in SGN saturated solution are shown in Fig. 2. From
Fig. 2, the heat conduction behavior was considered to be-
have as a linear system. In addition, it was confirmed that the
relationship between the heat of hydration and weight of
SGN anhydrate was also linear. The relationship between the
weight and heat of hydration of SGN anhydrate is shown in
Fig. 3. A linear relationship was observed over the region
from 0 to 0.5 g sample weight. This result indicates that the
weight of SGN anhydrate is directly proportional to the heat
of hydration for the transformation in water from SGN anhy-
drate to monohydrate. Furthermore, the weight of SGN anhy-
drate is directly proportional to the weight of transformed
SGN monohydrate. Consequently, the heat evolved at time ¢
(dQ/dt) and the hydration rate (dw/df) can be expressed by
the following formula:

dw/dt (g/min)=k-dQ/d¢ (J/min)

Where & (g/J) is a constant with a value of 0.020. There-
fore, the thermograms obtained upon passing an electric cur-
rent through the Nichrome wire correspond to an input func-
tion and the thermograms for the hydration of SGN tablets
and granules can be considered as a response to an arbitrary
input. From these thermograms, the hydration rates of SGN
anhydrate in water could be obtained by the deconvolution
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Fig. 5. Thermogram of Hydration of SGN Anhydrate Tablets with Con-

trolled Surface Areas, Obtained by Coating the Side with Paraffin

method. This method makes it possible to measure the transi-
tion in water of a drug inside solid dosage forms, something
that was so far been considered difficult to do.

Measurements of Hydration Rate of Tablets The hy-
dration rate (dw/df) of SGN tablets in water determined by
the deconvolution method is shown in Fig. 4. When a tablet
was immersed in water, dw/d¢ increased rapidly after a ca. 30
s time-lag and the maximum dw/d¢ was attained about 10 min
after immersion. Furthermore, if the SGN tablet was placed
in a flask filled with water, lamination of the side of tablet
occurred rapidly. This result suggested that, as the water pen-
etrated into the tablet, hydration took place readily and then
lamination the side of tablet occurred. After about 40 min,
the hydration rate decreased gradually. This result indicated
that hydration of the mass of disintegrated tablet was a slow
process.

Measurement of Hydration Rate for Tablets with Con-
trolled Surface Areas by Coating the Side with Paraffin
The hydration kinetics of SGN anhydrate tablets with con-
trolled surface areas, obtained by coating the side with paraf-
fin, in water was determined. The thermogram is shown in
Fig. 5. Following a ca. 75 s time-lag, the heat curve rose lin-
early for about 30 min, increased for up to about 60 min, and
then remained approximately constant for a period of about
60 min before decreasing rapidly. This result suggested that
nucleation and nuclear growth occurred during the time-lag
and heat was generated during the period of hydration and
then the heat curve decreased rapidly in the neighborhood of
the end-point of hydration. Using the data in Figs. 2 and 5,
the isothermal transition curve was determined by the decon-
volution method. The resuit is shown in Fig. 6. As shown in
Fig. 6, the hydration rate can be expressed by apparent zero-



210

0.5+

Fraction hydrated

0 50 100 150 200

Time (min)

Fig. 6. Hydration Profile of SGN Anhydrate Tablets with Controlled Sur-
face Areas, Obtained by Coating the Side with Paraffin

o
[
s
hel
F
c 0.5
p=d
k3t
o
w
0 ? T T T |
0 5 10 15 20 25
Time (sec)
Fig. 7. Hydration Profile of SGN Granules in Water
0.4
@
0
L 0.21
0 T T |
0 5 10 18
Time (sec)
Fig. 8. Plot of I —(1— )" versus ¢ for the Isothermal Transition of Anhy-

drate to Monohydrate in Water at 25 °C

order kinetics for the time-lag. From these results, it was
considered that the area of the hydrating interface was con-
stant.

Measurement of Hydration Rate of Granules The hy-
dration profile of SGN granules in water is shown in Fig. 7.
The hydration of granules was achieved almost instantly with
a ca. 5s time-lag. The hydration behavior was determined
from a theoretical equation for solid-state decomposition.®
Assuming the granules are spherical and the hydration rate

Vol. 48, No. 2

can be expressed by an apparent zero-order mechanism, the
hydration rate of granules can be represented by the follow-
ing equation:

1—(1—e)"*=kt

where « is the fractional hydration at time ¢ and % is a con-
stant. A range of 0.1—0.8 for the fractional hydration was
used in the analysis of the hydration mechanism. Figure 8
shows a plot of 1—(1—a)'? versus t for the isothermal tran-
sition of anhydrate to monohydrate in water at 25 °C. A lin-
ear relationship between 1—(1— )" and time was observed.
However, the straight line did not pass through the origin.
This can be explained by the time-lag. As a ca. 5 time-lag
was present, the origin was shifted by about 5s and the
straight line crossed the time axis at about 5s. This result
suggested that the hydration reaction is a phase boundary-
controlled contracting interface reaction.

Conclusion

The hydration kinetics of solid dosage forms in water was
determined by a calorimetric method. The hydration reaction
was analyzed by a theoretical equation for solid-state decom-
position. The kinetics of hydration in water for tablets with
controlled surface areas, obtained by coating the side with
paraffin, was found to be the apparent zero-order. The hydra-
tion reaction of the granules was a phase boundary-con-
trolled contracting interface reaction. This method may be
useful for the measurement of phase transition behavior
within solid dosage forms in liquids.
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Reactions of N-Hydroxysuccinimide Esters of Anthranilic Acids with
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A new approach for the synthesis of 4-0x0-3-quinolinecarboxylic acid derivatives is described. This method-
ology involves the C-acylation of the anions of appropriate B-keto esters with novel N-hydroxysuccinimide esters
of anthranilic acids. The intermediate C-acylation products 3 are spontaneously cyclized to afford 3-ethoxycar-
bonyl-4-oxoquinoline derivatives 4. The introduction of a variety of substituents at positions 1 and 2 of the quino-
line ring is feasible with the selection of suitable anthranilic acids and B-keto esters. The structure of the ob-
tained 2-substituted 3-ethoxycarbonyl-4-oxoquinolines was confirmed by IR and NMR spectral data.

Key words

4-Oxo-3-quinolinecarboxylic acid derivatives constitute a
class of heterocyclic compounds of great importance in phar-
maceutical science. The group of antibacterial agents collec-
tivelly known as ‘quinolones,” comprises quinoline and 1,8-
napthyridine derivatives containing the 4-oxo-3-carboxylic
acid moiety. The synthesis and evaluation of antibacterial ac-
tivity of related compounds is a field of continuing research
in medicinal chemistry.” Apart from their antimicrobial ac-
tivity, 4-oxo-3-quinolinecarboxylic acid derivatives have
shown anticoccidial® and antitumor® activity. The inhibition
of cell respiration by a series of 4-oxo0-3-quinolinecarboxylic
acids has been studied as a measure of their membrane-trans-
port properties.” Moreover, several reports have appeared
concerning the biological properties of 4-0x0-3-quinolinecar-
boxamides. Recently, the inhibition of human erythrocyte
calpain [ by quinolinecarboxamides has been reported.” The
antiherpetic activity of related carboxamides, with or without
a substituent at position 2, has also been examined.® The an-
tibacterial activity of tricyclic derivatives containing an N-1
to C-2 bridge has been studied in the past few years.” 2-Sub-
stituted 4-hydroxy-3-quinolinecarboxamides have shown an-
tiarthritic and analgesic activities®’ and it was stated that the
nature of the substituent at position 2 specifies the actual ac-
tivity of these derivatives. A series of 3-quinolinecarboxam-
ides has been designed as serotonin 5-HT, receptors antago-
nists.”

Recently, we have established a convenient methodology
for the construction of quinoline-2,4-dione derivatives, which
involves the C-acylation of active methylene compounds
with 3,1-benzoxazin-4-ones.'” A variety of 3-substituted 4-
hydroxyquinolin-2-ones, which have found attention lately as
N-methyl-D-aspartate (NMDA) receptors antagonists,'” can
be prepared according to this method. However, this ap-
proach is limited to N-unsubstituted analogues and we have
failed to extend its applicability to the synthesis of 2-substi-
tuted 3-quinolinecarboxylic acid derivatives. In the literature,
there have been relatively few investigations concerning the
preparation of 2-substituted 3-quinolinecarboxylic acids.'?
The most widely used method involves the reaction of isatoic
anhydrides with -keto esters and the cyclization of the inter-
mediate C-acylation compounds.'® Although, this approach
appears to be general, the use of polar solvents with high

# To whom correspondence should be addressed.

quinolones; N-hydroxysuccinimide esters; C-acylation reaction

boiling points and elevated reaction temperatures are re-
quired. Nevertheless, the yields reported are low in many
cases. Alternative active derivatives of anthranilic acids, ca-
pable of reacting with nucleophiles under mild conditions,
would be very useful for the preparation of various hetero-
cyclic compounds possessing interesting biological proper-
ties.

Results and Discussion

In the course of our studies concerning the synthesis of
quinoline derivatives, we elected to prepare the N-hydroxy-
succinimide (HOSu) esters of anthranilic acids 1a—c¢ as
starting materials in reactions with anions of -keto esters to
produce the 2-substituted 3-ethoxycarbonylquinolin-4-ones
4a—i, as outlined in Chart 1.

The HOSu esters of many N-protected a-amino acids have
been prepared'?) and found wide application in peptide syn-
thesis. Especially, the HOSu ester of anthranilic acid (2a) has
been found to be an efficient agent for 2-aminobenzoylation
of amines.' According to the literature preparation, conden-
sation of anthranilic acid with HOSu in the presence of N,N'-
dicyclohexylcarbodiimide (DCC) and a catalytic quantity of
4-dimethylaminopyridine resulted the HOSu ester 2a in 52%
yield.'"> Recrystallization from propanol-1 was necessary to
obtain the product in acceptable purity. Several attempts
made to optimise this procedure gave no satisfactory results.
The low yield may be attributed to the formation of

0 0
NHR,  DCC,DME o)

NHR4
1a:Ry1=H 2a:Ry=H
1b: Ry =Me 2b:Ry=Me
ic:Ry=Ph 2¢:Ry=Ph
o O
R2COCH2CO,Et OEt OEt
COR l
NaH, benzene !?IH 2 ,}l Ry
R4 R4
3 4
Chart 1
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Table 1. 3-Ethoxycarbonyl-4-oxoquinolines Obtained with the New Methodology
Product R! R? Method Yield (%) Product R! R? Method Yield (%)

4a H Me A 34 4g Ph Me A 65

4b H P A 28 4g Ph Me B 72

4c H Ph A 13 4h Ph pr A 55

4d M Me A 26 4h Ph P B 64

4e Me prt A 40 4i Ph Ph A 60

4f Me Ph A 51 4i Ph Ph B 74
o o oH © ture was raised slowly to 80 °C and the mixture refluxed for
okt “ 1 h. Work-up afforded compound 4g in good yield. The ob-

| ) OFt tained yields are summarized in Table 1.
N R N" "Ry Although compounds 4d—i, bearing a substituent on N-1,
clearly possess a 4-oxoquinoline structure, compounds 4a—c
4-Oxoquinoline 4-Hydroxyquinoline may also gdopt the tautomeric 4-hydroxyquinoline structure
- as shown in Fig. 1.
ig. 1

polyamide products due to partial intermolecular condensa-
tion of the active aminoester. In the case of the N-substituted
anthranilic acids we expected that the secondary amino
group would display low nucleophilicity and further protec-
tion prior the active ester formation would be unnecessary.
Actually, application of a standard protocol involving the
condensation of equimolar amounts of 1b (or 1¢) and HOSu
in the presence of 1 eq of DCC afforded the active ester 2b
(or 2¢) in high yield (88 and 76% for 2b and 2¢ respectively).
The HOSu esters 2b and 2¢ produced with this procedure
were pure solids and could be used without further purifica-
tion. These products proved to be stable for a long period,
even under storage at room temperature.

The reactions of active esters 2a—c with anions of 3-keto
esters were performed using a three-fold excess of the 3-keto
ester and sodium hydride (method A). At least one eq excess
of the anion is required to react with the highly acidic me-
thine proton of the tricarbonyl compounds 3. Under these
conditions the C-acylation products 3 undergo spontaneous
cyclization to the desired quinolones 4. This cyclization
clearly involves attack of the amine nucleophile to the ke-
tonic group of the intermediate 3 and subsequent dehydration
produces 3-ethoxycarbonyl-4-oxoquinolines 4. The alterna-
tive reaction path involving attack at the ester carbonyl of the
intermediate 3 would afford 3-acyl-4-hydroxyquinolin-2-
ones. However, formation of quinolin-2-ones was not ob-
served. The N-substituted 4-oxoquinolines 4d—i were iso-
lated by evaporation of the solvent in vacuo after washing the
reaction mixture with water to remove the water-soluble
byproduct HOSu and the excess of the S-keto ester. Quinoli-
nones 4a—<c possessing an acidic proton were extracted in
water and precipitated after acidification of the aqueous ex-
tract. Attempts to isolate intermediates 3 were unsuccessful.
These compounds may be water-soluble or unstable to the
work-up procedure.

Under the conditions mentioned above, reasonable yields
of quinolin-4-ones 4 were obtained only after prolonged re-
action times. Modification of the reaction conditions in the
case of the N-phenyl active ester 2¢ resulted in the formation
of quinolones 4g—i in shorter reaction times (method B).
Thus, ester 2¢ was stirred with 2.2 eq of the anion of ethyl
acetoacetate at room temperature for 2h, then the tempera-

The structure of compounds 4a—i was established based
on IR and NMR spectral data. The IR spectra of compounds
4d—i in Nujol show absorptions at 1710—1730 cm™' for the
ester carbonyl and 1620cm™! for the ring carbonyl, as ex-
pected for their 3-ethoxycarbonyl-4-oxoquinoline structure.
The presence of similar absortions at 1710—1720cm™" and
1630—1640cm™" for compounds 4a—c, indicates a 4-
quinolone structure for these derivatives, as well. This as-
signment is in agreement with previously published'® struc-
tural studies of related N-unsubstituted derivatives.

The structure of quinolones 4a—i in solution was studied
by 'H- and *C-NMR spectroscopy. The proton NMR spectra
of compounds 4a—c¢ exhibit a broad signal approximately at
12 ppm which can be assigned either as a NH or an enolic
OH proton of the 4-0xo- or 4-hydroxyquinoline form, respec-
tively. Although, proton NMR spectral data do not serve to
discriminate the two possible tautomeric forms, *C-NMR
data (see Table 2) indicate the existence of compounds 4a—c
in the 4-oxoquinoline form in solution. The "*C chemical
shifts of 4a—c have no significant difference from the corre-
sponding N-substituted compounds indicating a similar
structure for all these compounds. Furthermore, the C-4a sig-
nals of compounds 4a—c appear approximately at 125 ppm,
a value representative of 4-oxoquinoline derivatives.'”

Conclusion

In summary, the synthetically and biologically interesting
title compounds can be prepared in one step under mild con-
ditions and in good yields. The proposed methodology pro-
vides useful intermediates for the synthesis of more complex
substrates in the “quinolone” series.

Experimental

Melting points were determined on a Gallenkamp MFB-595 melting point
apparatus and are uncorrected. The IR spectra were recorded on a Perkin-
Elmer 267 spectrometer. The NMR spectra were recorded on a Gemini-2000
300 MHz spectrometer. Chemical shifts are quoted in ppm (s=singlet, d=
doublet, t=triplet, =quartet, dd=doublet of doublets, m=multiplet).

2-Aminobenzoic Acid 2,5-Dioxopyrrolidin-1-yl Ester 2a Following
the literature procedure'® the title compound was obtained in 42% yield as a
yellow solid, mp 158—162 °C (from 1-propanol) (lit." mp 161.5—163 °C).
IR (Nujol) cm™": 3480 (v,, NH,), 3430 (v, NH,), 1730 (C=0, ester and
imide). "H-NMR (CDCl,) 8: 2.89 [4H, s, (CH,),], 5.65 (2H, s, NH,), 6.64—
6.70 (2H, m, 5-H, 3-H), 7.35 (1H, pseudotriplet, 4-H), 7.97 (1H, dd,
Jss=8.8Hz, J,,=1.5Hz, 6-H). BC-NMR (CDCly) &: 25.5 [(CH,),], 105.1
(C-1), 116.7, 116.8 (C-3, C-5), 131.2 (C-6), 136.3 (C-4), 151.9 (C-2), 162.8
(ArCO), 169.8 (CON).
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Table 2. '3C NMR Spectral Data for 3-Ethoxycarbonyl-4-oxoquinolines 4a—i
C2 C3 C4 C4a C5 C6 C7 C-8 C(C-8a COEt CH, CH, R! and R?

d4a  149.0 1149 173.6 1247 1252 123.8 1323 1181 1393 167.0 603 140 18.0(2-CHy)

4b 1548 1153 176.1 1254 1258 1246 132.6 1194 140.1 167.8 61.2 142 35.0—23.0—13.9 (2-Pr")

4c  149.6 1157 173.9 1248 125.1 1242 1326 1189 139.7 1664 602 13.6 133.9—130.4—128.8—128.4 (2-Ph)

4d 1493 118.5 1743 1264 126.8 1239 1326 1154 1412 168.0 613 141 34.5(N-CH,), 19.1 (2-CH,)

de 152.6 118.7 1747 126.6 127.1 124.0 132.7 1155 141.5 168.0 614 14.1 34.5(N-CH,), 34.1—22.3—14.0 (2-Pr")

4f 1523 1192 1741 1269 1272 1243 1329 116.0 141.2 1664 60.8 136 37.0(N-CH,), 133.6—129.9—128.8 (2-Ph)

4g 1493 118.0 174.6 1257 1264 124.0 132.1 117.7 1422 167.7 614 141 19.6(2-CH,), 138.7—130.7—130.0—129.0 (N-Ph)

4h 1532 117.8 1749 1258 1264 124.1 132.1 118.1 1424 1678 614 141 33.8-—229—14.1(2-Pr"), 138.4—130.5—130.1—129.5
(N-Ph) ,

4i 1518 119.1 1246 1262 126.7 1244 1324 1182 1421 1663 609 135 138.7—133.3—130.1—129.7—129.6—129.2—129.0—
127.7 (N-, 2-Ph)

2-Methylaminobenzoic Acid 2,5-Dioxopyrrolidin-1-yl Ester 2b A so-  room temperature for 1h. The active ester 2¢ (1.0mmol) was added, the

lution of DCC (2.5 mmol, 5.16g) in 1,2-dimethoxyethane (DME) (15 ml)
was added dropwise over a period of 20min to a solution of N-methylan-
thranilic acid (2.5mmol, 3.78g) and HOSu (2.5 mmol, 2.88¢g) in DME
(50 ml) under cooling in an ice-water bath. The mixture was stirred at room
temperature for 48 h and the precipitated solid was filtered off and washed
with DME. The filtrate was evaporated in vacuo and the solid residue treated
with diethyl ether, filtered off and washed with diethyl ether to afford com-
pound 2b as a yellow solid (5.46 g, 88%), mp 142-——146 °C. Anal. Calcd for
C,H;,N,0,: C, 58.06; H, 4.87; N, 11.29. Found: C, 57.97; H, 4.87; N,
11.29. IR (Nujol) em™': 3430 (NH), 1720 (C=0, ester and imide). 'H-NMR
(CDCly) 8: 2.87 [4H, s, (CH,),], 2.90 (3H, d, J=4.4Hz, NCH,), 6.63 (1H,
pseudotriplet, 5-H), 6.69 (1H, d, J;,=8.3Hz, 3-H), 7.19 (1H, s, NH), 7.46
(1H, pseudotriplet, 4-H), 8.02 (1H, dd, J;,=8.3 Hz, J,,=1.5Hz, 6-H). *C-
NMR (CDCly) 6: 25.5 [(CH,),], 29.4 (NCH,), 104.2 (C-1), 111.1 (C-3),
114.9 (C-5), 131.7 (C-6), 136.8 (C-4), 153.1 (C-2), 163.3 (ArCO), 169.9
(CON).

2-Phenylaminobenzoic Acid 2,5-Dioxopyrrolidin-1-yl Ester 2¢ A so-
lution of DCC (2.5 mmol, 5.16 g) in DME (15 ml) was added dropwise over
a period of 20min to a solution of N-phenylanthranilic acid (2.5 mmol,
5.34¢g) and HOSu (2.5mmol, 2.88 g) in DME (80 ml) under cooling in an
ice-water bath. The mixture was stirred at room temperature for 24 h and the
precipitated solid was filtered off and washed with DME. The filtrate was
evaporated in vacuo, the oily residue was treated with diethyl ether and the
formed solid was filtered off and washed with diethyl ether to afford com-
pound 2¢ as a green solid (5.92g, 76%), mp 126—128°C (from 2-
propanol). Anal. Caled for C;;H ,N,0,: C, 65.80; H, 4.55; N, 9.03. Found:
C, 65.59; H, 4.64; N, 9.19. IR (Nujol) cm™": 3350 (NH), 1720 (C=0, ester
and imide). 'H-NMR (CDCly) &: 291 [4H, s, (CH,),], 6.76 (1H,
pseudotriplet, 5-H), 7.12—7.42 (7H, m, 3-H, 4-H, NPh), 8.11 (I1H, dd,
J56=8.3, J,s=1.5Hz, 6-H), 8.86 (1H, s, NH). *C-NMR (CDCl,) &: 25.6
[(CH,),], 106.0 (C-1), 114.0 (C-3), 117.4 (C-5), 123.7 (C-2"), 124.8 (C-4'),
129.6 (C-3%), 131.7 (C-6), 136.8 (C-4), 139.7 (C-1"), 149.7 (C-2), 163.3
(ArCO), 169.7 (CON).

General Procedures for the Preparation of 2-Substituted 4-Oxoquino-
line-3-carboxylic Acid Ethyl Esters 4a—i.

Method A: The appropriate -keto ester (7.5 mmol) was added dropwise
to a dispersion of sodium hydride (55—60% sodium hydride in oil;
7.5 mmol) in anhydrous benzene (30 ml) and the thick slurry thus formed
was stirred at room temperature for 1h. The active ester 2 (2.5 mmol) was
added and the mixture stirred at room temperature for 3—5d. a) Com-
pounds 4a—c: The reaction mixture was extracted twice with water and the
combined aqueous extracts acidified with 10% hydrochloric acid under cool-
ing in an ice-water bath. The precipitated product was collected by filtration
and washed with ice-cold water. by Compounds 4d—i: The reaction mixture
was extracted once with a small amount of water (ca. 5ml), the organic
phase was dried over sodium sulfate and evaporated in vacuo to afford an
oily residue which crystallized after standing at room temperature for 2—3 d.

Method B: The appropriate f-keto ester (2.2 mmol) was added dropwise
to a dispersion of sodium hydride (60% sodium hydride in oil; 2.2 mmol) in
anhydrous benzene (15ml) and the thick slurry thus formed was stirred at

mixture was stirred at room temperature for 2 h, then the temperature was
raised slowly to 80 °C and the mixture was refluxed for 1 h. After cooling to
room temperature the reaction mixture was extracted with a small amount of
water (ca. 5 ml), the organic phase was dried over sodium sulfate and evapo-
rated in vacuo to afford an oily residue which crystallized after standing at
room temperature for 2—3 d.

1,4-Dihydro-2-methyl-4-oxoquinoline-3-carboxylic Acid Ethyl Ester
4a The reaction mixture [compound 2a (0.78 g, 3.3 mmol), ethyl acetoac-
etate (1.30g, 10 mmol) and sodium hydride (55—60% sodium hydride in
oil; 0.44 g, 10 mmol) in anhydrous benzene (40 ml)] was stirred for 3d and
worked-up according to procedure (a) to afford the title compound as a beige
solid (0.26 g, 34%), mp 233—234°C (from methanol) (lit.'"® mp 231—
232°C). IR (Nujol) cm™': 3280 (NH), 1710 (C=0, ester), 1640 (C=0,
ketone), 1610 (C=C). 'H-NMR (DMSO-dy) 6: 1.24 (3H, t, J=7.0Hz,
CH,CH,), 2.37 (3H, s, CH,), 421 (2H, g, J=7.0Hz, CH,CH,), 7.32 (1H,
pseudotriplet, 6-H), 7.51 (1H, d, J,,=8.2 Hz, 8-H), 7.65 (1H, pseudotriplet,
7-H), 8.04 (1H, dd, J; ;=7.9Hz, J, ,=1.3 Hz, 5-H), 11.85 (1H, s, NH).

1,4-Dihydro-4-oxo-2-propylquinoline-3-carboxylic Acid Ethyl Ester
4b The reaction mixture [compound 2a (1.18 g, 5.0 mmol), ethyl butyryl-
acetate (2.38 g, 15 mmol) and sodium hydride (55—60% sodium hydride in
oil; 0.65 g, 15 mmol) in anhydrous benzene (45 ml)] was stirred for 2 d and
worked-up according to procedure (a) to afford compound 4b as a white
solid (0.36g, 28%), mp 215—216°C (from dichloromethane-light petro-
leum). Anal. Caled for C;H;;NO,: C, 69.48; H, 6.61; N, 5.40. Found:
C, 69.40; H, 6.61; N, 5.36. IR (Nujol) cm™": 1720 (C=0, ester), 1630
{C=0, ketone), 1610 (C=C). 'H-NMR (CDCl,) &: 0.87 (3H, t, J=7.3 Hz,
CH,CH,CH,), 123 (3H, t, J=7.0 Hz, OCH,CH,), 1.78 (2H, m, CH,CH,CH,),
2.82 (2H, m, CH,CH,CH,), 421 (2H, q, J=7.0Hz, OCH,CH,), 7.34
(1H, pseudotriplet, 6-H), 7.60 (1H, pseudotriplet, 7-H), 7.78 (1H, d,
J,4=8.5Hz, 8-H), 834 (IH, dd, J;,=8.2Hz, J;,=13Hz, 5-H), 12.06
(1H, s, NH).

1,4-Dihydro-4-0xo-2-phenylquinoline-3-carboxylic Acid Ethyl Ester
4¢  The reaction mixture [compound 2a (0.94 g, 4.0 mmol), ethyl benzoyl-
acetate (2.31 g, 12mmol) and sodium hydride (60% sodium hydride in oil;
0.48¢g, 12mmol) in anhydrous benzene (40ml)] was stirred for 3d and
worked-up according to procedure (a) to afford the title compound as a yel-
low solid (0.24 g, 20%), mp 265—267 °C (from methanol). 4nal. Calcd for
C;sHsNO;: C, 73.71; H, 5.15; N, 4.78. Found: C, 73.64; H, 5.12; N, 4.80.
IR (Nujol) cm™': 3100 (NH), 1710 (C=0, ester), 1610 (C=C, C=0, ke-
tone). '"H-NMR (DMSO-d,) &: 0.88 (3H, t, J=7.0Hz, CH,CH,), 3.94 (2H,
g, J=7.0Hz, CH,CH,), 7.39 (1H, pseudotriplet, 6-H), 7.52—7.78 (7H, m, 7-
H, 8-H, Ph), 8.04 (1H, dd, J;,=7.9Hz, J;,=1.0Hz, 5-H), 12.06 (1H, s,
NH).

1,4-Dihydro-1,2-dimethyl-4-oxoquinoline-3-carboxylic Acid Ethyl Ester
4d The reaction mixture [compound 2b (0.62 g, 2.5 mmol), ethyl acetoac-
etate (0.99 g, 7.6 mmol) and sodium hydride (55—60% sodium hydride in
oil; 0.33 g, 7.6 mmol) in anhydrous benzene (30 ml)] was stirred for 3 d and
worked-up according to procedure (b) to afford the title compound as a
white solid (0.16 g, 26%), mp 143—144 °C (from dichloromethane-light pe-
troleum) (lit.'> mp 142—144°C). IR (Nujol) cm™": 1720 (C=0, ester),
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1620 (C=0, ketone), 1600 (C=C). 'H-NMR (CDCL;) &: 1.37 (3H, t, J=7.1
Hz, CH,CH;), 2.46 (3H, s, CH,), 3.69 (3H, s, NCH;), 4.39 (2H, q, J=7.1
Hz, CH,CH,), 7.30 (1H, pseudotriplet, 6-H), 7.41 (1H, d, J,,=8.8 Hz, 8-H),
7.59 (1H, pseudotriplet, 7-H), 8.35 (1H, dd, J; ;=7.8 Hz, J;;=1.5 Hz, 5-H).

1,4-Dihydro-1-methyl-4-0xo0-2-propylquinoline-3-carboxylic Acid Ethyl
Ester 4¢  The reaction mixture [compound 2b (0.62 g, 2.5 mmol), ethyl bu-
tyrylacetate (1.20 g, 7.6 mmol) and sodium hydride (55-—60% sodium hy-
dride in oil; 0.33 g, 7.6 mmol) in anhydrous benzene (30 ml)] was stirred for
3d and worked-up according to procedure (b) to afford compound 4e as a
white solid (0.27 g, 40%), mp 103—105°C (from diethyl ether) (lit.'"” mp
102—104°C). IR (Nujol) em™': 1720 (C=0, ester), 1630 (C=0, ketone),
1600 (C=C). '"H-NMR (CDCl,) &: 1.06 3H, t, J=7.3 Hz, CH,CH,CH,),
1.39 (3H, t, J=7.1 Hz, OCH,CH,), 1.76 (2H, m, CH,CH,CH,), 2.75 (2H, m,
CH,CH,CH,), 3.76 (3H, s, NCH,), 4.42 (2H, q, J=7.1 Hz, OCH,CH,), 7.38
(1H, pseudotriplet, 6-H), 7.51 (1H, d J,;=88Hz, 8-H), 7.67 (1H,
pseudotriplet, 7-H), 8.45 (1H, dd, J; ,=7.8 Hz, J; ,=1.5 Hz, 5-H).

1,4-Dihydro-1-methyl-4-o0x0-2-phenylquinoline-3-carboxylic Acid Ethyl
Ester 4f The reaction mixture [compound 2b (0.62 g, 2.5mmol), ethyl
benzoylacetate (1.46g, 7.6 mmol) and sodium hydride (55—60% sodium
hydride in oil; 0.33 g, 7.6 mmol) in anhydrous benzene (30 ml)] was stirred
for 3.5d and worked-up according to procedure (b) to afford the title
compound as a beige solid (0.39g, 51%), mp 164—169°C (from di-
chloromethane-light petroleum) (lit.'¥ mp 167—168 °C). IR (Nujol) cm™':
1730 (C=0, ester), 1620 (C=0, ketone), 1600 (C=C). '"H-NMR (CDCl,) §:
0.89 (3H, t, J=7.1 Hz, CH,CH,), 3.51 (3H, s, NCH;), 3.96 (2H, q, J=7.1
Hz, CH,CH,), 7.36—7.51 (6H, m, 6-H, Ph), 7.53 (1H, d, J,;=8.3 Hz, 8-H),
7.70 (1H, pseudotriplet, 7-H), 8.50 (1H, dd, J;,=7.8 Hz, J; ;= 1.5 Hz, 5-H).

1,4-Dihydro-2-methyl-4-oxo-1-phenylquinoline-3-carboxylic Acid Ethyl
Ester 4g

(i) Following Method A: The reaction mixture [compound 2¢ (0.78 g, 2.5
mmol), ethyl acetoacetate (0.98g, 7.5mmol) and sodium hydride (60%
sodium hydride in oil; 0.30 g, 7.5 mmol) in anhydrous benzene (30 ml)] was
stirred for 5d and worked-up according to procedure (b) to afford the title
compound as a beige solid (0.50 g, 65%).

(ii) Following Method B: The reaction mixture [compound 2¢ (0.59 g, 1.9
mmol), ethyl acetoacetate (0.55g, 4.2mmol) and sodium hydride (60%
sodium hydride in oil; 0.17 g, 4.2 mmol) in anhydrous benzene (20 ml)] was
stirred at room temperature for 2 h and under reflux for 1 h. Work-up accord-
ing to procedure (b) afforded the title compound as a beige solid (0.42 g,
72%), mp 132—137°C (from diethylether). Anal. Caled for C,(H,;NO;: C,
74.25; H, 5.58; N, 4.56. Found: C, 74.39; H, 5.65; N, 4.46. IR (Nujol) cm™":
1710 (C=0, ester), 1620 (C=0, ketone), 1600 (C=C). 'H-NMR (CDCl,) §:
1.41 (3H, t, /=7.3Hz, CH,CH,), 2.12 (3H, s, CH,), 444 (2H, q, /=7.3 Hz,
CH,CH,), 6.62 (1H, d, /=7.8Hz, 8-H), 7.24—7.46 (4H, m, 6-H, NPh),
7.57—17.69 (3H, m, 7-H, NPh), 8.45 (1H, dd, J;,=7.8 Hz, J;,=1.5Hz, 5-
H).

1,4-Dihydro-4-oxo-1-phenyl-2-propylquinoline-3-carboxylic Acid Ethyl
Ester 4h

(i) Following Method A: The reaction mixture [compound 2¢ (0.78 g, 2.5
mmol), ethyl butyrylacetate (1.19 g, 7.5mmol) and sodium hydride (60%
sodium hydride in oil; 0.30 g, 7.5 mmol) in anhydrous benzene (30 ml)] was
stirred for 7d and worked-up according to procedure (b) to afford the title
compound as a white solid (0.46 g, 55%).

(ii) Following Method B: The reaction mixture [compound 2¢ (0.31g,
1.0 mmol), ethyl butyrylacetate (0.35 g, 2.2 mmol) and sodium hydride (60%
sodium hydride in oil; 0.09 g, 2.2 mmol) in anhydrous benzene (15 ml)] was
stirred at room temperature for 2'h and under reflux for 1 h. Work-up accord-
ing to procedure (b) afforded the title compound as a white solid (0.33 g,
64%), mp 157—159 °C (from diethyl ether). Anal. Calcd for C,,H,NO;: C,
75.20; H, 6.31; N, 4.18. Found: C, 75.26; H, 6.34; N, 4.14. IR (Nujol) cm™":
1730 (C=0, ester), 1620 (C=0, ketone), 1600 (C=C). 'H-NMR (CDCl,) §:
0.71 (3H, t, J=7.3Hz, CH,CH,CH,), 1.40 (3H, t, J=7.1 Hz, OCH,CH)),
1.54 (2H, m, CH,CH,CH,), 240 (2H, m, CH,CH,CH,), 443 (2H, q,
J=17.1Hz, OCH,CH,), 6.57 (1H, d, J=8.3 Hz, 8-H), 7.27—7.44 (4H, m, 6-
H, NPh), 7.58—7.69 (3H, m, 7-H, NPh), 8.44 (IH, dd, J,,=7.8 Hz,
J5,=2.0Hz, 5-H).

1,4-Dihydro-1,2-diphenyl-4-oxoquinoline-3-carboxylic Acid Ethyl Ester
4i

(i) Following Method A: The reaction mixture [compound 2¢ (0.78 g, 2.5
mmol), ethyl benzoylacetate (1.45¢g, 7.5mmol) and sodium hydride (60%
sodium hydride in oil; 0.30 g, 7.5 mmol) in anhydrous benzene (30 ml)] was
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stirred for 7 d and worked-up according to procedure (b) to afford compound
4i as a white solid (0.56 g, 60%).

(ii) Following Method B: The reaction mixture [compound 2¢ (0.31g, 1.0
mmol), ethyl benzoylacetate (0.43 g, 2.2 mmol) and sodium hydride (60%
sodium hydride in oil; 0.09 g, 2.2 mmol) in anhydrous benzene (15 ml)] was
stirred at room temperature for 2 h and under reflux for 1 h. Work-up accord-
ing to procedure (b) afforded the title compound as a white solid (0.27 g,
74%), mp 222—223 °C (from diethy! ether). Anal. Caled for C,,H,,NO;: C,
78.03: H, 5.18; N, 3.79. Found: C, 78.16; H, 5.19; N, 3.91. IR (Nujol) em™":
1730 (C=0, ester), 1620 (C=0, ketone), 1600 (C=C). 'H-NMR (CDCl,) é:
0.89 (3H, t, J=7.1Hz, CH,CH,), 4.00 2H, q, J=7.1Hz, CH,CH,), 6.79
(1H, d, /=8.3Hz, 8-H), 7.08—7.51 (12H, m, 6-H, 7-H, 2-Ph, NPh), 8.53
(1H, dd, J5;=7.8 Hz, J5,=1.5 Hz, 5-H).
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A novel synthesis of a radioactive compound of 1¢-hydroxyvitamin D, (1cOHD,) (1) and its pharmacokinet-
ics are described. Radioactive 1 ¢xOHD, tritiated at 22 and 23 positions ([22,23-3H4]1a0HD3) (5) was prepared via
key reactions of the reduction of acetylenic side chain in the ketone (12) with tritium gas in the presence of palla-
dium-charcoal and the subsequent Wittig reaction with the A-ring synthon (16). [22,23-3H4]1050HD3 (5) showed
high specific radioactivity (111.5 Ci/mmol) and was used successfully in pharmacokinetics studies with rats. In
the pharmacokinetics studies, the plasma concentration level of the active form of vitamin D,, 1a,25-dihydroxy-
vitamin D, [1¢,25(0OH),D,], after oral or intravenous administration of [22,23-3H4]1(,¥0HD3 (5), showed longer
half-life, lower maximum concentration, and lower area under the curve than those after treatment of
12,25(0OH),D, tritiated at 26 and 27 positions (4). These results might suggest a beneficial therapeutic utility of

10OHD; (1) over the treatment of 1,25(0OH),D;, (2).

Key words
dioactivity

Background 1c¢-Hydroxyvitamin D, (1¢OHD,) (1) is
now well known as a synthetic prodrug of 1q,25-dihydroxy-
vitamin D, [1¢,25(0OH),D,] (2), a hormonally active form of
vitamin D,," and has been used clinically for the treatment of
rickets, hypovitaminosis, hypocalcemia, chronic renal failure,
and osteoporosis.” Regarding pharmacokinetics and distribu-
tion studies of 1OHD, (1),” administered radioactivity was
simply traced using 10tOHD, ftritiated at 2 position ([2-
*H]12OHD;,) (3) in which specific radioactivity was shown
to be very low (4.2 Ci/mmol).” Detailed plasma concentra-
tion level of bioconverted 1,25(OH),D; (2) by the hydroxy-
lation at 25 position of dosed 1 ?OHD; (1) has not been com-
pared with 1¢,25(0OH),D, level after administration of
10,,25(0H),D, (2) itself. The non-availability of such impor-
tant information about the bioconversion from a prodrug,
1OHD; (1), to an active form, 1¢,25(0H),D; (2), has been
due to lack of tritiated 1¢OHD; possessing high specific ra-
dioactivity. We have also been interested in the relevance of
tissue distribution studies and cytopharmacology with cellu-
lar autoradiography of 1a¢OHD, (1) to determine its mode-
of-action in bone.” In microautoradiography experiments, [2-
’H]1OHD, (3) is, however, far from satisfactory due to
quite low specific radioactivity.

Although the synthesis of 1¢,25(0H),D, tritiated at 26
and 27 positions ([26,27-*H]1@,25(0H),D;) (4) possessing
high specific radioactivity is known, the preparative method
for tritiated 10tOHD, with high specific radioactivity has
never, to our knowledge, been reported. In this paper we de-
scribe: 1) a novel procedure for the preparation of 1c¢OHD,
tritiated at 22 and 23 positions ([22,23-*H,]1cOHD;) (5)
showing high specific radioactivity and 2) pharmacokinetics
results of 1¢,25(0H),D; levels after administration of
[22,23-*H,]1 €OHD; (5) to rats in comparison with after ad-
ministration of [26,27-3H6] 1a,25(0H),D, (4) (Chart 1).

Synthetic Results After many unsuccessful trials to con-
vert commercially available [26,27-*H(]1 ,,25(0H),D; (4) to
1OHD,; tritiated at 26 and 27 positions by removal of the
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1 &,25-dihydroxyvitamin D,; 1 -hydroxyvitamin D,; pharmacokinetics; tritiated compound; tritium gas; specific ra-

hydroxy group at 25 position, we focused our synthetic strat-
egy on the tritiation of the acetylenic side chain by the cat-
alytic reduction using tritium gas. The key intermediate for
the tritiation reaction should be the acetylenic derivative 12,
which would be transformed to [22,23-*H,]1 @?OHD, (5) via
the Wittig reaction with the A-ring synthon (16) of active vit-
amin D, after tritiation (Chart 2).

The Inhoffen-Lythgoe diol (6),% prepared from vitamin D,
by ozonolysis, was converted to the known aldehyde (7)® by
acetylation of the primary hydroxy moiety in 6, silylation of
the secondary hydroxy group, deacetylation by the reduction
with lithium aluminum hydride (LiAlH,), and oxidation of
the resulting primary hydroxy group with pyridinium
chlorochromate (PCC). The formyl group in 7 was trans-
formed to the ketene dibromide (8) in 96% yield by Corey’s
method” using carbon tetrabromide (CBr,) and triphenyl
phosphine (PPh,) in dichloromethane (CH,Cl,). The ketene
dibromide (8) was treated with r-butyllithium (n-BuLi) at
—78°C, followed by a reaction with isobutylaldehyde to
yield the acetylenic alcohol (9), quantitatively.” Removal of
the secondary hydroxy group in 9 by the Barton method,® i.e.
initial formation of thioester by treatment with pheny
chlorothionoformate (PhOCSCI) and the subsequent reduc-
tion of the resulting thioester with tri-n-butyltin hydride (n-
Bu,;SnH), was accomplished clearly to give a 98% yield of
the acetylene (10). Desilylation of the protecting group in 10
by aqueous hydrochloric acid (HCI) in tetrahydrofuran (THF)
gave the alcohol 11 in 68% yield, which was oxidized by
PCC to afford the acetylenic ketone (12) in 56% yield.

Having obtained the key intermediate 12, catalytic hydro-
genation was first carried out as a model experiment for triti-
ation reaction using tritium gas. Thus, hydrogenolysis of 12
in the presence of palladium-charcoal (Pd-C) in ethyl acetate
(AcOEt) afforded the ketone (13), quantitatively. The ketone
(13) was allowed to react with the A-ring synthon (16), pre-
pared by Hatakeyama’s method,” followed by desilylation
with tetra-z-butylammonium fluoride (TBAF) to give

© 2000 Pharmaceutical Society of Japan
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5; [22,23-3H,]100HD,

1; R = H; 1a0HDg 3; [2-°H[1aOHD;
2, R = OH; 10,25(0H);D3
Chart 1
m, R
c
OR’

6R=CHOHR=H 7, 9,R=0H R =TBS 7 4
T.R=CHOR'=TBS _ =/ 10;R=H, R = TBS
8, R = CH=CBr,, R' = TBS 11;R=H, R =H

P(O)Ph,
O 13;R=H |
14;R="H o
15;R=2H RO
TBSO" OTBS

16

TBS=tert-butyldimethylsilyl.

d) 1) PhOCSCl/pyridine, 2) n-Bu,SnH; ¢) aqueous HCI;

a) 1) Ac,O/pyridine, 2) TBSCI, 3) LiAlH,, 4) PCC; b) CBr,/PPhy;
f) PCC/Celite; g) H,, *H, or ’H,/Pd-C/AcOEt; h) n-BuLi; i) TBAF

¢) n-BuLi/isobutylaldehyde;

Chart 2

10OHD; (1), which was completely identical with authentic
material.'” The described thirteen-step synthesis from the In-
hoffen-Lythgoe diol (6) to 1xOHD, (1) provides a novel con-
vergent method for the preparation of clinically important 1.

The same reaction conditions as used in the hydrogenoly-
sis of 12 were applied to prepare the tritiated ketone (14).
The tritiation of the acetylenic part in 12 with tritium gas in
the presence of Pd-C afforded the tritiated ketone (14) in
95% radiochemical purity with 116 Ci/mmol specific ra-
dioactivity. [22,23-°H,]1 ®OHD; (5) was obtained with 111.5
Ci/mmol (4125.5 GBq/mmol) specific radioactivity and 98%
radiochemical purity by the Wittig reaction (17% yield) with
the A-ring synthon (16) and the subsequent desilylation
(48% vyield) with TBAF. When deuterium gas was used in-
stead of tritium gas, 1¢OHD, deutrated at 22 and 23 posi-
tions ([22,23-*H,]1 @OHD;) (20) was also obtained in a com-
parable yield (Chart 2). Since [22,23-*H,]1@OHD, (5) has
high specific radioactivity, microautoradiography experi-
ments of 1®OHD, were carried out successfully using 5 and
the results have been reported recently.'"

Pharmacokinetics Results [22,23-°H,]10OHD, (5) or
[26,27-*H,]1@,25(0H),D; (4) were given to Sprague-Dawley
male rats (6-week-old) orally or intravenously at a dose of 5

nmol (ca. 2 ug)/’kg/50 uCi, respectively. The plasma levels of
total radioactivity, 10,25(0OH),D, fraction and 1 @OHD; frac-
tion (in case of [22,23-°H,]1 ®OHD; (5) administration) were
determined at 5min, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 24, 48 and
72h after fractionation by HPLC. The results are shown in
Fig. 1 for the administration of [22,23-*H,]1®OHD; (5) and
Fig. 2 for [26,27-°H,]1®,25(0OH),D; (4). Calculated pharma-
cokinetics parameters, plasma half-life (7},,), maximum con-
centration (C,,,), time at C_, (7T,,) and area under the
curve (AUC) are also summarized in Table 1.

Plasma concentration of 1¢,25(OH),D, after oral or intra-
venous administration of [22,23-*H,]1OHD, (5) showed
longer T, lower C_ ., and lower AUC than those after treat-
ment of [26,27-"H,]1®,25(0OH),D; (4). In our radioassay ex-
periments which were carried out separately from the present
pharmacokinetics studies, 1,25(0OH),D, fraction in rat bone
after 1¢OHD; treatment was sustained for longer than that
after 1a,25(0OH),D, treatment.'” We also confirmed in the
microautoradiography studies that localization of radioactiv-
ity in bone after treatment with 1OHD; or 1¢,25(0H),D; is
observed in osteoblast nuclei.'”’ Radioactivity in the nuclei
after 1¢OHD, treatment was also sustained longer than that
after 1@,25(0OH),D, treatment. Taking the results obtained in
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Fig. 1. Plasma Concentration of Radioactivity after Oral (p.o.) or Intra-
venous (i.v.) Administration of [22,23-*H,]1 ¢OHD; (5)

—@-: total radioactivity, ~O-: 1 ¢OHD, fraction, -[J—: 1@,25(0H),D, fraction.

the present pharmacokinetics studies and the above-men-
tioned radioassay in bone and microautoradiography in os-
teoblast nuclei into consideration, treatment of a prodrug
[1aOHD; (1)] supplies bone with an active form of drug
[12,25(0H),D, (2)] more steadily and stably than those
of 1a,25(0OH),D; (2) treatment. Although these results
might suggest a beneficial therapeutic utility of a prodrug
[1aOHD; (1)] over treatment of an active form of vitamin D,
[1,25(0H),D; (2)], further basic and clinical trials are nec-
essary to clarify the disparate characters of 10tOHD; (1) on
bone from 1¢,25(0H),D; (2).

Experimental

General Methods for Synthetic Studies Infrared (IR) spectra were
recorded with a Hitachi 270-30 spectrometer, proton nuclear magnetic reso-
nance (NMR) spectra with a JEOL FX-200 or JEOL FX-270, mass (MS)
spectra with a Shimadzu GCMS-QP 1000, and ultraviolet (UV) spectra with
a Shimadzu UV-240. Gas chromatography was performed with a Shimadzu
GC-17A (Capillary GC, FID) using column DB-17 (J & W Scientific 0.53
mm 15m). Flash column chromatography was carried out with Merck
Kieselgel 60 (Art 9385), and preparative TLC was performed on 20X20 cm
plates coated with 0.25 mm thickness of Merck Kieselgel 60 coating F254.
Reverse phase high-performance liquid chromatography (HPLC) was carried
out on YMC ODS A-312 at a flow rate of 1 ml/min with EtOH/H,0 (85:15).
Radioactivity was measured with an Aloka LSC-900.

(8B)-De-A,B-23,23-dibromo-8-(fert-butyldimethylsilyloxy)-24-norchol-
22-ene (8) To a stirred solution of the aldehyde (7)® (4.69 g, 14.4 mmol) in
CH,Cl, (25 ml) was rapidly added CBr, (9.55 g, 28.8 mmol) and PPh, (15.1
g, 57.6 mmol) in CH,Cl, (25 ml). The mixture was then stirred at room tem-
perature for 3 min and diluted with n-hexane. The insoluble material was fil-
tered out. The filtrate was washed with saturated aqueous NaHCO, and satu-
rated aqueous NaCl, dried over MgSO,, and evaporated. The residue was

217

iv.
100

e
o
L

log Conc. (pmol eq./ml)
1

0.1 1
0.01%
i 1 T T
0 24 48 72
Time after administration (h)
p.o.
100
~ 10
g
3
Q
g 1
&
:
&}
e 0.1
2
0.01
I 1 1 T
0 24 48 72

Time after administration (h)

Fig. 2. Plasma Concentration of Radioactivity after Oral (p.0.) or Intra-
venous (i.v.) Administration of [26,27-"H,]1 0,25(0H),D, (4)
- @-: total radioactivity, -J-: 1 &,25(0OH),D; fraction.

Table 1. Pharmacokinetics Parameters of Plasma 1¢,25(0OH),D; Fraction
after Oral (p.0.) or Intravenous (i.v.) Administration of [22,23-°H,]1 «OHD,
(5) or [26,27-*H,]1 @,25(0OH),D; (4)

T, C T AUC

Route ' (omol/ml) (h) (pmol-h/ml)
[22,23-H,]1 <OHD, (5) po. 102 088 600 180

v, 114 599 325 102
[2627°H]1,25(OH),D; (4) po. 317 149 075 758

iv. 431 464 — 175

taken up with n-hexane. The insoluble material was removed by filtration,
and the filtrate was evaporated. The crude product was purified by flash col-
umn chromatography with #-hexane as the eluant to give the ketene dibro-
mide (8) (6.63 g, 96%) as a colorless oil. NMR (CDCl,) 8: 6.17 (1H, d,
J=9.8 Hz), 4.00 (1H, br s), 2.48 (1H, m), 1.00 (3H, d, J=6.8 Hz), 0.96 (3H,
s), 0.89 (9H, s), 0.01 (6H, s).

(88)-De-A,B-8-(tert-butyldimethylsilyloxy)-22-cholestyne-24-0l (9)
To a stirred solution of the ketene dibromide (8) (1.00 g, 2.08 mmol) in THF
(15ml) was added n-BuLi (1.61 M solution in hexane, 2.71 ml, 4.37 mmol)
dropwise at —78 °C under argon. The mixture was stirred at —78°C for 1 h
and at room temperature for 30 min. Isobutylaldehyde (0.62 ml, 6.86 mmol)
was added dropwise to the mixture at —78°C. The resulting mixture was
stirred at —78 °C for 20 min, poured into H,O at room temperature and ex-
tracted with AcOEt. The extract was washed with saturated aqueous NaCl,
dried over MgSO, and evaporated. The crude product was purified by flash
column chromatography with n-hexane/AcOEt (15:1) as the eluant to give
the acetylene (9) (838 mg, quantitatively) as a colorless oil. NMR (CDCI,)
8. 4.14 (1H, br s), 4.00 (1H, br s), 2.46 (1H, m), 1.18 (3H, d, J=6.8 Hz),
0.99 (6H, d, J=6.8 Hz), 0.96 (6H, d, /=6.8 Hz), 0.93 (3H, s), 0.89 (9H, s),
0.01 (6H, s). IR (neat): 3430, 2950, 2860, 1470, 1375, 1250, 1160, 1080,
1025¢m™".



218

(8 B)-De-A,B-8-(tert-butyldimethylsilyloxy)-22-cholestyne (10) To a
stirred solution of the acetylene (9) (810 mg, 2.06 mmol) in CH,Cl, (15 ml)
were added pyridine (0.58ml, 7.21 mmol) and PhOCSCI1 (0.43ml, 3.09
mmol) under argon. The resulting mixture was stirred at room temperature
for 2h and extracted with AcOEt. The extract was washed with cold 0.5N
HCI, saturated aqueous NaHCO, and saturated aqueous NaCl, dried over
MgSO, and evaporated to give a yellow oil which was dissolved in toluene
(30 ml). To the resulting solution was added #-Bu,SnH (0.83 ml, 3.09 mmol)
and 2,2-azobisisobutyronitrile (67.7mg, 0.41 mmol). The mixture was re-
fluxed for 3h and evaporated. The residue was purified by flash column
chromatography with n-hexane as the eluant to give the acetylene (10) (760
mg, 98%) as a colorless oil. NMR (CDCl,) é: 4.00 (1H, br s), 2.66 (1H, m),
1.15 (3H, d, J=6.8 Hz), 0.95 (6H, dd, /=6.8, 1.5 Hz), 0.93 (3H, s), 0.89 (SH,
s), 0.01 (6H, s).

(8 9)-De-A,B-22-cholestyne-8-ol (11) A solution of the acetylene (10)
(740 mg, 1.96 mmol) and 6~ HCI (10 ml) in THF (20 ml) was refluxed for 7
h. The mixture was then diluted with AcOEt, washed with saturated aqueous
NaHCO, and saturated aqueous NaCl, dried over MgSO, and evaporated.
The crude product was purified by flash column chromatography with n-
hexane/AcOEt (10: 1) as the eluant to give the alcohol (11) (351 mg, 68%)
as a colorless oil. NMR (CDCl,) 6: 4.09 (1H, br s), 2.68 (1H, m), 2.42 (1H,
m), 1.16 (3H, d, J=6.8 Hz), 0.95 (6H, d, /=6.3Hz), 0.95 (3H, s). IR (neat):
3450, 2950, 2860, 1460, 1375, 1280, 1165, 1065cm ™.

De-A,B-22-cholestyne-8-one (12) A mixture of the alcohol (11) (340
mg, 1.30 mmol), Celite (1.0 g) and PCC (356 mg, 1.95mmol) in CH,Cl, (5
ml) was stirred at room temperature for 1.5 h. The mixture was diluted with
Et,O, treated with Florisil column chromatography and evaporated. The
crude product was purified by flash column chromatography with »n-
hexane/AcOEt (15 : 1) as the eluant to give the ketone (12) (189 mg, 56%) as
a colorless oil. NMR (CDCl,) §: 2.47 (1H, m), 2.26 (1H, m), 1.21 3H, 4,
J=6.9Hz), 0.95 (6H, d, J=6.6Hz), 0.68 (3H, s). IR (neat): 2950, 2875,
1715, 1460, 1380, 1305, 1220 cm™". MS m/z: 260 (M), 133 (100%).

De-A,B-8-oxocholestane (13) A mixture of the ketone (12) (12.5 mg,
48.0 umol) and 5% Pd-C (10.5mg) in AcOEt (1 ml) was stirred at room
temperature for 30 min under hydrogen. The mixture was treated with
Celite/silica gel column chromatography using AcOEt as a solvent to give
the ketone (13) (12.5 mg, quantitatively) as a colorless oil. NMR (CDCl,) 6:
0.95 (3H, d, J=5.8 Hz), 0.86 (6H, d, /=6.3Hz), 0.64 (3H, s). IR (neat):
2950, 2875, 1715, 1470, 1380, 1310, 1240, 1055cm™!. MS m/z: 264 (M™),
125 (100%).

1,3 B-Bis(tert-butyldimethylsilyloxy)-9,10-secocholesta-5,7,10(19)-
triene (17) To a stirred solution of the A-ring synthon (16) (58 mg, 99.7
umol) in THF (0.75 ml) was added #-BuLi (1.63 M solution in THF, 130 ul,
212 pmol) dropwise at —75 °C under argon. The mixture was stirred at —75
°C for Smin. The ketone (13) (4.6mg, 17.4 umol) in THF (0.3 ml) was
added dropwise to the mixture at —75 °C. The resulting mixture was stirred
at —75°C for 105min and at room temperature for 15 min, poured into
NaCl and extracted with AcOEt. The extract was washed with saturated
aqueous NaCl, dried over MgSO, and evaporated. The crude product was
purified by preparative TLC developed with n-hexane/AcOEt (24 : 1) to give
17 (5.0 mg, 46%) as a colorless oil, whose TLC, NMR, IR, UV and MS
were completely identical with those of authentic material. '

1o-Hydroxyvitamin D, (1) A solution of 17 (29.3 mg, 46.6 umol) and
TBAF (1 M solution in THF, 500 ul, 500 umol) in THF (1 ml) was refluxed
mildly for 2 h. The mixture was diluted with AcOEt, washed with 0.5m HCl,
saturated aqueous NaHCO, and saturated aqueous NaCl, dried over MgSO,
and evapolated. The crude product was purified by preparative TLC devel-
oped with n-hexane/AcOEt/EtOH (20:10: 1) to give 1cOHD; (1) (18.4 mg,
98%) as a colorless foam, whose HPLC, TLC, NMR and UV were com-
pletely identical with those of authentic material.'®

De—A,B-|22,22,23,23-3114]-8-oxocholestane (14) A mixture of the ke-
tone (12) (12.5mg, 48.0 umol) and 10% Pd-C (10.5mg) in AcOEt (1 ml)
was stirred at room temperature under tritium gas (10 Ci) in a tritiation ves-
sel for 3 h. The insoluble material was filtered out and the filtrate was evapo-
rated with EtOH (10 m1X4) to give the crude ketone (14) (3 Ci). The crude
14 (3 Ci) was purified by preparative TLC developed with n-hexane/AcOEt
(9:1) to give the analytically pure 14 (2.1 Ci). This was dissolved in EtOH
(50ml) and analyzed. Specific radioactivity: 116 Ci/mmol. Radiochemical
purity: 95%. The behavior of 14 on TLC and HPLC was identical with cold
authentic 13.

1,3 B-Bis(tert-butyldimethylsilyloxy)-[22,22,23,23-*H,]-9,10-seco-
cholesta-5,7,10(19)-triene (18) To a stirred solution of the A-ring synthon
(16) (45 mg, 77.3 umol) in THF (0.4 ml) was added n-BuLi (1.69Mm solution
in THF, 92 ul, 155 umol) dropwise at —75 °C under argon. The mixture was
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stirred at —75°C for 5min. The ketone (14) (900 mCi) in THF (0.25ml)
was added dropwise to the mixture at —75 °C, and the resulting mixture was
stirred at —75°C for 1h and at room temperature for 10 min, poured into
aqueous NaCl and extracted with AcOEt. The extract was washed with satu-
rated aqueous NaCl, dried over MgSO, and evaporated. The crude product
was purified by preparative TLC developed with n-hexane/AcOEt (24 : 1) to
give 18 (149 mCi, 17%), which was identical with cold authentic 17 on TLC
and HPLC.

10a-Hydroxy-[22,22,23,23-*H,}vitamin D, (5) A solution of 18 (201
mCi) and TBAF (1w solution in THF, 100 ul, 100 zmol) in THF (0.5 ml)
was refluxed mildly for 2.5 h. The mixture was diluted with AcOEt, washed
with 0.5M HCI, saturated aqueous NaHCO, and saturated aqueous NaCl,
dried over MgSO, and evaporated. The crude product was purified by
preparative TLC developed with CH,CL,/EtOH (50:3) to give [22,22,23,23-
*H,]1 @OHD, (5) (95.7 mCi, 48%), which was identical with cold authentic 1
on TLC and HPLC. Specific radioactivity: 111.5 Ci/mmol (4125.5 GBg/
mmol). Radiochemical purity: 98%.

De-A,B—[22,22,23,23-2H4]-8-oxocholestane (15) A mixture of the ke-
tone (12) (10.4 mg, 39.9 umol) and 5% Pd-C (10.5 mg) in AcOEt (1 ml) was
stirred at room temperature for 30 min under deuterium gas. The mixture
was treated with Celite/silica gel column chromatography to give the ketone
(15) (10.7 mg, quantitatively) as a colorless oil. NMR (CDCl,) 8: 0.94 (3H,
d, J/=6.3 Hz), 0.87 (6H, d, /=6.8 Hz), 0.64 (3H, s). IR (neat): 2950, 2875,
1710, 1460, 1380, 1310, 1220, 1050 cm™!. MS m/z: 268 (M™), 125 (100%).

10,3 B-Bis(tert-butyldimethylsilyloxy)-[22,22,23,23-*H,]-9,10-seco-
cholesta-5,7,10(19)-triene (19) To a stirred solution of the A-ring synthon
(16) (56 mg, 95.6 umol) in THF (0.75ml) was added #-BuLi (1.63 M solu-
tion in THE, 88 ul, 143 umol) dropwise at —78 °C under argon. The mixture
was stirred at —78°C for 5min. The ketone (15) (5.6mg, 21.2 umol) in
THF (0.3 ml) was added dropwise to the mixture at —78 °C. The resulting
mixture was stirred at —78°C for 1.75h and at room temperature for 15
min, poured into aqueous NaCl and extracted with AcOEt. The extract was
washed with saturated aqueous NaCl, dried over MgSO, and evaporated.
The crude product was purified by preparative TLC developed with n-
hexane/AcOEt (24 : 1) to give 19 (11.2mg, 84%) as a colotless oil. NMR
(CDCl,) &: 6.24 (1H, d, J=11.5Hz), 6.02 (1H, d, J=11.5Hz), 5.18 (1H, d,
J=22Hz), 487 (1H, d, /=2.2Hz), 4.44—4.32 (1H, m), 427—4.12 (1H,
m), 0.96—0.82 (24H, m), 0.53 (3H, s), 0.06 (12H, s). IR (neat): 2940, 2850,
1465, 1375, 1360, 1245, 1080 cm ™. MS m/z: 632 (M*), 249 (100%). UVA,.
nm 265.

1a-Hydroxy-[22,22,23,23-2H,|vitamin D, (20) A solution of 19 (6.1
mg, 9.6 umol) and TBAF (1M solution in THEF, 200 ul, 200 umol) in THF
(1.5ml) was refluxed mildly for 2 h. The mixture was diluted with AcOEt,
washed with 0.5m HCI, saturated aqueous NaHCO, and saturated aqueous
NaCl, dried over MgSO, and evaporated. The crude product was purified by
preparative TLC developed with n-hexane/AcOEt/EtOH (20:10:1) to give
[22,22,23,23—2H4]1ocOHD3 (20) (3.3mg, 84%) as a colorless oil. NMR
(CDCly) 8: 6.39 (1H, d, J=11.2Hz), 6.02 (1H, d, J=11.2Hz), 533 (1H, br
s), 4.51—4.37 (1H, m), 4.31—4.13 (1H, m), 2.90—2.76 (1H, m), 2.68—
2.52 (1H, m), 2.40—2.24 (1H, m), 0.91 (3H, d, J=5.9Hz), 0.87 (6H, d,
J=63Hz), 0.54 (3H, s). IR (neat): 3350, 2950, 2850, 1460, 1375, 1210,
1050 cm ™", MS m/z: 404 (M*), 134 (100%). UVA,,,.nm 264.

Pharmacokinetics Studies Six-week-old male Sprague-Dawley rats
were purchased from S.L.C. Japan Co., Ltd., (Shizuoka, Japan). After an ac-
climation period of one week with standard rodent chow containing 1.25%
calcium and 1.06% phosphate (CE-2, Clea Japan Inc.), rats were starved
overnight prior to administration. [22,22,23,23-*H,]1a¢OHD, (5) or
[26,26,26,27,27,27—3HG]105,25(OH)2D3 (4) (purchased from Amersham In-
ternational plc.), was administered orally or intravenously in saline or intra-
venously in saline containing 1% EtOH and 1% Tween 20 as a solvent at a
dose of 5nmol (ca. 2 ug)/'kg/50 uCi. Blood was taken periodically at 5 min,
0.5,1,2,3,4,6,8, 10, 12, 24, 48 and 72 h from the tail vein. Total radioac-
tivity was determined by liquid scintillation counter (Tri~Carb 2500TR,
Packard). Radioactive fractions were separated by HPLC (SCL-10A, Shi-
madzu) and detected by liquid scientillation counter. The radioactivity of
1¢,25(0OH),D, fraction was fitted to the least squares method to calculate
elimination rate constant (ke). Plasma 7, was calculated as In2/ke and AUC
was determined by the trapezoidal rule with extrapolation using the ke.
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Fluorinative Beckmann Fragmentation: Fluorinative o-Cleavage of Cyclic
Ketoximes by Diethylaminosulfur Trifluoride
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Diethylaminosulfur trifluoride reacted with cyclic ketoximes bearing substituent(s) that can stabilize a car-
bocation to cause fluorinative fragmentation, affording fluorinated carbonitrile. Ketoximes lacking such sub-
stituents afforded complex mixtures. However, the introduction of a sulfur functionality, which can stabilize a
carbocation and can be easily removed from the reaction products, into the ketoxime was effective for producing

the fluorinative fragmentation.

Key words

Beckmann rearrangement, the acid-mediated isomeriza-
tion of oximes to amides, is one of the most famous and use-
ful reactions in organic synthesis."” However, a fragmentation
reaction occurs if one of the oxime substituents can produce
a relatively stable carbocation. This type of reaction is also
known as Beckmann fragmentation (abnormal Beckmann
rearrangement), and is widely utilized to synthesize -
nitriles.” Because the carbocation intermediates in this frag-
mentation are very active electrophiles, carbon nucleophiles
react with these intermediates to provide a new carbon—car-
bon bond formation (Chart 1).?

We assumed that Beckmann fragmentation in the presence
of fluoride ion would afford fluorinated carbonitriles, and
found that the treatment of cyclic ketoximes with diethyl-
aminosulfur trifluoride (DAST)** caused a ring fragmenta-
tion resulting in the formation of the desired compounds. We
reported this result in a preliminary communication.”’ We
now report the full details of this reaction.

Results and Discussion

We first examined the reaction of camphor oxime (1a),
which is a typical substrate for the Beckmann fragmentation,
with several nucleophilic fluorinating agents. These results
are summarized in Table 1. Hydrogen fluoride—pyridine, tetra-
butylammonium fluoride, and tetrabutylammonium dihydro-
gentrifluoride were inert toward 1a (runs 1—7). The reac-
tion of 1a (R=H) with Ishikawa’s reagent (N,N-diethyl-
1,1,2,3,3,3-hexaﬂuoropropylamine)w afforded the desired flu-
orinated carbonitrile (2a) in low yield (run 8) along with the
olefin (2a’) as the major product. For the reaction with
DAST, 2a could be obtained in high yield (run 9).

These results correspond to the fluorination of a hydroxy
group using the above fluorinating reagents. DAST is a more
powerful reagent than other reagents used for the replace-

N
2
Acid N © w
oM 0 AT w AN W )
R? R? . R / R
R2

Chart 1. Beckmann Fragmentation

* To whom correspondence should be addressed.

fluorinative Beckmann fragmentation; fluorination; diethylaminosulfur trifluoride

ment of the hydroxy group with fluorine, and dehydration
(elimination) appears to be less of a problem with DAST
than with others.” Middleton reported that cyclooctanol re-
acts with DAST to give a 70:30 ratio of cyclooctyl fluoride
to cyclooctene, whereas Ishikawa’s reagent reacts to give
only cyclooctene.”

We then examined the reaction of DAST toward several
cyclic ketoximes (1). These results are summarized in Table
2. The presence of a substituent(s) capable of strongly stabi-
lizing a carbocation at position ¢ to the oximino carbon is
essential for obtaining the fluorinated carbonitriles. Oximes
lacking such substituents (1f, 1g) afforded complex mixtures.
In the case of 1e, the product was a 1: 1 mixture of stereoiso-
mers.

The reaction mechanism is depicted in Chart 2. The first
step is nucleophilic displacement of a fluorine in DAST by
the oxygen of the oximino substrate 1 with the subsequent
elimination of hydrogen fluoride. Next, the elimination of di-
ethylaminosulfino fluoride from intermediate A causes bond
cleavage and produces the carbocation intermediate B. Fi-
nally, the fluoride ion attacks B to afford the fluorinated car-
bonitrile 2 (path a). In the case of compounds lacking sub-
stituents to stabilize the a-carbocation, the reaction proceeds
through a mechanism similar to that of the “normal” Beck-
mann rearrangement. The carbon—carbon bond anti to the ox-
imino leaving group in intermediate A migrates to the nitro-

Table 1
Me__Me Me_ Me Me_ Me
Me Me Me
— e N
A&NOR F *
1a 2a 2a'
Run 1a Reaction conditions 2a 2a’
1 R=H n-Bu,NF, THEF, reflux N.R.
2 R=H 70% HF/pyridine, THF, r.t. N.R.
3 R=Ts n-Bu,NF, THEF, reflux N.R.
4 R=Ts n-Bu,NH,F,, THF, reflux N.R.
5 R=Tf n-Bu,NF, THF, reflux N.R.
6 R=Tf  »n-Bu,NH,F;, THF, reflux N.R.
7 R=Tf 70% HF/pyridine, THEF, r.t. N.R.
8 R=H CF,CHFCF,NEt, 11% 48%
(Ishikawa’s reagent), THF, reflux
9 R=H Et,NSF,, CH,Cl,, =78 °C 69% 31%

THF =tetrahydrofuran. N.R.=no reaction.

© 2000 Pharmaceutical Society of Japan
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Table 2
HON ;
R CN 1
R? Et,NSF4 R 2
CH,Cl,, -78°C F
1 2
Entry Starting material Product Yield (%)
Me_ Me Me_ Me
NOH
1 F 77
CN
1b 2b
Ic T CN
HON
3 Ph 75
Ph Ph
F
1d 2d
Me NOH e
F a)
4 “uNeN 63
AcO AcO

2e

Complex mixture —

Complex mixture —

a) A 1:1 mixture of stereoisomers.

N
%

C CN b1
a LR F R?
R F
B

Et,N_ /
HON ; 2
“12 -Et,NSOF
R? Et;NSF,
———— F
-HF b YN R‘z ] —N H12
1 A — Q( R F_ R
c D (unstable)

{

complex mixture

Chart 2

gen atom to afford the carbocation C. The fluoride ion at-
tacks C to give an unstable compound D, which leads to a
complex mixture (path b).

As described above, the starting cyclic ketoximes (1) must
have substituent(s) that can strongly stabilize a carbocation at
position « to the oximino carbon in order to cause the fluori-
native fragmentation. Next, we introduced a sulfur function-
ality, which can stabilize a carbocation and can be easily re-
moved from the reaction products, into the cyclic ketoximes
to overcome this limitation. Ketoximes bearing a phenylthio-
group at position ¢ to the oximino carbon (3) efficiently re-
acted with DAST to cause the fluorinative fragmentation
leading to the desired a-fluoro sulfides (4). Since the o-flu-
oro sulfides (4) were not stable, they were subjected, without
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HO.,
i CN
CPBA, -20°
SPh Et,NSF,, -78°C mCch|; "
—————— -
CH,Cly $—-Ph —————
n
n
3a(n=2) F
bin=g i
CN o

160°C, CgHg
in a sealed tube

C st

F 6a(n=2) 91%
5a (n=2) 51% (in 2 steps) 6b (n=3) 97%
5b (n=3) 75% (in 2 steps)

Chart 3

purification, to oxidation with m-chloroperbenzoic acid (m-
CPBA). The resulting sulfoxides (5) were heated in a sealed
tube at 160°C to afford fluoroalkenes (6) in high yields
(Chart 3).

Experimental

Infrared spectra (IR) were measured using a Perkin-Elmer 1600 series FT-
IR spectrophotometer. 'H- and '°F-NMR spectra were performed on a JEOL
GX270, Varian Gemini 300 or Varian UNITY plus 500 instrument with
tetramethylsilane (for 'H) and chlorotrifluoromethane (for °F) as the inter-
nal standards. Mass spectra (MS) and high-resolution mass spectra (HR-
MS) were measured on a JEOL JMS D-200 spectrometer. Column chro-
matography was performed on silica gel (Merck Kieselgel 60).

General Procedure for the Fluorinative Fragmentation of Cyclic Ke-
toximes To a solution of the oxime (1) (1.0 mmol) in dichloromethane (3
ml) was added DAST (1.0 mmol) at —78 °C under an inert atmosphere, and
the reaction mixture was then stirred for 30 min. A saturated sodium bicar-
bonate solution was added to the reaction mixture, and the resulting mixture
was extracted with dichloromethane. The extract was dried over anhydrous
sodium sulfate, filtered, and evaporated to afford the crude product. Purifica-
tion by chromatography (silica gel/ hexane dichloromethane) gave the pure
sample.

2-(3-Fluoro-2,2,3-trimethylcyclopentyl)ethanenitrile (2a): A 1:1 mixture
of stereoisomers. A part of the mixture was separated into two stereoisomers
by chromatography. A less polar isomer; A colorless oil: IR (neat) cm™:
2246. 'TH-NMR (CDCl,) &: 0.91 (3H, s), 0.97 (3H, d, J=1.9Hz), 1.28 (3H,
d, J=22.6Hz), 1.60—1.67 (1H, m), 1.78—1.92 (1H, m), 1.99—2.16 (3H,
m), 2.33—2.46 (2H, m). ’F-NMR (CDCl,) &: —142.4——142.8 (m). Anal.
Calcd for C, H,,FN: C, 70.97; H, 9.53; N, 8.28. Found: C, 71.18; H, 9.39;
N, 8.17. A more polar isomer; A colorless oil: IR (neat) cm™': 2304. 'H-
NMR (CDCl,) 6: 0.69 (3H, s), 1.00 (3H, d, J=1.5Hz), 1.29 (3H, d, J=22.2
Hz), 1.36—1.44 (1H, m), 1.78—2.04 (2H, m), 2.09—2.23 (2H, m), 2.34—
2.39 (2H, m). F-NMR (CDCl,) &: —143.3——143.8 (m). Anal. Calcd for
C,H(FN: C, 70.97; H, 9.53; N, 8.28. Found: C, 70.79; H, 9.60; N, 8.33.

2-(2,2,3-Trimethylcyclopent-3-enyl)ethanenitrile (2a’): The spectral data
for this sample were identical with those in the literature.”

3-[2-(1-Fluoro-1-methylethyl)phenyl]propanenitrile (2b): A colorless oil:
IR (neat) cm™': 2245; '"H-NMR (CDCl,) &: 1.76 (6H, d, J=22.0Hz), 2.46
(2H, t, J=7.5Hz), 3.17 (2H, td, J=7.5, 3.0Hz), 7.21—7.29 (4H, m); "°F-
NMR (CDCly) 8: —134.6 (septet, J=22.0Hz). MS m/z 191 (M%), 172
(M"=F). HR-MS Calcd for C|,H,,FN: 191.1110. Found: 191.1137.

3-[2-(1-Fluorocyclohexyl)phenyl]propanemitrile (2¢): A colorless oil: IR
(neat) cm™': 2245, 'H-NMR (CDCl,) &: 1.70—1.85 (10H, m), 2.64 (2H, t,
J=3.5Hz), 3.15—3.18 (2H, m), 7.21—7.27 (4H, m). “F-NMR (CDCl,) §:
—158.2 (t, J=40.6 Hz). MS m/z 231 (M), 211 (M*—HF). HR-MS Calcd
for C,sH ¢FN: 231.1424. Found: 231.1418.

6-Fluoro-6,6-diphenylhexanenitrile (2d): A colorless oil: IR (neat) cm™:
2246. 'H-NMR (CDCl,) §: 1.50—1.55 (2H, m), 1.70 (2H, quintet, J=7.6
Hz), 2.31 (2H, t, J=7.6 Hz), 2.36—2.44 (2H, m), 7.27—7.38 (10H, m); "°F-
NMR (CDC,) 6: —150.6 (t, J=23.4 Hz). MS m/z 267 (M*), 247 (M —HF).
HR-MS Caled for C ¢H,gFN: 267.1423. Found: 267.1409.

(14R)-3-Acetoxy-13-fluoro-13,17-secoestra-1,3,5(10)-trienonitrile ~ (2e):
An inseparable 1:1 mixture of stereoisomers. A colorless oil: IR (neat)
em™': 2245, 1761. 'TH-NMR (CDCl,) §: 1.22—2.18 (14H, m), 2.29 (3H, s),
2.31—2.64 (4H, m), 6.80—7.30 (3H, m). F-NMR (CDCl,) §: —130.5—
—130.9 (1/2F, m), —160.0-——160.2 (1/2F, m). MS m/z 329 (M*), 309
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(M* —HF). HR-MS Caled for C,,H,,FNO,: 329.1791. Found: 329.1786.
Representative Procedure for the Fluorinative Fragmentation of 2-
Phenylthiocycloalkanone Oxime and the Successive Oxidation To a so-
lution of 2-phenylthiocycloheptanone oxime (3a) (513mg, 2.18 mmol) in
dichloromethane (6 ml) was added DAST (346 ul, 2.62mmol) at —78°C
under an inert atmosphere, then the reaction mixture was stirred for 15 min.
A saturated sodium bicarbonate solution was added to the reaction mixture,
and the resulting mixture was extracted with dichloromethane (50 mlX2).
The extract was dried over anhydrous sodium sulfate, filtered, and evapo-
rated to afford the crude o-fluorosulfide (4a). The crude product was dis-
solved in dichloromethane (15 ml) and cooled to —20°C under an inert at-
mosphere. A dichloromethane (15ml) solution of m-CPBA (376 mg, 2.18
mmol) was added dropwise to the mixture and stirred for 5 min. Saturated
sodium bicarbonate (15ml) was added and the resulting mixture was ex-
tracted with chloroform (50mlX2). The extract was dried over anhydrous
magnesium sulfate, filtered, and evaporated to afford the crude product. Pu-
rification by chromatography (silica gel’hexane : ethyl acetate=3: 1) gave Sa
(281 mg, 51%) as a 1 : 1 mixture of diastereoisomers.
7-Fluoro-7-(phenylsulfinyl)heptanenitrile (Sa): A part of the mixture was
separated into the two stereoisomers. Less polar isomer; A colorless oil: IR
(neat) cm™': 2245, 1048. '"H-NMR (CDCl,) &: 1.50—1.59 (4H, m), 1.60—
1.72 (4H, m), 2.35 (2H, t, J=7.0Hz), 4.93 (1H, ddd, J=49.2, 8.5, 3.3 Hz)
7.40—7.60 3H, m), 7.61—7.70 (2H, m). ""F-NMR (CDCLy) 6: —179.7—
—180.1 (m). MS m/z 253 (M¥). HR-MS Caled for C,;H,,FNOS: 253.0858.
Found: 253.0863. More polar isomer; A colorless oil: IR (neat) cm™': 2245,
1049. 'H-NMR (CDCl,) &: 1.53—2.25 (8H, m), 2.34 (2H, t, J=6.9 Hz),
5.10 (1H, ddd, /=48.1, 9.2, 3.9Hz) 7.53—7.60 (3H, m), 7.61—7.70 (2H,
m). F-NMR (CDCl,) 8: —185.7 (ddd, J=48.1, 34.5, 14.7Hz). MS m/z 253
(M™). HR-MS Caled for C,;H,(FNOS: 253.0858. Found: 253.0901.
8-Fluoro-8-(phenylsulfinyl)octanenitrile (Sb): A part of the mixture was
separated into the two stereoisomers. Less polar isomer; A colorless oil: IR
(neat) cm™': 2245, 1049. '"H-NMR (CDCl,) &: 1.35—1.52 (4H, m), 1.59—
1.68 (4H, m), 1.99—2.12 (2H, m), 2.34 (2H, t, J=7.1 Hz), 491 (1H, ddd,
J=493, 8.7, 2.8 Hz) 7.56—7.58 (3H, m), 7.66—7.68 (2H, m). "F-NMR
(CDCLy) & —179.8 (ddd, /=493, 32.0, 19.7Hz). MS m/z 267 (M*). HR-
MS Caled for C,,H,;FNOS: 267.1078. Found: 267.1099. More polar isomer;
A colorless oil: IR (neat) cm™': 2244, 1049. '"H-NMR (CDCl;) &: 1.25—
1.58 (4H, m), 1.62—1.78 (4H, m), 1.89—2.05 (2H, m), 2.33 (2H, t, J=T7.1
Hz), 5.08 (1H, ddd, /=49.2, 9.1, 3.6 Hz) 7.56—7.58 (3H, m), 7.64—7.67
(2H, m). "F-NMR (CDCl,) &: —185.7 (ddd, J=49.2, 34.5, 14.8Hz). MS
m/z 267 (M"). HR-MS Caled for C,H,;FNOS: 267.1078. Found: 267.1089.
Representative Procedure for the Desulfurization of o-Fluorosulfox-
ides A benzene (3 ml) solution of 5a (100 mg, 0.422 mmol) was heated in
a sealed tube at 160°C for 10h. The reaction mixture was evaporated, and
the resulting residue was subjected to chromatography (silica gel/hexane:
ethyl acetate=20:1) to give 6a (49mg, 91%) as a 1 : 1 mixture of stereoiso-
mers.
7-Fluorohept-6-enenitrile (6a): A colorless oil: IR (neat) cm™': 2246. 'H-
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NMR (CDCL,) &: 1.51—1.58 (2H, m), 1.65—1.72 (2H, m), 1.95—2.00 (1H,
m), 2.14—2.20 (1H, m), 2.35 (2H, t, J=7.1Hz), 2.37 (2H, t, J=7.1Hz),
4.72 (0.5H, dtd, J=41.7, 7.7, 4.7 Hz) 5.28—5.37 (0.5H, m), 6.49 (0.5H, ddt,
J=85.5, 4.8, 1.4Hz), 6.52 (0.5H, ddt, /=85.5, 11.1, 1.3Hz),. “F-NMR
(CDCLy) 6: —129.7 (0.5F, dd, J=85.5, 18.5Hz), ~130.57 (0.5F, dd, /=85.5,
41.7Hz). MS m/z 128 (M*+H). HR-MS Calcd for C,H,;FN (M"+H):
128.0936. Found: 128.0867.

8-Fluorooct-7-enenitrile (6b): A 1: 1 mixture of stereoisomers; a colorless
oil: IR (neat) cm™': 2246. 'H-NMR (CDCL,;) 6: 1.36—1.51 (4H, m), 1.64—
1.71 (2H, m), 1.91—1.96 (1H, m), 2.12—2.18 (1H, m), 2.35 (2H, t, J=7.1
Hz), 472 (0.5H, dtd, J=43.2, 7.7, 4.7Hz), 5.28—5.37 (0.5H, m), 6.47
(0.5H, ddt, J=85.5, 4.7, 1.5 Hz), 6.51 (0.5H, ddt, J=85.7, 11.1, 1.4 Hz), '°F-
NMR (CDCl,) &: —130.5 (0.5F, dd, J=86.1, 19.7Hz), —130.14 (0.5F, dd,
J=86.1, 44.3Hz). MS m/z 142 (M*+H). HR-MS Calcd for C¢H ;FN
(M*+H): 142.0973. Found: 142.1042.
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The superoxide dismutase (SOD) activity of iron(II) tetrakis-V,N,N',N’(2-pyridylmethyl)ethylenediamine
complex (Fe-TPEN) was reexamined using a pulse radiolysis method. In our previous study (J. Biol. Chem., 264,
9243—9249 (1989)), we reported that this complex has a potent SOD activity in a cyt. ¢ (cytochrome c)-based
system (IC5,=0.8 um) and protects E. coli cells against paraquat toxicity. The present pulse radiolysis experiment
revealed that Fe(IN'TPEN reacts stoichiometrically with superoxide to form Fe(III)TPEN with a second-order
rate constant of 3.9x10°m™"s™! at pH 7.1, but superoxide did not reduce Fe(III)TPEN to Fe(II TPEN. The reac-
tion of Fe(IINTPEN and superoxide was biphasic. In the fast reaction, an adduct (Fe(III)TPEN—-superoxide com-
plex) was formed at the second-order rate constant of 8.5x10°m™'s™! at pH 7.4. In the slow one, the adduct re-
acted with another molecule of the adduct, regenerating Fe(II[)TPEN. In the cyt. ¢ method with catalase, this
Fe(IIITPEN-superoxide complex showed cyt. ¢ oxidation activity, which had led to overestimation of its SOD ac-
tivity. Based on the titration data, the main species of complex in aqueous media at neutral pH was indicated to
be Fe(IIHTPEN(OH™). A spectral change after the reduction with hydrated electron indicates that the OH™ ion
coordinates directly to Fe(II) by displacing one of the pyridine rings. The X-ray analysis of [Fe(IHTPEN]SO,
supported this structure. From the above results we propose a novel reaction mechanism of FeTPEN and super-

oxide which resembles a proton catalyzed dismuting process, involving Fe(III)TPEN-superoxide complex.

Key words superoxide dismutase mimics; Tetrakis-N,N,N',N'(2-pyridylmethyl)ethylenediamine; free radical; pulse radiolysis;

X-ray analysis; pH-titration

Since superoxide generated in vivo is involved in the pa-
thology of many diseases, superoxide dismutases (SODs)"?
are useful not only as biological tools, but also potentially as
pharmaceuticals.*~® For these reasons, many low-molecular
SOD mimics, mainly copper and manganese complexes,
have been synthesized and examined for activity in vitro and
partially in vivo, as functional models of the native en-
zymes.”'® Some compounds have been identified as candi-
date pharmaceuticals.'” 2 We are therefore interested in
studying SOD model compounds to learn how the structural
and physical properties of the metal complexes are related to
the chemical function of superoxide dismuting activity.

Although the reaction mechanisms of some mimetics have
been investigated in detail,”**> they remain unclear in most
cases. Generally, metal-catalyzed superoxide dismutation is
described by the following two equations:

M™1+0;” 5> M +0, (1)
M™+0; " +2H* - M™ '+ H,0, )

Most low-molecular metal complexes that have been stud-
ied in the past were believed to catalyze the superoxide dis-
mutation reaction via the above scheme. We previously re-
ported the novel SOD mimic, Fe(Il)-tetrakis-N,N,N',N’
(2-pyridylmethyl)ethylenediamine (Fe(II)TPEN).?2® This
complex had high SOD activity measured by the cyt. ¢ assay
and protected Escherichia coli against paraquat toxicity.
However, Iuliano and co-workers investigated the interaction
of Fe-TPEN with reactive oxygen species under in vitro con-
ditions.”®’ They reported that Fe(I)TPEN acts as a Fenton
catalyst and generates hydroxyl radical from hydrogen perox-
ide, and suggested that this is the reason for the much lower
efficacy of the complex in E. coli cells than expected from its

* To whom correspondence should be addressed.

in vitro activity. Weiss and co-workers also demonstrated that
Fe-TPEN did not enhance the dismutation reaction of super-
oxide and suggested that our overestimation of the SOD ac-
tivity of Fe-TPEN was due to its cyt. ¢ peroxidase activity.*?
We agree with them in respect to the Fenton reactivity and
the cyt. ¢ peroxidase activity of Fe(I)TPEN, as we previ-
ously obtained almost the same results. But their proposed
reaction mechanisms are incomplete as regards the interac-
tion of Fe(IIIYTPEN with superoxide and do not account fully
for the entire superoxide dismuting reactions of Fe-TPEN.

In this paper, we propose a different mechanism of SOD
activity of Fe-TPEN, based on an examination of each step
using a pulse radiolysis method. The mechanism is also sup-
ported by data obtained using pH titration techniques and X-
ray crystallographic analysis.

Experimental

Materials Catalase, cyt. ¢ (type III), and xanthine sodium salt were ob-
tained from Sigma. Xanthine oxidase was from Boehringer Mannheim
GmbH. The other chemicals were all reagent-grade products from Aldrich
or Tokyo Kasei Kogyo, Ltd.

Methods Pulse Radiolysis Method®": Pulse radiolysis experiments were
performed with the electron linear accelerator at the Institute of Scientific
and Industrial Research, Osaka University. The pulse width and energy were
8—10ns and 20—35MeV, respectively. The light source was a 1-kilowatt
xenon lamp. The light intensities transmitted through the optical path were
analyzed and monitored by a fast spectrophotometric system composed of a
Nikon monochromator, a 1-P-28 photomultiplier with a short response time,
and a Tektronix 7834 memorizing oscilloscope fitted with a Polaroid cam-
era. For each wavelength, transmittance changes were recorded by pho-
tographing the oscilloscope traces. Photolysis by the analyzing light was
minimized by means of an optical shutter and selected filters. Samples of
iron complexes for pulse radiolysis were prepared by bubbling oxygen gas
through a solution of complexes containing 10 mm acetate buffer (pH 4—6),
or 10mm phosphate buffer (pH 6—8), or 10 mm borate buffer (pH 8-—10),

© 2000 Pharmaceutical Society of Japan
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and 100mm ter-BuOH to scavenge -OH. A quartz cell with a 1cm light
path containing approximately 1 ml of reaction solution was placed in front
of the accelerator. Fresh solution was used for each irradiation. The concen-
tration of superoxide generated by pulse radiolysis was estimated from the
absorption change at 280 nm (£,,,=950M~'cm™") in the absence of com-
plexes. Optical absorption spectra were measured using a Shimadzu UV-265
spectrophotometer. Absorption changes (A4) were calculated according to
the following equation from the transmittance changes (A7) after the pulse.

Ad=log 100/100— AT

pH Titration:

1) Apparatus and procedure.’” Measurements of pH were made with an
Orion Research 901 ion meter equipped with an Orion 90-10-00 glass elec-
trode and a 91-12-00 double junction reference electrode. The meter was
calibrated with NBS (N-bromosuccinimide) standard buffer solutions (4.008,
7.413, and 9.180 at 25 °C). Conversion of the pH meter reading (pHM) to
—log [H™], where [H"] refers to proton concentration, was made by correct-
ing the difference (0.060) between pHM and —log [H] obtained by titrating
0.01 M HNO, with 1.0m KOH at the ionic strength (I) of 1.0m (KNO;). The
hydroxide ion concentration [OH™] was calculated from the apparent ion
product of water pKW'=13.91 (=pHM—log [OH]) determined by titrating
0.1 KNO; with 0.1M KOH. Titrations were performed at 25%0.05°C
under N, for solutions containing a ligand only and those containing a ligand
and Fe(II) or Fe(Ill) in the molar ratio of 1:1, 1:2,and 1:4.

2) Calculation of equilibrium constants and species distributions. The
equilibria in the present system and the relevant equilibrium constants, Spgr,
are defined by the following equations (charges are omitted for simplicity):

pFe+gTPEN+rH __PPar_ (Fe)p(TPEN)q(H)»

Bpgr=[FepLqHr J/[Fe]p[Llq[H]

where p, g, and r are the numbers of moles of metal (M), ligand (L), and
proton (H) in the complex, respectively, and a negative value of » denotes the
hydroxyl ion. Calculation of Spgr was done using the program MINIQUAD
where the function minimized is the sums of the squares of the residuals in
the mass balance equations for total hydrogen ion, total metal, and total lig-
and. Calculation of species distribution was done with the program SU-
PERQUAD, developed by Gans et al.*¥

Syntheses of TPEN and Iron Complexes: All chemicals were commercial
products of reagent-grade quality, and were used without further purifica-
tion.

1) Synthesis of TPEN. TPEN was prepared from 2-picolyl chloride hy-
drochloride by reaction with ethylenediamine in H,O at pH <9.5 at room
temperature under an Ar atmosphere. Full details of the procedure can be
found in refs. 34 and 35. mp 110°C (lit. 110—111.5°C); 'H-NMR
(CDCI,/TMS) 6 2.76 (s, 4H), 3.78 (s, 8H), 7.11 (dd, 4H, J=4.0, 7.7Hz),
7.45 (d, 4H, J=7.7Hz), 7.57 (ddd, 4H, J=1.8, 7.7, 7.7Hz), 8.49 (dd, 4H,
J=18, 4.0Hz); Mass, 424 (M*), 332 (M'—CH,C,;H,N), 212 (M-
CH,N(CH,C,H,N),). 4nal. Caled for: C,iHyNg: C, 73.55; H, 6.65; N,
19.80. Found : C, 73.81; H, 6.66; N, 19.77.

2) Preparation of Fe(INTPEN(SO,) for X-ray analysis. FeSO, (27.8 mg) in
MeOH was added to an MeOH solution of TPEN (42.4 mg), and the reaction
mixture was left standing at room temperature for 5min. The solvent was
thoroughly removed, leaving a yellow powder. Recrystallization from
CH,CN afforded yellow plates. To obtain a sample for X-ray analysis, this
recrystallization was repeated three times.

X-Ray Structure Determinations: The single-crystal structure determina-
tions were carried out at the Graduate School of Pharmaceutical Sciences,
The University of Tokyo. Diffraction data were collected on an Enraf-Non-
ius CAD-4turbo automated k-axis diffractometer equipped with a graphite-
crystal monochromator. The w/2q scan technique was used to record the in-
tensities for all nonequivalent reflections.

Data were collected at 278 K for both crystals. Pertinent details regarding
the structure determinations are listed in Table 1.

(L=TPEN)

Results

The Reaction of Fe(INTPEN and Superoxide The
pulse radiolysis technique is very useful for measurement of
rate constants and identification of unstable intermediates in
the reactions of superoxide and various compounds.***'*?
This technique was used to obtain the reaction rate constant
of Fe(IDTPEN and superoxide. An aqueous solution of
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Fig. 1. The Difference Spectrum of Absorption Changes at 10ms after
Pulse Irradiation

The quartz reaction cell contained 10 mm phosphate buffer (pH 7.4), 100mm tert-
butyl alcohol, and 50 um Fe(Il)TPEN under oxygen saturation. The traces were started
just after pulse irradiation. The transmittance changes were recorded by photographing
the oscilloscope traces. The absorption changes (A4) were calculated from the trans-
mittance changes (AT) using the following equation, A4=log 100/100— AT. Open cir-
cles represent calculated absorption changes at 10 ms after pulse irradiation. Solid line
represents the difference spectrum (Fe(ITPEN)—(Fe(IITPEN) in phosphate buffer
(pH 7.4) at the same concentrations. Under these experimental conditions, 43.4 M su-
peroxide was generated by pulse irradiation. Irradiation conditions are given in the Ex-
perimental section.

Fe(INTPEN has absorption at 416 nm (4., £€=10,800) due
to charge transfer from the ligand to ferrous iron, while an
aqueous solution of Fe(IIHTPEN has little absorption in
the visible region. Formation of a 1:1 Fe(Il) complex of
TPEN in aqueous or polar organic solvents was previously
revealed by means of a continuous plotting technique.?® We
monitored the decay of this characteristic absorption of
Fe(IDTPEN and tried to examine the direct reaction of
Fe(II)TPEN and superoxide.

The reaction solution contained Fe(INTPEN (50—300 um)
in 10mm phosphate buffer with tert-butanol (100 mm) and
catalase under the condition of oxygen saturation. When ex-
posed to pulse irradiation, Fe(I)TPEN was rapidly bleached
to Fe(III)TPEN with a reduction of the absorption at around
420nm. We obtained the difference absorption spectrum be-
tween before and after irradiation by measuring the transmit-
tance change at various wavelengths (Fig. 1). The open cir-
cles show the experimental values (A4) measured at 13
wavelengths and the solid line indicates the difference spec-
trum between Fe(IDTPEN and Fe(III)TPEN.

Since the open circles were well fitted to the difference
spectra, Fe(III)TPEN was confirmed to be the product in the
reaction of Fe(I[)TPEN and superoxide generated by the
pulse irradiation. The concentration of superoxide generated
under these conditions was 43.4 uM. This shows that super-
oxide reacts stoichiometrically with Fe(IDTPEN, based on
the value of A4.

Fe(Il) TPEN+0; ™ +2H* - Fe(II)TPEN+H,0, 3)

To determine the second-order rate constant of this reac-
tion, we examined the absorption decay (430 nm) at several
concentrations of the ferrous complex (100, 200, and 300
um) under pseudo first-order conditions [Fe(I[)TPEN]>
[superoxide]. Under these conditions, [superoxide] was 6—
10 uM. The observed first-order rate constants (kapp) were
determined from a plot of the absorbance changes of
Fe(I)TPEN as a function of time. The second-order rate con-
stant (3.9 10°m~'s™" at pH 7.1) was determined by plotting
the observed first-order rate constants as a function of
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Fig. 2. pH Profile of the Second-Order Rate Constant of the Reaction of
Fe(IDTPEN and Superoxide

The second-order rate constants were calculated from the time of half-elimination of
Fe(INTPEN (7,,=In2/k,,, k=k,,/[Fe(INTPEN]y) under pseudo first-order conditions.
In this pulse experiment, the initial concentration of Fe(IITPEN was 95 um and the
concentration of generated superoxide was 3.1—35.8 M. The buffers were 10 mm ac-
etate buffer at pH 4—5, 10 mm phosphate buffer at pH 5—9 and 10 mm borate buffer at

pH 9—11, respectively. Other conditions are the same as in the legend to Fig. 1.

Fast process Slow process

a b
I5% I5%
420 nm /__:;\m
- -
10 ms 4s
/ I5% I5%
310 nm 310 nm

Fig. 3. The Oscilloscope Traces of Transmittance Changes after Pulse Ra-
diolysis of Fe(II)TPEN

Fe(III)TPEN was prepared by oxidation of Fe(ITPEN with equimolar hydrogen
peroxide followed by the addition of enough catalase to extinguish residual hydrogen
peroxide. The transmittance changes were monitored on for 20s from the first pulse at
420 and 310 nm. The reaction mixture contained 96 um Fe(III)TPEN, 43—60 1M super-
oxide, 100 mm fert-butyl alcohol and 10 mm phosphate buffer at pH 7.4 under oxygen
saturation. Irradiation conditions are given in the Experimental section. It should be
noted that the transmittance changes are illustrated on different time scales for the fast
process (a) and the slow one (b).

[Fe(ITPEN],,.

Figure 2 shows a plot of the second-order rate constants as
a function of pH. The value of the second-order rate constant
decreased drastically at pH under 6. Since the pK, value of
superoxide is 4.88, the ratio of protonated superoxide, HO,
radical, in the reaction mixture increased as the pH was low-
ered. This pH profile demonstrates that Fe(I[)TPEN has very
low reactivity, if any, with the HO, radical. This suggests that
the reaction includes charge transfer from Fe(II)TPEN to su-
peroxide and that the negative charge of superoxide is essen-
tial for the interaction with Fe(II)TPEN.

The Reaction of Fe(IIN)TPEN and Superoxide The re-
action of Fe(II)TPEN and superoxide was also examined
using pulse radiolysis. Figures 3a and b show typical trans-
mittance changes at 420 and 310nm after irradiation of an
aqueous Fe(III)TPEN solution saturated with dioxygen at pH
7.4. The reaction was biphasic. The fast reaction was com-
pleted within 10 ms, and caused the absorbance changes (the
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Fig. 4. Kinetic Difference Spectra at 20 ms and 10s after Pulse Radiolysis
of Fe(III)TPEN

Fe(II)TPEN was prepared as described in the legend to Fig. 3. Both the absorption
difference between Fe(IINTPEN and the species at 20 ms (open circles) and 10 s (closed
circles) after pulse irradiation are illustrated. Reaction mixtures contained 96 um
Fe(III)TPEN and 42 pim superoxide in each reaction, in 100mm fers-butyl alcohol in
10 mm phosphate buffer at pH 7.5 under oxygen saturation.

decrease at 420 nm and the increase at 310 nm). On the other
hand, the slow reaction took several seconds to reach com-
pletion, and the absorbance changes were opposite to those
in the fast process both at 420 nm and 310 nm. Figure 4 illus-
trates the difference spectra from Fe(II)TPEN at 20 ms
(open circles) and 10s (closed circles) after the first irradia-
tion. This indicates that Fe(II)TPEN was regenerated in 20s
via an “intermediate” formed within 20 ms in the reaction of
Fe(III)TPEN and superoxide. This intermediate was different
from Fe(I[)TPEN, based on the characteristic absorption
around 400 nm. In addition, since this reaction could be re-
peated within the reaction cell by successive pulse irradia-
tions, Fe(II)TPEN acts as a catalyst in the reaction with su-
peroxide, without formation of Fe(I[)TPEN.

This intermediate is proposed to be Fe(III)TPEN-super-
oxide complex, the superoxide adduct’” of Fe(III)TPEN or
an equivalent species, based on the fact that it is not
Fe(IDTPEN, as indicated by its difference spectrum at 20 ms
after pulse irradiation.

intermediate=Fe(II[)TPEN-O, ™

The above results suggest that there are two processes in
the catalytic reaction of superoxide with Fe(III)TPEN; the
first one forms Fe(III)TPEN-superoxide complex, and the
second regenerates Fe(III)TPEN with the formation of hy-
drogen peroxide and dioxygen. The observed rate constants
of the fast process were plotted against the concentration of
Fe(IIHTPEN under pseudo first-order conditions, and the
second-order rate constant was determined as 8.5X10°
m~'s™! at pH 7.4. Figure 5 shows the second-order rate con-
stant of the fast process as a function of pH.

There are three possibilities for the slow process in which
Fe(IIHTPEN was reproduced:

[Fe(IITPEN-O, "] = Fe(IIHTPEN+0O,~ )
[Fe(IITPEN-O; ]+0;~
charge transfer 20" Fe(IIHTPEN+H,0,+0, %)

[Fe(IITPEN-O; ]+ [Fe(IITPEN-O; "] +2H"
— 2Fe(IINTPEN+H,0,+0, (6)

Since this slow reaction is a second-order reaction (data
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Fig. 5. pH Profile of the Second-Order Rate Constant of the Reaction of

Fe(IINTPEN and Superoxide (in the Fast Process)

The second-order rate constants of the fast process were calculated from the half life
time of elimination of Fe(III)TPEN under pseudo first-order conditions. The employed
buffers and irradiation conditions are the same as described in the legend to Fig. 2.

not shown), Eq. (4), simple release of superoxide from the
intermediate complex, can be ruled out. The second possibil-
ity, Eq. (5), can also be rejected because the superoxide had
completely disappeared within 20 ms after pulse irradiation
in the reaction cell. Thus, we consider that two Fe(III)TPEN-
superoxide complexes react as shown in Eq. (6) under these
experimental conditions. We estimated the rate constant of
reaction (6) to be 10°m™'s™! from the time taken to regener-
ate the unadducted form.

The reaction mechanism proposed above may be applica-
ble only under pulse radiolysis conditions. In the presence of
an excess amount of superoxide or when superoxide is con-
tinuously being generated, reaction (5) would rather be fa-
vored.

The Reaction of FeTPEN in the Cyt. ¢ Assay As men-
tioned above, superoxide does not reduce Fe(II)TPEN to
Fe(ITPEN, while it oxidized the latter to the former in the
pulse radiolysis experiments. This cannot explain the cat-
alytic SOD activity of Fe-TPEN. Iuliano et al.?” and Weiss et
al*® suggested that our overestimation of the SOD activity
of Fe-TPEN was due to Fenton reactivity. However, our ex-
perimental system based on the cyt. ¢ method contained a
sufficient concentration of catalase to decompose hydrogen
peroxide generated by the xanthine/xanthine oxidase system;
therefore the hydrogen peroxide-dependent reaction of Fe-
TPEN cannot account for the inhibition of cyt. ¢ reduction.
We therefore examined cyt. ¢ (red) reoxidation in the pres-
ence of both Fe(III)TPEN and superoxide. The reaction mix-
ture contained equal concentrations of cyt. ¢ (red) and cyt. ¢
(ox) (total concentration was 10 mm), catalase, and xanthine
in phosphate buffer (line A in Fig. 6). When Fe(II[)TPEN
was added to this solution, no absorption change was ob-
served, but when xanthine oxidase was added, cyt. ¢ (red)
began to be reoxidized. This indicates that both Fe(III)TPEN
and superoxide are required to reoxidize cyt. ¢ (red). This re-
action reached a steady state. For line B, the reaction mixture
contained cyt. ¢ (0x), catalase, xanthine and Fe(II[)TPEN in
phosphate buffer. When xanthine oxidase was added to this
reaction system, the reduction started immediately. However,
the reduction was not complete, but reached the same equi-
librium state as in the former experiment. The above results
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Asso xanthine oxidase
cyl c (ox) (a) l (b)
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+ Fe(Il)TPEN

xanthine oxidase
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Fig. 6. The Superoxidase Activity of Fe(III)TPEN

In experiment A (line A), the reaction mixture contained half-reduced 10 um cyt. ¢
(by Na,S,0,), 50mm xanthine, and 2500units/ml catalase. At point a, 1.0mm
Fe(III)TPEN was added and at point b, 4.0 munits/ml of xanthine oxidase. In experi-
ment B (line B) the reaction mixture contained 10 um oxidized cyt. ¢, 50 mm xanthine,
2500 unit/ml of catalase and 1.0 um Fe(III)TPEN in 50 mm phosphate buffer (pH 7.4).
At point ¢, 4.0 units/ml of xanthine oxidase was added. The reduction and oxidation of
cyt. ¢ were monitored at 550 nm.
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Chart 1.
Fe-TPEN

Mechanism of SOD Activity and Cyt. c-Superoxidase Activity of

are summarized in Chart 1. We propose that the Fe(III)TPEN-
superoxide complex, which was produced in the pulse radiol-
ysis experiment, has cyt. ¢ “superoxidase” activity. Because
all experiments were conducted in the presence of an ade-
quate concentration of catalase, “peroxidase” activity of
Fe(III)TPEN can be excluded.

Solution Equilibrium Chemistry of Fe-TPEN pH
Titration®>*3: The coordination chemistry of Fe(III)TPEN in
aqueous solution has a major influence on the reactivities.
We therefore studied the coordination states and species dis-
tribution in aqueous media, and carried out pH titration®® to
analyze the solution equilibria.

Based on the titration curves, the overall proton-ligand sta-
bility constant was calculated with the MINIQUAD program
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to be 7.6X10°m~!. Calculated stepwise dissociation con-
stants (stepwise pK,) are 6.96, 4.29, 3.20, 2.71, 2.50, and
below 2.0. According to these values, the protonation of the
least basic pyridine ring of TPEN occurs only below pH 2.
Therefore, this pyridine is assumed to have low coordination
activity.

The calculated species distribution curves for Fe(II)TPEN
were obtained by simulating the results with the SU-
PERQUAD program. Figure 7 shows that the main species at
about neutral pH is Fe(IIHTPEN(OH™). At lower pH,
Fe(III)TPEN is dominant. The higher the pH value becomes,
the lower the ratio of Fe(III)TPEN(OH™) species is. In the
pulse radiolysis study, the second-rate constant of the fast re-
action of Fe(II)TPEN and superoxide showed pH depen-
dency (Fig. 5). If Fe(III) TPEN(OH") is the reacting species
under that condition, it is reasonable that the rate constant
decreases with decrease of the ratio of this species as the pH
value becomes higher.

Pulse Radiolysis Study We next examined the reduction
of Fe(III)TPEN(OH ") by hydrated electrons generated by ir-
radiation in the absence of oxygen. Figure 8c shows the dif-
ference spectra from Fe(III)TPEN at 5 and 500 us after irra-
diation. Hydrated electrons reacted with Fe(IIl) and were
eliminated within 3 us, but, by 5ms after irradiation, no ab-
sorption of Fe(II)TPEN had appeared. Thus, as soon as a hy-
drated electron reacts with Fe(Ill), Fe(Ill) is reduced to
Fe(II), but there is a lag time until the appearance of the
reduced complex. Insets of Fig. 8a and b show the elimina-

a 600nm

1us

0.15
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tion of the hydrated electron (600 nm) and the appearance
of Fe(IlI)TPEN (420 nm). The weak basicity of one of the
four pyridine rings suggests that the configuration of
Fe(II)TPEN(OH™) may be as shown in Chart 2. One pyri-
dine ring is assumed to have been displaced by a hydroxyl
ion. In contrast, TPEN ligates to Fe(Il) with all six nitrogen

Calculated Species Distributions for Fe(lll)p TPENg Hr

Distribution (%) / Fe(lil)

pH

Fig. 7. Calculated Species Distribution for Fe(III)TPEN

Species distributions were calculated for Fe(II[)p(TPEN)gHr by SUPERQUAD.
[Fe(Il)]=[TPEN]=1.0mm. The negative value of r indicates that hydroxyl ion takes
part in the formation of the complex instead of a proton. 100; Fe(Ill)ag, 110;
Fe(IINTPEN, 11-1; Fe(IHTPEN(OH"), 120; Fe(II(TPEN),, 12-1; Fe(IlY(TPEN),-
(OH"), 12-2; Fe(III)(TPEN),(OH "),.

b

500us

420nm
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Fig. 8. The Reduction of Fe(II)TPEN by Hydrated Electrons under Deoxygenated Condition

(a) and (b); The transmittance changes of hydrated electrons (a) and of Fe(III)TPEN on reduction with hydrated electrons (b). Deoxygenation was performed by bubbling each
cell with nitrogen gas for more than 30 min and the absolute deoxygenation was confirmed by the absence of superoxide production. Irradiation was carried out in 10 mm phosphate
buffer (pH 7.4). The concentration of generated hydrated electrons was 12 um and that of Fe(IIITPEN was 96 i under this experimental condition. Monitored wavelengths were
600 and 420 nm for (a) and (b), respectively. (c); The difference spectrum of the reduced form of the complex and Fe(IITPEN per se after pulse irradiation. Open circles represent
the difference absorbance at the respective wavelengths at 5 us after pulse irradiation. After 5 us, hydrated electrons were no longer detectable. Closed circles represent the differ-
ence absorbance at SO0 s after pulse irradiation. A4 was calculated from the changes of transmittance.
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Chart 2. Conformation Change after Reduction by Hydrated Electron and
Proposed Structure of Fe(III)TPEN-Superoxide Complex

atoms. The absorption around 420 nm of Fe(II)TPEN is due
to this coordinating configuration. Thus, the time at which
the absorption of Fe(I)TPEN appears is belived to represent
the time at which the free pyridine arm recoordinates to
Fe(II).

The proposed structure of Fe(II)TPEN(OH") is strongly
supported by these data. The adduct of superoxide may be
produced by substitution at the OH™ coordination site (Chart
2).

X-Ray Crystallographic Analysis We conducted an X-
ray crystallographic study on Fe(ITPEN(SO,). A previous
study®” on Fe(I[)TPEN[(CIO,),] recrystallized from MeOH/
H,0 demonstrated that all six nitrogens of TPEN coordinated
to Fe(Il) to create an octagonal structure. Because the
counter anions ClO, have no coordination ability due to their
bulkiness, they lie outside the complex. This structure is dis-
torted by the two pyridine rings ligated from the equatorial
direction. The structures of metal-EDTA have also been
reported. According to the literature, H,O coordinates
to the complex as the 7th ligand.*” In the case of
Fe(II) TPEN[(C10,),], there is no ligand other than the six ni-
trogens of TPEN,*'#?

The structure of Fe(IHTPEN(SO,) obtained in an organic
solvent is shown in Fig. 9 and the crystallographic data are
listed in Table 1. One of the pyridine rings coordinating from
the equatorial direction is substituted by one of the oxygen
atoms of the sulfate ion. In the crystal lattice there are 8 mol-
ecules, consisting of 4 pairs of asymmetric complexes.

The low basicity of one pyridine ring is consistent with its
displacement by suifate. The mass spectrum showed the mol-
ecular ion concomitantly with the sulfate ion (data not
shown), again supporting the coordination of sulfate ion as
the 6th ligand. The affinity of oxygen for Fe(II)TPEN and the
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Fig. 9. Crystal Structure of Fe(INTPENSO,

Table 1. Crystallographic Parameters

Fe(IDTPEN(SO,)
Cell dimensions

a(A) 9.9088

b(A) 16.3676

c(A) 39.6851

B (degree) 115.5600

V(A% 5806.3683

Space group P21 /¢

z 8

Formula FeC,¢H,4NSO,
xH,0 (x=4)

M 648.523

dcalc (g/cm®) 1.3774

Data collection

Crystal size (mm) 0.28X0.23X0.23

Diffractometer Enraf-Nonius CAD-4 turbo

Radiation Graphite monochromated
MoKa 0.7107A

Scan mode wi2g

Sing/l range <0.6289

hkl range —5<h<12
—8<k<23
—-50<<1<50

Temperature (K) 297%2

Resolution (A) 0.7950

Rmerge? 0.016

R factor 0.0621

weighted R factor 0.0862

No. of reflections 11971

No. of unique reflections 9132

No. of reflections 8963

With 7>3s(/)

a) Rmerge=SS|/, (h)—1(h)|/SI,,(h).
existence of a direct reaction site on the metal center for acti-
vated oxygen species are noteworthy findings.

Discussion

Initially, we employed TPEN as a membrane-permeable
metal chelator to inhibit the Fe-driven Haber—Weiss reaction.
TPEN, as an iron chelator, completely inhibited in vifro aro-
matic hydroxylation by OH radical secondarily produced
from superoxide and hydrogen peroxide by Haber—Weiss re-
action in the xanthine/xanthine oxidase system (our unpub-
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lished data). TPEN also inhibited aromatic hydroxylation in
the presence of EDTA, which is known to enhance the Fe-
catalyzed Haber—Weiss reaction.*” This suggested that TPEN
should influence the xanthine/xanthine oxidase system. How-
ever, Fe(II)TPEN had no influence on the consumption of
xanthine or the production of urate. We then examined the
reactivity of the Fe complex of TPEN. Fe(IDTPEN reacted
with hydrogen peroxide with the rate constant of 7.8X10!
m~'s™! at pH 7.0 (data not shown), forming the potent oxi-
dant hydroxyl radical or its equivalent species, while
Fe(III)TPEN was inactive. So, the Haber—Weiss reaction in-
hibiting activity of Fe-TPEN can be explained in terms of su-
peroxide quenching activity.

Iuliano and co-workers reported that Fe-TPEN has no
SOD activity.”” They suggested that our overestimation was
caused by the reaction of Fe(INTPEN and hydrogen perox-
ide. Weiss and co-workers have recently shown that Fe-TPEN
has no SOD activity by means of a stopped-flow technique,
and they also referred to the reaction of Fe(I)TPEN and hy-
drogen peroxide.*” However, we had known of the reactivity
of Fe(INTPEN and hydrogen peroxide, and our experimental
system contained catalase in order to diminish its effect.
Therefore, the apparent SOD activity of Fe-TPEN cannot be
explained by the reaction with hydrogen peroxide.

As mentioned above, Fe(ITPEN is oxidized by superox-
ide generated by irradiation with the second-order rate con-
stant of 3.9 10%m™'s™!. The redox potentials of superoxide/
hydrogenperoxide and Fe(II)TPEN/Fe(II)TPEN are +940
and +545mV vs. S.C.E. in H,0 (our unpublished data), re-
spectively. This indicates that the reaction (3) can occur in
H,O. However, contrary to our expectation, Fe(II)TPEN was
not reduced by superoxide to Fe(II)TPEN; but this does not
imply that Fe(II[)TPEN is inactive towards superoxide. We
obtained optical data suggesting the production of the
Fe(IIT)TPEN—-superoxide adduct (Fig. 4). This is a key com-
plex to understand the whole reaction. Next, we observed the
regeneration of Fe(IINTPEN from this adduct. This reaction
is not a simple separation reaction of Fe(III)TPEN and super-
oxide because it was second-order (rate constant is
10°m~!'s7h). In this pulse experiment, it seemed to proceed
according to reaction (6), because 20 us after the pulse, su-
peroxide had been completely eliminated. But if the
Fe(II) TPEN were exposed to a flux of superoxide, reaction
(5) would occur predominantly. The apparent SOD activity
of Fe-TPEN in cyt. ¢ assay can thus be explained in terms of
superoxidase activity (summarized in Chart 1).

Superoxide dismutation requires the protonation process.
This process brings about a potential difference between two
superoxide molecules and enables charge transfer. The
Fe(II)TPEN-catalyzed reaction can also be considered as
well as the proton-catalyzed process. Superoxide would coor-
dinate to the site of Fe(III)TPEN where one pyridine ring is
substituted by hydroxylate ion. In this process, a potential
difference would be generated between the adduct and super-
oxide, and the dismutation reaction would be induced by this
potential difference. This complex would receive one elec-
tron from superoxide through the outer sphere, regenerating
free Fe(INTPEN with the release of O3~ or a protonated
form, HO,; or H,0, (Eq. 5).

Here we propose a mechanism for the inhibition of PQ
toxicity in E. coli by Fe-TPEN. PQ toxicity involves the Fe-
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driven Haber-Weiss reaction,*” and some chelators such as
EDTA can enhance this toxicity. In this reaction, superoxide
plays a role in reducing the catalyzing metal to its reduced
form, which is reactive with hydrogen peroxide. Our ex-
periments show that once Fe(IDTPEN is oxidized to
Fe(III)TPEN, reduction by superoxide does not occur, and
Fe(I)TPEN cannot be regenerated. But we have found that
Fe(II)TPEN is reduced by other biological reductants such
as NADH. This means that in E. coli cells Fe(III)TPEN may
be reduced to regenerate Fe(I[)TPEN by biological reducing
systems. However, even if Fe(II)TPEN were produced, OH
would not be generated, because the reaction rate of H,0, is
10* times slower than that of superoxide. We propose that su-
peroxide per se inhibits the Fe-driven Haber—Weiss reaction
by forming a reaction cycle between Fe(III)TPEN and its su-
peroxide adduct.

It was reported that Fe(IDTPEN[(CIO,),] is a spin cross-
over complex between high spin state and low spin state dur-
ing measurement of the Mossbauer spectrum, depending on
the temperature in the solid state.*” The distance between Fe
and nitrogen becomes longer than that in the low spin state.
This “relaxed state of coordination” is necessary for Fe(Il) to
be in a high spin state. In H,O, Fe(II)TPEN(SO,) shows al-
most the same UV-vis. absorption, redox potential and NMR
features as Fe(II)TPEN[(PF;),] or Fe(I)TPEN[(CIO,),], indi-
cating that they have the same conformation and are in a low
spin state in H,O. On the other hand, in an organic solvent,
Fe(I)TPEN(SO,) shows quite different spectra. This sug-
gests the direct coordination of oxygen of sulfate ion as the
6th ligand. These circumstances make the complex very re-
laxed in comparison with that in H,O, favoring the high spin
state.

In summary, when Fe(I[)TPEN reacts with superoxide, it
donates one electron to superoxide to generate peroxide and
Fe(IITPEN. Once oxidized, Fe(IIHTPEN(OH™) becomes
the major species in H,O. In this complex, Fe(III) is assumed
to be coordinated by five nitrogen atoms and one oxygen de-
rived from hydroxyl ion. This substitution generates a re-
laxed complex in the high spin state. In the dismutation reac-
tion, the 6th ligand, OH™, is displaced by superoxide, form-
ing the Fe(III)TPEN-superoxide complex.

Superoxide dismutation reactions catalyzed by metal
complexes are often described by Eq. (1) and (2); however,
the mechanism of Fe-TPEN is quite distinct from that, some-
what resembling a proton-catalyzed process. Reexamination
of the reaction mechanisms of other SOD mimics reported so
far might be desirable.
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Molecular State of Chlorpheniramine in Resinates
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Chlorpheniramine (CPM) maleate was prepared as a series of resinates by the batch method. The several
resinates were investigated by differential scanning calorimetry (DSC), X-ray powder diffraction (XRPD) and in-
frared (IR) spectrometry. The results from DSC and XRPD showed that the molecular state of the entrapped
drug changed from the crystalline to amorphous state. IR spectra indicated that only CPM species was en-
trapped in the resinates. Moreover, it also showed that the positively charged amine group of the drug interacted
with the sulfonate groups of the resin by ionic association. The dissolution of the drug and resinates was also
studied where it was found that the dissolution of the resinates was retarded by their crosslinked structure and

markedly affected by the quantity of resin.

Key words  chlorpheniramine maleate; ion exchange; X-ray diffraction; differential scanning calorimetry; infrared spectrometry

It has been recognized that the physicochemical properties
of a drug can be changed in a number of ways. For example,
a significant decrease in crystallinity and improvement in the
dissolution rates of glibenclamide and oxazepam were ob-
served with inclusion complexes of cyclodextrins." The use
of a vacuum or microwave energy to prepare felodipine sur-
face solid dispersions led to a significant improvement in
drug dissolution, which was caused partly by the amorphous
state of the drug.”’ The ground drug and mixture, depending
on the grinding time, were less crystalline and dissolved to
greater extent in organic solvents than the intact drug.* A
resinate is a complex of a drug and resin® and it can be used
to formulate sustained-release products, some of which have
been marketed. A large number of drugs have been exten-
sively studied as resinates such as propranolol HCl, some
NSAIDs and dextromethorphan HBr.”~® Furthermore, en-
capsulated resinates with some polymers have been prepared,
and it has been claimed that a more controllable release was
obtained.!” However, information about the molecular state
of a drug in the resinate is rare.

Therefore, this work was carried out to investigate the
molecular state of a drug manipulated as a series of resinates.
Chlorpheniramine (CPM) maleate and Amberlite® IRP 69 (in
powder form) were used as the model drug and resin, respec-
tively. This resin is an insoluble, strongly cationic exchanger
with 8% cross-linkage derived from a sulfonated copolymer
of styrene and divinylbenzene (Fig. 1). The molecular state
of the resinates as well as the drug was investigated by differ-
ential scanning calorimetry (DSC), X-ray powder diffraction
(XRPD) and IR. In addition, the dissolution of samples was
also determined and discussed.

Experimental

Materials Amberlite® IRP 69 (Sigma, U.S.A.), CPM maleate (Sigma,
U.S.A.), monobasic potassium phosphate (Wako, Japan) and sodium hydrox-
ide (Jensei, Japan) were used.

Purification of Resin The resin (20 g) was placed in a 250 ml beaker
and 200 ml distilled water was added. The slurry was stirred with a magnetic
bar for 5 min, and allowed to settle for 15 min; then, the supernatant was re-
moved by decantation. The resin was washed another two times according to
the above procedure. The washed resin was collected by filtration and dried
overnight in a hot air oven at 50 °C. The dried resin was kept in a tight vial
until preparation of the resinates.

Preparation of Resinates The resin (1 g) was weighed and added to

* To whom correspondence should be addressed.

100ml of 0.15, 0.5 or 1.0% w/v CPM maleate solution. The mixtures were
left in the dark at room temperature (25 °C) for 48 h and periodically shaken.
The resinates were isolated by filtration and washed with an excess of dis-
tilled water which was then collected and added to the previous filtrate. The
resinates were dried overnight in a hot air oven at 50 °C, and stored in a tight
vial. The drug content in each final filtrate, which consisted of the filtrate
and the washing water, was analyzed by UV spectroscopy (UV-160, Shi-
madzu, Japan) at 261 nm. The amount of drug loaded on the resinates was
obtained by subtracting the amount of drug remaining in the final filtrate
from the initial amount.

Preparation of CPM Base CPM base was prepared by making CPM
maleate solution alkaline with 1.0N sodium hydroxide. Then, ether was
added and the mixture was shaken gently. The ether phase was removed and
evaporated on a water bath until only CPM base remained. Finally, the CPM
base was kept in a vacuum chamber until investigation.

DSC A differential scanning calorimeter (DSC 7, Perkin Elmer, U.S.A.)
was used and each sample was placed in an aluminum pan and crimped with
its cover (Perkin Elmer, U.S.A.). The heating and cooling rates were 20 and
200 °C/min, respectively. All measurements were obtained over 25—250°C
under nitrogen.

XRPD A Rigaku X-ray powder diffractometer was used and measuring
conditions were as follows: Cuk, radiation, Ni filtered, graphite monochro-
mator, voltage 35kV and current 10mA. All samples were run at 1° (26)
min~! from 5 to 35° (26).

IR Spectrometry IR spectra were obtained using a Fourier transform
infrared spectrometer (FT/IR-7300, Jasco, Japan) and measurements were
carried out on KBr disks.

Dissolution Study The dissolution of the drug and resinates was studied
using the USP paddle apparatus.'” The sample was accurately weighed to
obtain the equivalent of 15 mg of drug and added to vessels containing 450
ml phosphate buffer, pH 7.0+0.2.'""” The temperature and paddle speed were
set at 37%0.1 °C and 501 rpm, respectively. At suitable times, the amount
of drug released was analyzed by UV spectroscopy.

Water Content Determination Karl Fisher titration with an Aqua-
counter® (AQU-6, Hiranuma, Japan) was used.

Results and Discussion
No water was detected in the CPM maleate. On the other
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Fig. 1. Structure of Amberlite® IRP 69
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Table 1. Obtained Resinates
Resinate CPM content  Water content  CPM content on
; (% wiw) (% w/w)  adry basis” (% w/w)
Resinate [ (RS I) 12.31 10.63 14.67
Resinate II (RS IT) 30.59 10.49 35.06
Resinate I1I (RS 11I) 4321 7.99 48.23

a) Water content of dried resin=18.34% w/w.
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Fig. 2. DSC Curves of Resin (a), CPM Maleate (b), RS I (c), RS II (d),
and RS III (e)

hand, the resin and the resinates contained high and varying
amounts of water, even when dried overnight at 50 °C. The
drug content without and with (on a dry basis) water subtrac-
tion is shown in Table 1. In a certain quantity of resinate, it
was found that the amount of drug calculated from the drug
content without water subtraction underestimated the actual
drug content calculated from the drug content on a dry basis
(6.11,2.52 and 2.63% w/w in RS I, RS Il and RS III, respec-
tively). To obtain the actual drug content as required, the
drug content on a dry basis was used to calculate each quan-
tity of resinate, which contained the equivalent drug content,
for the dissolution study.

Molecular State of Drug in Resinates Figure 2 shows
the DSC curves of the resin, CPM maleate and resinates.
CPM maleate has an endothermic peak at 138 °C, indicating
the temperature of drug melting, whereas no peak over the
range 25—250°C was observed in the DSC curves of the
resin and all resinates. The XRPD patterns of the samples are
shown in Fig. 3. It appears that the molecular state of CPM
maleate is crystalline, but the resin is amorphous. The
resinates also showed a halo’ pattern. DSC and XRPD
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Fig. 3. X-Ray Patterns of Resin (a), CPM Maleate (b), RS I (c), RS 11 (d),
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Fig. 4. IR Spectra of Resin (a), CPM Maleate (b), and CPM Base (c)

showed that the molecular state of the entrapped drug in the
resinates changed from the crystalline to the amorphous
state. From this it appears that the drug is dispersed
monomolecularly in the resinates.'?

Interaction in Resinates IR spectra of the resin, CPM
maleate and resinates are shown in Figs. 4—5. The three
peaks at 1586, 1358 and 865 ecm” !, corresponding to the
stretching of the carbonyl group (C=0), carbon-oxygen
group (C-O) and ethylene group (C=C) of the maleate
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Fig. 5. IR Spectra of RS I (a), RS II (b), and RS III (c)

species, disappeared in IR spectra of the resinates. This con-
firmed the absence of maleate species in the resinates, in ac-
cordance with the theory that only a positively charged
species can exchange on a cationic exchanger.'?

The IR spectrum of the CPM base was also measured and
this is shown in Fig. 4. Comparing the IR spectra for CPM
maleate, CPM base, resin and resinates, the IR spectra of the
resinates could be divided into two different regions. One
around the region of 800 to 2000 cm ™' showed the existence
of major characteristic peaks of CPM base (indicated with
arrows), whose intensities increased on increasing the
amount of drug entrapped in the resinates. This indicated that
the CPM species was entrapped in the resinates. The other,
from 2000 to 4000cm™!, was more similar to the CPM
maleate (salt form) and resin spectra, at the same region,
than to that of the CPM base and resin spectra. This con-
firmed the stretching of the positively charged amine group
(NH") in the IR spectra of the resinates. Furthermore, the
NH* peak of the drug was shifted from 2457 cm™' to around
2719—2753cm™" in the resinates. The above evidence
shows that the CPM species in the resinates exists in the pos-
itively charged form which interacts with the sulfonate
groups in the resin. This kind of ionic association is referred
as a “salt bridge” (Fig. 6).'¥ Like the hydrogen-bonding ef-
fect, the degree of this ionic association, which closely re-
lates to the H-donating and accepting ability of an ion pair,
significantly affects the NH" stretching. As the ionic associa-
tion increases, the NH* stretching decreases and subse-
quently shifts to a lower frequency, and vice versa. There-
fore, the shifting of the NH™ stretching in the drug to a
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Fig. 6. Depiction of the Ionic Association in CPM Maleate (a), and in
Resinates (b)

higher frequency in the resinates suggests that the ionic asso-
ciation in the resinates is weaker than in the drug. One expla-
nation might be that the H-accepting ability, corresponding
to the basicity, of the sulfonate group is weaker than that of
the carboxylate group.'> Moreover, a related text attributing
the interaction in the resinate to a weak ionic association in
which no chemical bond was formed, supports this hypothe-
sis.'® In conclusion, CPM was dispersed monomolecularly in
the resinates and an ionic association was formed between
the sulfonate groups of the resin and the NH group of CPM.

Release Study The dissolution of the drug and resinates
is presented in Fig. 7. The dissolution rate of the drug was
faster than that of the resinates. The retard release in the
resinates, in spite of the amorphous molecular state of the
drug, was attributed to their crosslinked structure which re-
sists drug diffusion through the resin beads.*® The amount
of CPM released increased from 61.93 to 87.54 and 96.36%
w/w in RS I, RS II and RS III, respectively, indicating that
drug distribution in the resinates greatly affected the amount
of drug released. This was due to the decreasing quantity of
resin in RS I, RS II, RS III, respectively. A detailed explana-
tion was proposed in a recently published study showing that
increasing the quantity of the resin reduced the effectiveness
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Table 2. Retained Fraction in Resinates
o . n sub) : )
Resinate” Quezr;tllt ggfgr; sin Exchan(gmeccqa)pacny CPNL:(:Zl)ned Retained fraction®
RS 87.2 0.3750 0.0146 0.0389
RS 11 27.8 0.1195 0.0048 0.0402
RS 11 16.1 0.0692 0.0014 0.0202

a) All resinates contain the equivalent of 15mg CPM maleate.
maleate=390.8. d) CPM retained divided by exchange capacity.

of the vehicle; unfortunately, no experimental evidence was
provided.'® The relationship determining the fraction of drug
retained is presented in Table 2. It was found that the fraction
of drug retained in the resinates reached an equilibrium
value. This behavior suggests that the quantity of the resin in
resinates directly affects the amount of drug released. At an
equivalent drug content, the proportion of the quantity of
drug required for that retained fraction (Table 2) to the quan-
tity of drug released increases on increasing the quantity of
resin in the resinates, which consequently leads to less drug
release.
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Mechanism of Antioxidative Activity of Fluvastatin—Determination of the
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In order to clarify the mechanism of action for the antioxidative activity of fluvastatin sodium (FLV, (*)-
sodium (3RS, 5RS, 6E)-7-[3-(4-fluorophenyl)-1-(1-methylethyl)-1H-indol-2-yl}-3,5-dihydroxy-6-heptanoate) and
its derivatives, reaction of the corresponding methyl ester of FLV with di-ter-butyl diperoxyoxalate was exam-
ined, and the corresponding keto derivative was isolated from the reaction mixture. On the basis of this result, it
was concluded that the active site is the allylic carbon conjugated with the indole ring.

Key words fluvastatin; 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor; antioxidative activity; spin trapping;

hydrogen-atom abstraction

Hypercholesterolemia drugs such as 3-hydroxy-3-methyl-
glutaryl coenzyme A (HMG-CoA) reductase inhibitors lower
the level of plasma cholesterol by inhibiting the key enzyme
in the biosynthetic pathway from HGM-CoA to mevalonic
acid, a precursor of cholesterol.'? Recently, it was reported
that this type of medicine is effective for prevention of arte-
riosclerosis and myocardial infraction.>* The medical effec-
tiveness of medicines for these diseases is considered to be
due to their antioxidative activity. Accordingly, other antiox-
idative compounds such as probucol have also received much
attention,*®

Recently, it was shown that fluvastatin sodium (FLV, (*)-
sodium (3RS, 5RS, 6F)-7-[3-(4-fluorophenyl)-1-(1-methyl-
ethyl)-1H-indol-2-yl]-3,5-dihydroxy-6-heptanoate), one of
the HMGCoA reductase inhibitors, has in vivo and in
vitro antioxidative activity.” "> For example, FLV scavenged
hydroxyl radical and superoxide anion,''~'¥ inhibited micro-
somal lipid peroxidation, ' reduced the susceptibility of
low density lipoprotein (LDL) to lipid peroxidation,”'? and
surpressed progression of arteriosclerosis.” However, in spite
of many studies on the antioxidative activity of FLV, the
mechanism for the antioxidative behavior of FLV remains
unresolved, and we considered that it is very important to de-
termine the active position. In the present study, we per-
formed hydrogen-atom abstraction from the corresponding
methyl ester of FLV (FLV-Me) using terz-butoxyl radicals
generated by thermolysis of di-fert-butyl diperoxyoxalate
(DBDP) and isolated a keto form of FLV-Me (FLV-K-Me)
from the reaction mixture. On the basis of this result, we
could unambiguously determine that the active site for the
antioxidative ability of FLV is the allylic carbon conjugated
with the indole ring.

Experimental

Materials and Reagents FLV-Me was prepared by Tanabe R and D Ser-
vice Co., Ltd (Tokyo, Japan). FLV-R-Me was prepared by Tanabe Seiyaku
Co., Ltd. (Osaka, Japan). DBDP was prepared by the reported method.'¥
Phenyl-N-fert-butyl nitrone (PBN) and 2,2,6,6-tetramethylpiperidinyl-N-
oxyl (TEMPO) were purchased from Sigma Aldrich. Column chromatogra-
phy was carried out on silica gel (BW127ZH, Fuji Silysia Chemical Co.,
Ltd., Aichi, Japan), and TLC plates (Kieselgel 60F,,) were purchased from
Merck.

Measurements 'H- and *C-NMR spectra were recorded with a Bruker
DRX-500 spectrometer with tetramethylsilane as an internal standard;
chemical shifts are given in ppm (8). Liquid chromatography (LC)-MS

* To whom correspondence should be addressed.

spectra were taken on a Hitachi M-1000 LC-API mass spectrometer. ESR
spectra were measured with a Bruker ESP300 spectrometer equipped with
100kHz field modulation. HPLC was carried out on a Shimadzu LC-6A
equipped with a SPD-6A UV detector, a CTO-6A column oven, and a C-
R5A computer system. The column was a Shiseido Capcellpak C,g, and the
mobile phase was phosphate buffer saline (50 mmol/l, pH 6.5): CH,CN (11:
9).

Reaction of FLV-Me with DBDP A solution of FLV-Me (50 mg, 0.117
mmol) and DBDP (117 mg, 0.50 mmol) in benzene (10 ml) was stirred at 40
°C for 1h under a nitrogen stream. The reaction mixture was evaporated
under reduced pressure, and the residue was chromatographed on silica gel
with benzene : ethyl acetate (3 :1). The light yellow zone was collected and
concentrated to give FLV-K-Me in 23% yield (11.4mg, 0.0269 mmol).
Recrystallization from hexane gave pale yellow prisms with mp 99—
100°C. IR (KBr): 1744 (C=0) cm™". '"H-NMR (CDCl,): 7.75 (1H, d, J=
16 Hz, -CO-CH=CH-), 7.57 (1H, d, J=8 Hz, aromatic), 7.50 (1H, d, J=
8 Hz, aromatic), 7.38 (2H, m, aromatic), 7.28 (1H, t, J=8 Hz, aromatic),
7.17 (2H, m, aromatic), 7.10 (1H, t, J=8 Hz, aromatic), 6.29 (1H, d, J=
16Hz, -CO-CH=), 495 (IH, septet, /=7Hz, —-CHMe,), 4.50 (1H, m,
—CH,~CH(OH)-CH,-), 3.71 (3H, s, -COOCH,), 3.54 (1H, d, J=4Hz,
—CH(OH)-), 2.72 (2H, d, J=6 Hz, ~CH(OH)-CH,-CO-), 2.55 (2H, d, J=6
Hz, -OCOCH,-), 1.70 (6H, d, J=7 Hz, ~CH(CH;),). *C-NMR (CDCl,):
198.8 (s), 172.7 (s), 162.5 (J. =238 Hz), 137.5 (s), 132.4 (d), 132.4 (over-
lapped), 132.3 (d, Jo=8Hz), 131.0 (s), 128.8 (s), 128.0 (d), 124.5 (d),
121.7 (s), 121.1 (d), 120.9 (d), 116.3 (d, J.z=21Hz), 112.7 (d), 65.1 (d),
52.2 (q), 48.5 (d), 47.4 (1), 41.0 (1), 22.3 (q). LC-MS (APCI) (rel. int. %)
m/z: 424 (M+H)*(100), 322 (32). Anal. Caled for C,sH,,FNO,: C, 70.91; H,
6.19; N, 3.31. Found: C, 70.67; H, 6.22; N, 3.25.

Reaction of FLV-Me with DBDP in the Presence of TEMPO The re-
action of FLV-Me with DBDP in benzene was carried out in the presence of
TEMPO in the same manner as above. Thus, a solution of FLV-Me (50 mg,
0.117 mmol), DBDP (117 mg, 0.50 mmol), and TEMPO (39 mg, 0.25 mmol)

COONa COOCH3

F FLV

FLV-R-Me

F FLV-K-Me F
Chart 1
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35°C
t-BuOOC —— 2tBuO® + 2CO
( OE in benzene 2
DBDP
t-BuO* + FLV-Me ——= FLV-Me® + t-BuOH
] +
0 B
t-BuOe + PhCH=N+ —— PhCH——N+
PBN

PBN-spin adduct

Chart 2

in benzene (10 ml) was stirred at 40 °C for 1 h under a nitrogen stream, and
the mixture was evaporated under reduced pressure. The residue was then
chromatographed on silica gel with benzene: ethyl acetate (3:1), and the
light yellow zone was collected and concentrated to give FLV-K-Me in 52%
yield (25.8 mg, 0.061 mmol). Melting point, IR and 'H-and PC-NMR spec-
tra agreed completely with those of the above sample.

Spin Trapping of fert-Butoxyl Radical by PBN in the Presence of FLV-
Me Benzene solutions (1.0ml) containing PBN (10 mmol/l), DBDP (5.0
mmol/l), FLV-Me (0—10.0 mmol/l) in ESR tubes were degassed with three
freeze-pump-thaw cycles, and the tubes were sealed. After standing at 35°C
for 30 min, ESR measurements were carried out. The results are shown in
Fig. 1.

Competitive Reaction of FLV-Me and FLV-R-Me with fert-Butoxyl
Radical A solution of FLV-Me (50.0mg, 0.118 mmol), FLV-R-Me (50.4
mg, 0.118 mmol), DBDP (55 mg, 0.236 mmol), and TEMPO (36.9g, 0.236
mmol) in benzene (10ml) was stirred at 35°C under a nitrogen stream.
Every 30 min, 0.1 ml of the reaction mixture was taken and diluted to 10 ml
with the mobile phase. Twenty ul of the sample solution was used for HPLC
measurements. The results are shown in Fig. 2.

Results and Discussion

Activity of FLV-Me as a Scavenger for fert-Butoxyl
Radicals Since oxygen-centered free radicals such as -OH
or -OOH play an important role for oxidation in vivo, it is de-
sirable that -OH or -OOH radicals be used for hydrogen-atom
abstraction from FLV. However, it is very difficult to generate
these radicals effectively. We therefore chose fers-butoxyl
radical as an oxygen-centered radical instead of ‘OH or
‘OOH radical. Since fert-butoxyl radical can be effectively
generated by thermolysis of DBDP in hydrocarbons such as
benzene and hexane.'” However, FLV is insoluble in benzene
and hexane. We therefore used FLV-Me instead of FLV be-
cause of its good solubility in benzene.'> At first, the antiox-
idative activity of FLV-Me was evaluated using the spin trap-
ping method.'® A solution of FLV-Me, PBN and DBDP in
benzene was placed in an ESR tube and, after the solution
was degassed and allowed to stand at 35 °C for 30 min, ESR
spectra were measured. DBDP is decomposed in a homolytic
mechanism in hydrocarbon solvents at room temperature to
give two fert-butoxyl radicals and two CO, molecules in
quantative yields.'” The generated fert-butoxyl radicals react
with PBN to give PBN-spin adducts or abstract a hydrogen
atom from FLV-Me, as shown in Chart 2. If FLV-Me has no
active hydrogen, tert-butoxyl radicals are trapped by PBN or
decompose to nonradical compounds. In this case, the inten-
sity of the ESR signal due to the PBN-spin adduct would be
constant regardless of the concentration of FLV-Me. As
found in Fig. 1, the intensity of ESR signal due to the PBN-
spin adduct is drastically decreased with an increase in the
concentration of FLV-Me, and when the concentrations of
FLV-Me are higher than 1.25mmol/l, the ESR signal inten-
sity is less than 10% of the case of the absence of FLV-Me.
This indicates that most fert-butoxyl radicals generated are
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Fig. 1. ESR Spectra from Solutions of FLV-Me (0—10), DBDP (5.0), and
PBN (10 mmol/l) in Benzene
FLV-Me: (a) 0, (b) 0.313, (c) 1.25, (d) 5.00, (¢) 10.0 mmol/l.

consumed by hydrogen-atom abstraction from FLV-Me, indi-
cating that FLV-Me has high radical scavenging ability.

Determination of the Active Position for FLV-Me To
determine the active site for the antioxidative activity of FLV-
Me the reaction of FLV-Me with DBDP was carried out in
benzene in the presence of TEMPO. TEMPO is a very stable
free radical which has the ability to trap a wide variety of in-
termediate radicals. We therefore expected that TEMPO
might capture an intermediate radical generated by hydro-
gen-atom abstraction from FLV-Me by tert-butoxyl radicals
to give a stable coupled product. The reaction was carried out
at 40 °C for 1 h under a nitrogen atmosphere. TLC inspection
showed three spots. Two of them were due to FLV-Me and
TEMPO, and the third spot (light yellow) was due to the
product. ESR measurements of the reaction mixture showed
that the concentration of TEMPO was constant within exper-
imental error during the reaction. Isolation of the product
was performed by column chromatography with benzene:
ethyl acetate (3:1), and FLV-K-Me was obtained in 52%
yield (see, Chart 3). Crystallization from hexane gave pale
yellow prisms with mp 99—100 °C.

The reaction of FLV-Me with DBDP was also carried out
in the absence of TEMPO. In this case, TLC analysis showed
formation of many minor products other than FLV-K-Me,
and FLV-K-Me was obtained in a lower yield (23%).

The structure of FLV-K-Me was determined by flow injec-
tion LC-MS and 'H- and *C-NMR spectroscopy. The flow
injection LC-MS gave m/z 424 as a (M+H)" ion. The 'H-
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DBDP ——— > 2tBuOe + 2CO,

+tBuOe 4+

FLV-Me ———— FLV-Mee®

N
o]
.
TEMPO
————» FLV-Me-K +
N
OH
TEMPO-H
FLV-Me o
+BuO o
l +BuOe
TEMPO
FLV-Me-K

Chart 3

NMR spectrum showed that the N-isopropyl-3-(4-fluo-
rophenyl)indole group remained unchanged. On the other
hand, disappearance of the peak at 4.13 ppm due to the allylic
hydrogen (H,) and that at 3.32 ppm due to the hydroxy proton
(H,) of FLV-Me was observed. The "C-NMR spectrum
showed the appearance of a new peak due to a carbonyl car-
bon at 198.8 ppm. The formation of the carbonyl group was
also confirmed by IR. Elemental analysis was in satisfactory
agreement with the calculated values.

A plausible mechanism for formation of FLV-K-Me is
shown in Chart 3. ters-Butoxyl radical generated by thermol-
ysis of DBDP abstracts the allylic hydrogen-atom (H,) from
FLV-Me to give intermediate FLV-Me- radical. In the pres-
ence of TEMPO, the FLV-Me- radical is subject to immediate
hydrogen-atom abstraction by TEMPO to give FLV-K-Me
and TEMPO-H. Since TEMPO-H is known to be highly re-
active for hydrogen-atom abstraction,'® this compound must
be immediately converted to TEMPO by reaction with tert-
butoxyl radical. The constant concentration of TEMPO can
be explained by this mechanism. In the absence of TEMPO,
other reactions are anticipated for the FLV-Me -radical. Since
the main product is FLV-K-Me, the main reaction is hydro-
gen-atom abstraction from the FLV-Me-radical by fert-bu-
toxyl radical. As other possible reactions, coupling reaction
between the FLV-Me- radicals or hydrogen-atom abstraction
by FLV-Me- from nonradical compounds or coexisting radi-
cals are expected. However, since the byproducts were not
isolated, the detailed mechanism for the decomposition of
FLV-Me: radicals is unclear.

Competitive Hydrogen-atom Abstraction from FLV-Me
and FLV-R-Me by fert-Butoxyl Radical Competitive hy-
drogen abstraction from FLV-Me and FLV-R-Me by tert-bu-
toxyl radical was carried out to clarify whether the double
bond conjugated with the indole ring plays an important role
or not in the antioxidative activity of FLV-Me. A solution of an
equimolar amount of FLV-Me and FLV-R-Me (0.118 mmol),
DBDP (0.236 mmol), and TEMPO (0.236 mmol) in benzene
(10 ml) was stirred at 35 °C, and the consumption of FLV-Me
and FLV-R-Me and formation of FLV-K-Me were followed
by HPLC. The relative concentrations of these compounds
are plotted as a function of time in Fig. 2.!” Tt is obvious that
FLV-Me is consumed much more rapidly than FLV-R-Me, in-
dicating that tert-butoxyl radical abstracts dominantly a hy-
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Fig. 2. Plots of the Relative Concentrations of FLV-Me, FLV-R-Me, and
FLV-K-Me vs. Time

Reaction conditions: [FLV-Me]=11.8 mmol/l; [FLV-R-Me]=11.8 mmol/l; [DBDP]=
23.6 mmol/l; [TEMPO]=23.6 mmol/l; benzene 10 ml; temperature, 35 °C.

drogen-atom from FLV-Me. On the basis of this result, we
can conclude that the double bond conjugated with the indole
ring plays an important role for the antioxidative activity of
FLV-Me. Since the -CH(OH)-CH=CH-indole ring skeleton
is common to FLV and FLV-Me, it is most likely that the an-
tioxidative mechanism of FLV is the same as that of FLV-Me.

Conclusions

Hydrogen-atom abstraction from FLV-Me by tert-butoxyl
radical gave FLV-K-Me. From the formation of FLV-K-Me, it
was concluded that the active position in FLV-Me is the al-
lylic carbon having an OH group. Competitive hydrogen-
atom abstraction from FLV-Me and FLV-R-Me by tert-bu-
toxyl radical showed that the double bond conjugated with
the indole ring plays an important role in the high antioxida-
tive activity of FLV-Me.
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A “trimethyl lock” system has been known to facilitate lactonization reactions through what has been
termed a stereopopulation control mechanism. We have found that a similar trimethyl lock system can also facili-
tate cyclic ether formation with the concomitant release of a carboxylic acid in the presence of anhydrous tetra-
butylammonium fluoride. To study this base-mediated trimethyl lock-facilitated cyclic ether formation, we syn-
thesized fifteen model compounds. All model compounds underwent base-mediated cyclic ether formation in
high yields at 0°C to room temperature (r.t.) with the concomitant release of the attached carboxylate. Such a
system potentially could be used for the development of a two-dimensional linker for solid phase peptide and or-

ganic synthesis.

Key words

A “trimethyl lock” system has been known to facilitate
lactonization reactions” and cyclic ether formation in aque-
ous solutions.” The mechanism through which such a
trimethyl lock facilitates certain cyclization reactions has
been thought to be due to the conformational restrictions im-
posed by the trimethyl lock (Chart 1).2 Such trimethyl lock-
facilitated lactonization reactions have been used to develop
redox-, esterase-, and phosphatase-sensitive prodrugs® and
redox-sensitive protecting groups for amines.>® In our stud-
ies of such trimethyl lock-facilitated cyclization reactions, we
have found that facile base-mediated cyclic ether formation
can be also accomplished at room temperature (r.t.) through
treatment of the open-chain system 2 (R=CH,) with tetra-
butylammonium fluoride (TBAF) (Chart 1).

Recently, there has been a great deal of interest in develop-
ing linkers that are stable during synthetic reactions yet read-
ily cleavable under mild reaction conditions for solid phase
synthesis.” Conceivably, this cyclization system could be
used for the development of a two-dimensional linker for
solid phase peptide and organic synthesis. In such a design,
the quinone ester moiety 1 could be attached to an appropri-
ate solid phase material, and the carboxylic acid moiety (R)
could be either a protected amino acid for solid phase pep-
tide synthesis or another organic acid, which would be modi-
fied through solid phase reactions. Such a linker, if success-
fully developed, would have the advantages of being cleav-
able with a mild reducing agent, such as Na,S,0,, and TBAF,
and of being more stable under acidic conditions than the
commonly used benzyl ester linker.®) In addition, many

A E;t
Wes peess

1 2

Chart 1. A “Trimethyl Lock”-Facilitated Cyclic Ether Formation
The methyl groups involved in the “trimethyl lock” are circled.

* To whom correspondence should be addressed.

“trimethy] lock”; cyclization; linker; fluoride; quinone; hydroquinone

amino acid side chain protections are expected to be stable
under the cleavage conditions. Therefore, this type of resin
linker will be particularly suitable for the synthesis of large
peptides and small proteins using segment synthesis meth-
ods.” The final cleavage is a two-step process: reduction fol-
lowed by treatment with TBAF. This helps to minimize the
stability problems of this linker (1) during any single chemi-
cal transformation.

To study the feasibility of such a system for the develop-
ment of a novel two-dimensional linker for solid phase syn-
thesis, we synthesized a series of esters 1 of acids with differ-
ent structural features. These acids included protected amino
acids and simple aliphatic and aromatic carboxylic acids.
The cyclic ether formation with the concomitant release of
the acid was studied after the reduction of the quinone moi-
ety 1 to the hydroquinone 2 (Chart 1). We have found that
such cyclizations could be accomplished with esters of acids
with a variety of different structural features, indicating the
general applicability of such a system in the development of
a novel linker for solid phase synthesis.

Results and Discussion

For 1 to be used as a potential solid phase linker for pep-
tide and organic syntheses, it was necessary to test the cy-
clization reactions of esters 2 with different structural fea-
tures. First, we were interested in studying the cyclic ether
formation of 2 with protected amino acids attached to the
quinone moiety. Among the twenty natural amino acids, we
chose nine representative ones (Chart 2). This group in-
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Chart 2. Synthesis and Cyclization Studies of Esters 2
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Chart 3. The Formation of Spiroether 10 and Hemiketal 11

cluded amino acids bearing non-polar side chains (2a—e),
aromatic side chains (2a, e), and protected side chain func-
tional groups such as hydroxyl (2h), thiol (2g), amino (2i),
and carboxyl groups (2f). We also synthesized the esters 2 of
several other carboxylic acids with different structural fea-
tures. Compounds 2j—m, and o are all esters of aliphatic
carboxylic acids with different steric hindrances and func-
tional groups, and compound 2n is an ester of an aromatic
carboxylic acid.

Synthesis The synthesis of these esters 2 started with
lactone 5. The hydroxyl group of 5 was first protected as a
benzyl ether to give 6, which was then reduced using LiAIH,
(LAH) to give the diol 7 (Chart 2).¥ It is known that without
the benzyl protection of the phenol hydroxyl group, the re-
duction reaction is very slow due to the negative charge of
the phenoxide.” Our initial plan was to oxidize the phenol 7
to quinone 9 (Chart 3), which would be followed by acylation
of the primary hydroxyl group to give the desired products 1.
However, this approach did not lead to the formation of the
desired product. Similar quinones in the presence of a
trimethyl lock are known to undergo cyclizations to give a
mixture of the spiroether 10 and a hemiketal 11 (Chart 3),
which makes the acylation of the hydroxyl group of quinone
9 impossible.” Therefore, we studied the feasibility of selec-
tive acylation of the primary hydroxyl group of the diol inter-

mediate 7 for the preparation of the desired product 1. The
selective acylation of the primary hydroxyl group of 7 was
easily accomplished in high yields (about 90%) when the
acids were protected amino acids (8a—i) activated with ei-
ther dicyclohexylcarbodiimide (DCC) or 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide (EDC). Presumably due
to the steric hindrance presented by the gem-dimethyl groups
of 7 and the relative steric bulkiness of protected amino
acids, the esterification occurred almost exclusively on the
primary hydroxyl group to give the desired products 8 (Table
1).

Other acids bearing o-substituents also gave high yields of
the monoester. Such was the case for 8k, 0. However, acids
that did not have an @-substituent tended to give the diester
as the side product. Such was the case for 8j, m, and n. For
2,2-dimethylpropanoic acid (81), the reaction using DCC
as the activating agent was very slow, presumably because
of the steric hindrance imposed by the fert-butyl group.
Therefore, N,N-bis(2-0x0-3-o0xozolidinyl)phosphinic chloride
(Bop-C1)'? was used for the preparation of this compound
(81) in 67% yield. Oxalyl chloride was used as the activating
reagent for the preparation of 8n, 0. The diester side product
was found for the preparation of 8n, which was the reason
for the relatively low yield (73%).

For subsequent model studies, the hydroquinone was first
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Table 1. Reaction Yields”
RCO Formation Formation Final
of 8 of 1 release
a Boc-Phe 95 99 92
b Boc-Leu 99 97 93
¢ Boc-Gly 99 99 93
d Boc-Ala 93 97 94
e Boc—N-formyl-Trp 93 91 100 (80)
f Boc—f-OBn-Asp 100 98 88
g Boc-S5-Bn—Cys 93 73 93
h Boc-O-Bn-Ser 95 95 100
i Boc—e-Cbz-Lys 85 99 92
j COCH,CH, 72 99 95
k COCH(CH,), 89 95 97
1 COC(CH,), 67 96 99
m COCH,CHj 80 96 95
n CO-C,H, 73 98 99
o (+)-COCH(CH,)- 91 99 93 (93)

C,,H-6-OMe

a) Yields for the formation of 8 and 1 were isolated yields. Yields for the final re-
lease were determined by HPLC, except for the yields in parentheses, which were iso-
lated yields.

converted to the corresponding quinone compound 1 through
oxidation with N-bromosuccinimide (NBS). The yields for
this step of the reaction were generally close to quantitative,
except for 8g, the cysteine ester. It was suspected that the ox-
idation of the sulfur atom by NBS was the reason for this low
yield. However, no detailed study was carried out to charac-
terize the side product(s) from this oxidation reaction.

Final Cleavage The reduction of the quinone 1 to hydro-
quinone 2 was accomplished by shaking an ether solution of
the quinone ester (1a—o) and an aqueous solution of
Na,S,0, at r.t. The reaction color quickly changed from yel-
low to almost colorless, indicating the completion of the re-
duction. Approximately 20-fold Na,S,0, was employed. The
yields were almost quantitative. The cyclization reaction was
carried out by treatment of 2 with 1 v TBAF/tetrahydrofuran
(THF) solution. These cyclization reactions were studied
using reversed-phase HPLC by monitoring both the forma-
tion of the cyclic ether 3 and the disappearance of the start-
ing material 2. The formation of the acid 4 was also moni-
tored when the acid had a chromophore. Figure 1 shows a
typical HPLC reaction profile.

The quantitation of these compounds was carried out
using the corresponding standard curves. The yields of these
reactions were generally very high (Table 1). For two com-
pounds (2e, 0), the isolated yields were determined (Table 1).
It should be noted that the cyclization was usually accompa-
nied by a color change from yellow to orange and finally to
blue/green. For the esters of protected amino acids, the cy-
clization was carried out at 0 °C under a nitrogen atmosphere
with a TBAF/ester ratio of 3/1. However, the same reaction
for the esters of the other carboxylic acids (2j—n) did not
occur at 0 °C; instead the reactions were carried out at r.t. It
should also be noted that for these non-amino acid esters, the
reactions were carried out with a ratio of TBAF/ester of 8/1.
Low reaction temperature (0°C) and a lower ratio of
TBAF/ester (3/1) led to lower yields. This indicated that the
carboxylic acid moiety does influence the cyclization reac-
tion. This is particularly relevant for the proper design of the
reaction conditions in solid phase organic/peptide synthesis.
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Fig. 1. HPLC Studies of the Deprotection of 1n

Panel A, cycloether 3; panel B, 2-naphthoic acid; panel C, 1n after treatment with
Na,S,0, in ether and water followed by Bu,NF in THF for I hatr.t.

It suggests that peptides synthesized on this linker could
probably be cleaved at 0°C, whereas organic compounds
could only be released from the solid phase at r.t.

It should be noted that TBAF is a very commonly used
reagent, most notably for the cleavage of silyl protecting
groups, and is known not to compromise the chiral integrity
of protected amino acids, peptides, and other organic com-
pounds.') However, we did not specifically examine the issue
of racemization in this study. In a separate study, we have at-
tached this linker to polystyrene resin beads. This linker was
used for the successful synthesis of two short peptides
[Boc-Trp—Ala-Gly-Gly-OH and Boc—Asn—-Ala—Ser(OBn)-
Gly-Glu(OBn)-OH],'” further demonstrating the utility of
such a linker system. However, because of the potential NBS
oxidation problems associated with sulfur-containing amino
acids, the application of this linker for the synthesis of pep-
tides with the first amino acid being either protected cysteine
or methionine may be problematic.

Conclusion

These model studies indicate that the base-mediated
trimethyl lock-facilitated cyclic ether formation with con-
comitant release of a carboxylic acid generally gives high
yields with esters of acids bearing different structural fea-
tures. This makes it possible to use this trimethyl lock-based
system for the development of a stable and readily cleavable
linker for solid phase synthesis.

Experimental

General Melting points were determined using an electrothermal melt-
ing point apparatus and are uncorrected. NMR spectra were obtained on a
300 MHz Varian instrument. Chemical shifts are reported in parts per mil-
lion (ppm) relative to Me,Si as an internal standard. Unless stated otherwise
commercial reagents were used without purification. Radial preparative layer
chromatography (RPLC) was carried out on a Chromatotron (Harrison Re-
search Co., Palo Alto, CA). Silica gel (200—400 mesh) was used for col-
umn chromatography. Solvent mixtures used for chromatography are ex-
pressed as v/v. Methylene chloride was distilled from CaH, under nitrogen.
THF was distilled from sodium/benzophenone under nitrogen. TBAF-THF
solution (1 M) was purchased from Aldrich Chemical Co. Sodium hydrosul-
fite (tech, ca. 85%) was used for the reduction reaction. All deprotection re-
actions were conducted in flame-dried glassware under a nitrogen atmos-
phere. HPLC analyses of the deprotection reaction were carried out using a
Shimadzu HPLC system consisting of a SCL-10A system controller, two
LC-10AS pumps, a SPD-10AV UV-VIS detector, and a SIL-10A auto injec-
tor (detection wavelength: 210 nm and 208 nm). The column was a C g re-
versed phase analytical column from YMC (length=15cm, i.d.=4.6cm,
particle size=5mm). The solvent system was a gradient of 0.1% trifluo-
roacetic acid in acetonitrile and water. Abbreviations: Boc, fert-butoxycar-
bonyl; Bn, benzyl; Cbz, carbobenzyloxy.

6-Benzyloxy-4,4,5,7-tetramethylhydrocoumarin (6) The lactone §
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(13.17 g, 59.9 mmol), benzyl chloride (15.16 g, 120 mmol), K,CO; (16.52 g,
120 mmol), Nal (0.5 g, 13 mmol)) and 120 ml of acetone (dried on molecular
sieves, 4A) were mixed in a flask. The reaction mixture was refluxed for 20
h. Acetone was evaporated and the residue was mixed with 100 ml of water.
This was extracted with methylene chloride (2X100ml). The combined
CH,CI, layers were washed with 100ml of water and dried over MgSO,.
Solvent removal afforded a residue. Then 50 ml of hexanes was added to
give a white precipitate (18.17g, 98%): mp 95.5—96.5°C; 'H-NMR
(CDCL,) 6 7.50—7.40 (m, SH), 6.78 (s, 1H), 4.75 (s, 2H), 2.58 (s, 2H), 2.42
(s, 3H), 2.28 (s, 3H), 1.45 (s, 6H); “C-NMR (CDCl,) § 168.15, 152.71,
147.31, 137.21, 130.83, 129.60, 128.46, 128.01, 127.99, 117.36, 74.39,
45.81, 35.45, 27.57, 16.24, 14.87; IR (film) 1769, 1611, 1476, 1408, 1369,
1249, 1186, 1121, 981, 746, 699cm™'; FAB-MS m/z: 3102 (M"¥). 4nal.
Calcd for C,)H,,05: C, 77.39; H, 7.14. Found: C, 77.31; H, 7.16.

3-(5'-Benzyloxy-2'-hydroxy-4',6’-dimethylphenyl)-3-methyl-1-butanol
(7) To a LiAlH, (4.16g, 109.6 mmol) suspension in 150ml of dry THF
cooled in an ice/water bath was added dropwise a solution of 6 (17.00g,
54.8 mmol) in 80 ml of THF with stirring. After addition, the icy bath was
removed and the reaction mixture was stirred at r.t. for 7h. The reaction
mixture was then slowly added to 300 g of ice containing 50 ml of concen-
trated HC1 with stirring. This was followed by the addition of 50 ml of hexa-
nes to separate the THF layer. The aqueous layer was extracted with ethyl
acetate (4X150ml). The combined organic layers were washed with water
(2X100ml) and dried over MgSO,. After solvent evaporation, 100 ml of
hexanes was added and the mixture was stored in a freezer for crystalliza-
tion. A white solid product 7 (16.69g, 97%) was obtained: mp 106.5—
107.0°C; '"H-NMR (CDCl,) § 7.48—7.26 (m, 5H), 6.39 (s, 1H), 4.70 (s,
2H), 3.64 (t, J=6.8 Hz, 2H), 2.44 (s, 3H), 2.20 (s, 3H), 2.20 (t, J=6.8 Hz,
2H), 1.58 (s, 6H); "C-NMR (CDCly) § 151.31, 150.12, 137.70, 131.57,
130.58, 129.18, 128.44, 127.84, 127.74, 117.42, 74.22, 61.45, 44.96, 39.94,
32.16, 16.27, 16.10; IR (film) 3384, 1601, 1452, 1400, 1368, 1227, 1023,
753, 696 cm™'; MS m/z 314 (M™). 4nal. Caled for C,H,0;: C, 76.40; H,
8.33. Found: C, 76.51; H, 8.42.

General Procedure for the Preparation of Amino Acid-diol Mo-"

noesters 8a—k,m Method A: DCC (1.0 equiv) was added to a solution of
the diol 7 (1.0—2.0 eq), amino acid (1.0 equiv) and 4-(dimethylamino) pyri-
dine (DMAP) (0.1—0.2 eq) in methylene chloride in an ice-water bath with
stirring. After stirring for 10 min, the ice-water bath was withdrawn and stir-
ring was continued overnight at r.t. The precipitates were filtered off. The fil-
trates were washed with 5% HCI solution, saturated NaHCO; solution, and
water, and purified on a silica gel column.

Method B: EDC (2 equiv) was added to a solution of the diol 7 (1.0eq),
amino acid (2eq) and DMAP (0.5eq) in methylene chloride cooled in an
ice-water bath with stirring. After the addition, the ice bath was removed and
stirring was continued for 5h at r.t. The reaction mixture was washed with
5% HCI solution, saturated NaHCO, solution and water, and dried over
MgSO,. Filtration and evaporation gave an oily residue which was purified
on a silica gel column to afford the monoester 8.

Diol-Phe Ester 8a: To a solution of the diol 7 (1.450¢, 4.62mmol),
Boc—Phe-OH (1.224 g, 4.62 mmol) and DMAP (56 mg, 0.46 mmol) in 65 ml
of CH,Cl, in an ice-water bath was added DCC (952 mg, 4.62 mmol). After
the addition the ice bath was removed. Stirring was continued overnight at
r.t. The precipitates were filtered off. The filtrates were washed with 5% HCI
solution (330 ml), saturated NaHCO, (3X30ml) and water (3X40 ml) and
dried over MgSO,. Filtration and evaporation gave a residue, which was pu-
rified on a silica gel column (ethyl acetate : hexanes=1:5) to afford 2.57 ¢
(99%) (8a) as a white foam: 'H-NMR (CDCl,) § 7.50—7.05 (m, 10H), 6.40
(s, 1H), 4.69 (s, 2H), 4.38 (m, 1H), 4.20 (m, 1H), 4.00 (m, 1H), 3.04—2.90
(m, 2H), 2.44 (s, 3H), 2.20 (s, 3H), 2.15 (m, 2H), 1.55 (2s, 6H), 1.41 (s, 9H);
BC-NMR (CDCly) § 172.10, 155.62, 151.62, 150.23, 137.99, 136.33,
131.67, 130.16, 129.45, 129.25, 128.85, 128.64, 128.59, 127.96, 127.88,
127.07, 117.34, 80.30, 74.40, 64.43, 54.64, 41.39, 40.19, 38.31, 32.05,
28.47, 16.26; IR (film) 3377, 1736, 1713, 1689, 1603, 1497, 1400, 1366,
1227 1164 cm™'; FAB-MS m/z 562 (M+H). Anal. Caled for C;,H,;NO,: C,
72.70; H, 7.72; N, 2.49. Found: C, 72.56; H, 7.99; N, 2.46.

Diol-Leu Ester 8b: Diol 7 (126 mg, 0.4 mmol), Boc—Leu-OH (199 mg,
0.8 mmol), EDC (154 mg, 0.8 mmol) and DMAP (24 mg, 0.2 mmol) were
treated according to the general procedure (Method B). A white foam prod-
uct (216 mg, 100%) was obtained: 'H-NMR (CDCl,) § 7.50—7.30 (m, SH),
6.44 (s, 1H), 4.69 (s, 2H), 4.25 (m, 1H), 4.08 (m, 1H), 3.95 (m, 1H), 2.59
(m, 2H), 2.45 (s, 3H), 2.20 (s, 3H), 2.07 (m, 2H), 1.58, 1.53 (2s, 6H), 1.46
(s, 9H), 1.42 (m, 1H), 0.88 (d, J=6.6 Hz, 6H); *C-NMR (CDCl,) § 173.80,
156.09, 151.89, 150.03, 137.99, 131.52, 130.22, 129.11, 128.59, 127.90,
117.31, 80.32, 74.39, 64.29, 52.26, 41.62, 41.44, 40.25, 32.23, 31.76, 28.51,
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24.91, 22.99, 21.87, 16.30, 16.21; IR (film) 3365, 1713, 1686, 1604, 1400,
1367, 1228, 1163, 733, 697 cm™'; FAB-MS m/z 528 (M+H). Anal. Calcd
for C; H,sNOg: C, 70.56; H, 8.59; N, 2.65. Found: C, 70.52; H, 8.54; N 2.66.

Diol-Gly Ester 8¢: Diol 7 (126 mg, 0.4 mmol), Boc~Gly—OH (140 mg, 0.8
mmol), EDC (154mg, 0.8mmol) and DMAP (24 mg, 0.2mmol) were
treated according to the general procedure (Method B) to give a white foam
(186 mg, 99%): 'H-NMR (CDCl,) § 7.51—7.26 (m, SH), 6.40 (s, 1H), 4.69
(s, 2H), 4.12 (t, J=6.9 Hz, 2H), 3.70 (d, J=5.7 Hz, 2H), 2.44 (s, 3H), 2.33 (t,
J=6.9Hz, 2H), 2.20 (s, 3H), 1.56 (s, 6H), 1.45 (s, 9H); >’C-NMR (CDCl,) §
170.52, 156.29, 151.46, 150.43, 138.05, 131.85, 130.32, 129.41, 128.67,
128.04, 127.95, 117.39, 80.48, 74.46, 64.33, 42.60, 41.41, 40.27, 32.07,
29.92, 28.57, 16.29; FAB-MS m/z 472 (M+H). Anal. Caled for Cp,H,,NOj:
C, 68.77, H, 7.91; N, 2.97. Found: C, 68.63; H, 7.90; N, 2.99.

Diol-Ala Ester 8d: Diol 7 (126 mg, 0.4 mmol), Boc-Ala—OH (151 mg, 0.8
mmol), EDC (154mg, 0.8mmol) and DMAP (24mg, 0.2mmol) were
treated according to the general procedure (Method B). The reaction af-
forded a white foam (182mg, 94%): '"H-NMR (CDCL,) § 7.47—7.32 (m,
SH), 6.41 (s, 1H), 4.68 (s, 2H), 4.14 (t, J=7.2 Hz, 2H), 4.05 (m, 1H), 2.44
(s, 3H), 2.21 (m, 2H), 2.18 (s, 3H), 1.57, 1.55 (2s, 6H), 1.45 (s, 9H), 1.27 (d,
J=6.8Hz, 3H); “C-NMR (CDCl,) § 173.59, 155.62, 151.71, 150.10,
137.96, 131.59, 130.09, 129.22, 128.59, 127.93, 117.29, 80.29, 74.43, 64.51,
49.45, 41.36, 40.23, 32.03, 31.88, 28.52, 18.61, 16.27, 16.22; IR (film)
3377, 1736, 1713, 1689 1604, 1499, 1452, 1400, 1367, 1227, 1184cm™";
FAB-MS m/z 485 (M*). Anal. Caled for CpHyNOg: C, 69.26; H, 8.09; N,
2.88. Found: C, 68.92; H, 8.11; N, 3.14.

Diol-Trp Ester 8e: Diol 7 (126 mg, 0.4 mmol), Boc-Trp(For)-OH (266
mg, 0.8 mmol), EDC (154 mg, 0.8 mmol) and DMAP (24 mg, 0.2 mmol)
were treated according to the general procedure (Method B). The reaction
afforded a white foam (234 mg, 93%): 'H-NMR (CDCI,) 6 9.38, 9.00 (2,
1H), 8.39—7.26 (m, 10H), 6.47, 6.38 (2s, 1H), 5.10 (m, 1H), 4.68 (s, 2H),
4.59 (m, 1H), 4.09 (m, 1H), 3.16 (m, 2H), 2.41 (s, 3H), 2.26 (m, 2H), 2.19
(s, 3H), 1.60, 1.53 (2s, 6H), 1.45 (s, 9H); FAB-MS m/z 628 (M"). Anal.
Calcd for C,,H,,N,0,: C, 70.67; H, 7.05; N, 4.46. Found: C, 70.51; H, 7.22;
N, 4.43.

Diol-Asp Ester 8f: Diol 7 (126 mg, 0.4 mmol), Boc—Asp(OBn)-OH (258
mg, 0.8 mmol), EDC (154 mg, 0.8 mmol) and DMAP (24 mg, 0.2 mmol)
were treated according to the procedure (Method B). The reaction afforded a
white foam (247 mg, 100%): 'H-NMR (CDCl,) § 7.50—7.30 (m, 10H), 6.37
(s, TH), 5.10 (s, 2H), 4.69 (s, 2H), 4.41 (m, 1H), 4.13 (m, 2H), 2.79 (m, 2H),
242 (s, 3H), 2.19 (s, 3H), 2.15 (m, 2H), 1.55, 1.54 (2s, 6H), 1.44 (s, SH);
FAB-MS m/z 620 (M+H). Anal. Calcd for C,(H,sNOy: C, 69.76; H, 7.32; N,
2.26. Found: C, 69.70; H, 7.53; N, 2.54.

Diol-Cys Ester 8g: Diol 7 (94mg, 0.3 mmol), S-Bn—-Boc-Cys—OH (93
mg, 0.3 mmol), DCC (62 mg, 0.3 mmol) and DMAP (7 mg, 0.06 mmol) were
treated according to the general procedure (Method A). The reaction af-
forded 8g (169 mg, 93%) as a white solid: 'H-NMR (CDCl,) 6 7.46—7.23
(m, 10H), 6.38 (s, 1H), 4.67 (s, 2H), 4.22 (m, 2H), 4.02 (m, 1H), 3.65 (s,
2H), 2.74 (m, 2H), 2.49 (m, 2H), 2.44 (s, 3H), 2.19 (s, 3H), 1.58, 1.54 (2s,
6H), 1.46 (s, 9H); FAB-MS m/z 608 (M+H). Anal. Caled for C;,H,sNO,S:
C, 69.16; H, 7.46; N, 2.30. Found: C, 69.26; H, 7.56; N, 2.49.

Diol-Ser Ester 8h: Diol 7 (94 mg, 0.3 mmol), O-Bn—Boc-Ser-OH (89 mg,
0.3mmol), DCC (62mg, 0.3 mmol) and DMAP (7mg, 0.06 mmol) were
treated according to the general procedure (Method A). The reaction af-
forded a white foam 8h (166 mg, 94%): 'H-NMR (CDCl,) § 7.44—7.30 (m,
10H), 6.34 (s, 1H), 4.68 (s, 2H), 4.49 (m, 2H), 4.24 (m, 2H), 4.01 (m, 1H),
3.73 (m, 2H), 2.55 (m, 2H), 2.43 (s, 3H), 2.18 (s, 3H), 1.56, 1.54 (2s, 6H),
1.46 (s, 9H); FAB-MS m/z 591 (M"). Anal. Caled for C4H,NO,: C, 71.05;
H, 7.67; N, 2.37. Found: C, 71.14; H, 7.78; N, 2.34.

Diol-Lys Ester 8i: Diol 7 (94 mg, 0.3 mmol), Boc—e-Cbz-Lys-OH (114
mg, 0.3 mmol), DCC (62 mg, 0.3 mmol) and DMAP (7 mg, 0.06 mmol) were
treated according to the general procedure (Method A). The reaction af-
forded a white foam 8i (173 mg, 85%): 'H-NMR (CDCl,) & 7.47—7.26 (m,
10H), 6.46 (s, 1H), 5.12 (s, 2H), 4.69 (s, 2H), 4.16—4.03 (m, 3H), 3.17 (m,
2H), 2.56 (m, 2H), 2.43 (s, 3H), 2.19 (s, 3H), 1.62 (m, 4H), 1.57 (d, J=6.1
Hz, 6H), 1.43 (s, 9H), 1.26 (m, 2H); FAB-MS m/z 677 (M+H). Anal. Caled
for C3Hs,N,O4: C, 69.21; H, 7.74; N, 4.14. Found: C, 69.08; H, 8.00; N,
4.41.

Diol-Propionic Ester 8j: DCC (104 mg, 0.5 mmol), propionic acid (37.3
ml, 0.5 mmol), diol 7 (314 mg, 1.0 mmol) and DMAP (6 mg, 0.05 mmol) in
12 ml methylene chloride were stirred for 72 h at r.t. The mixture was treated
according to the general procedure (Method A) to give 8j (133 mg, 72%) as
a white solid: "H-NMR (CDCl,) § 7.44 (m, 5H), 6.34 (s, 1H), 4.68 (s, 2H),
4.01 (t, J=7.2Hz, 2H), 2.4 (s, 3H), 2.29 (t, J=7.2 Hz, 2H), 2.24 (q, J=7.2
Hz, 2H), 2.20 (s, 3H), 1.58 (s, 6H), 1.08 (t, J=7.2Hz, 3H); FAB-MS m/z
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370 (M™). Anal. Calcd for C,yH,,0,4: C, 74.56; H, 8.16. Found: C, 74.39; H,
7.98.

Diol-Isobutyric Ester 8k: DCC (206 mg, 1.0 mmol), diol 7 (314mg, 1.0
mmol), isobutyric acid (44 mg, 0.5 mmol) and DMAP (6 mg, 0.05 mmol) in
20ml of CH,Cl, were treated according to the general procedure (Method
A) to afford 8k (170 mg, 89%) as a white solid: 'H-NMR (CDCL,) 8 7.35
(m, 5H), 6.30 (s, 1H), 4.64 (s, 2H), 3.97 (t, J=7.2Hz, 2H), 2.43 (m, 1H),
2.40 (s, 3H), 2.25 (t, J=7.2Hz, 2H), 2.12 (s, 3H), 1.56 (s, 6H), 1.11 (d,
J=72Hz, 6H); FAB-MS m/z: 384 (M*). Anal. Caled for C,Hy,0,: C,
74.97; H, 8.39. Found: C, 74.84; H, 8.41.

Diol-Trimethylacetic Ester 8I: To a solution of the diol 7 (235mg, 0.75
mmol), trimethylacetic acid (44 mg, 0.43mmol) and TEA (76mg, 0.75
mmol) in 10ml of methylene chloride was added Bop-Cl (191 mg, 0.75
mmol). The reaction mixture was stirred for 24 h at r.t. Methylene chloride
was evaporated. The residue was separated on a silica gel column (ethyl ac-
etate : hexanes=1:4) to give 81 (114mg, 67%) as a white solid: 'H-NMR
(CDCl,) & 7.40 (m, 5H), 6.37 (s, 1H), 4.69 (s, 2H), 4.00 (t, J=7.2 Hz, 2H),
2.45 (s, 3H), 2.28 (t, J=7.2 Hz, 2H), 2.20 (s, 3H), 1.59 (s, 6H), 1.15 (s, 9H);
FAB-MS m/z 398 (M™). Anal. Calcd for C,sH,,0,: C, 75.34; H, 8.60. Found:
C, 75.04; H, 8.40.

Diol-Phenylacetic Ester 8m: The diol 7 (314 mg, 1.0 mmol), phenylacetic
acid (68 mg, 0.5 mmol), DCC (104 mg, 0.5 mmol) and DMAP (6 mg, 0.05
mmol) in 15ml of methylene chloride were treated according to the general
procedure (Method A) to give 8m (172mg, 80%) as a white solid: 'H-NMR
(CDCly) & 7.46—7.17 (m, 10H), 6.27 (s, 1H), 4.63 (s, 2H), 4.00 (t, J=7.2
Hz, 2H), 3.48 (s, 2H), 2.37 (s, 3H), 2.25 (t, J=7.2Hz, 2H), 2.13 (s, 3H),
1.51 (s, 6H); *C-NMR (CDCl,) & 172.04, 151.04, 150.61, 138.00, 131.99,
130.31, 129.49, 128.67, 128.04, 127.94, 127.20, 117.45, 74.46, 64.00, 41.69,
41.39, 40.28, 31.96, 16.29; FAB-MS m/z 432 (M¥). Anal. Calcd for
CyH3,0,: C, 77.75; H, 7.46. Found: C, 77.51; H, 7.63.

Diol-Naphthoic Ester 8n: Oxalyl chloride (191 mg, 1.5 mmol) was added
to a solution of 2-naphthoic acid (86 mg, 0.5 mmol), and DMF (1 drop) in 20
ml of benzene at 45 °C. The mixture was stirred for 1h and evaporated to
dryness. The residue was then dissolved in 10ml of methylene chloride.
This mixture was added to a solution of the diol 7 (314 mg, 1.0 mmol) and
triethylamine (TEA) (101 mg, 1.0 mmol) in 25ml of methylene chloride.
The mixture was stirred at r.t. for 72 h. After solvent evaporation, the prod-
uct was purified on a silica gel column (ethyl acetate : hexanes=1:9, v/v) to
give 170 mg (73%) of white solid product: 'H-NMR (CDCl,) & 8.40 (s, 1H),
7.96—17.79 (m, 4H), 7.60—7.47 (m, 2H), 7.42—7.30 (m, 5H), 6.35 (s, 1H),
4.57 (s, 2H), 437 (t, J=7.2Hz, 2H), 2.51 (t, J=7.2Hz, 2H), 2.47 (s, 3H),
2.11 (s, 3H), 1.66 (s, 6H); FAB-MS m/z 468.3 (M"). Anal. Calcd for
C;,Hy,0,: C, 79.46; H, 6.88. Found: C, 78.93; H, 7.02.

Diol-Methoxy-a-methylnaphthaleneacetic Ester 8o: (+)-6-Methoxy-o-
methyl-2-naphthaleneacetic acid (115mg, 0.5 mmol), DMF (1 drop), ben-
zene (20 ml), oxalyl chloride (190 mg, 131 ml, 1.5mmol), the diol 7 (314
mg, 1.0 mmol), and TEA (101 mg, 139 ml, 1.0 mmol) were treated according
to the method used for the product 8n to afforded 240 mg (91%) of 80 as a
white solid: "H-NMR (CDCl;) & 7.68—7.08 (m, 11H), 6.27 (s, 1H), 4.63 (s,
2H), 4.01 (m, 2H), 3.89 (s, 3H), 3.75 (q, J=7.2, 1H), 2.35 (s, 3H), 2.23 (m,
2H), 2.15 (s, 3H), 1.52 (d, J=7.2Hz, 3H), 1.50 (s, 6H); FAB-MS m/z 526
(M"). Anal. Caled for Cy,H,O4: C, 77.54; H, 7.27. Found: C, 77.37; H,
7.37.

General Procedure for the Preparation of Quinone-Esters la—o
Monoester 8 (1 equiv) was dissolved in a mixture of acetone and water (5: 1,
v/v). Then solid NBS (0.98 equiv) was added in one portion. The reaction
mixture was stirred for 15 min. After the acetone was evaporated, the aque-
ous phase was extracted with ether. The product was purified on a silica gel
column (hexanes : ethyl acetate=3: 1).

Quinone-Phe Ester 1a: Diol-ester 8a (2.425g, 4.37 mmol) and NBS (584
mg, 4.32 mmol) were treated according to the general procedure to give 1a
(2.03 g, 99%) as a yellow oil: 'H-NMR (CDCl;) 6 7.22 (m, 5H), 6.45 (m,
1H), 4.52 (m, 1H), 4.05 (m, 2H), 2.97 (m, 2H), 2.16 (s, 3H), 2.15 (m, 2H),
2.00 (s, 3H), 1.40 (s, 9H), 1.39 (s, 6H); *C-NMR (CDCl,) 8 189.41, 188.28,
172.01, 155.14, 150.84, 144.06, 142.04, 136.20, 135.15, 129.77, 129.47,
128.70, 127.18, 80.05, 63.11, 54.67, 41.00, 39.43, 38.58, 30.39, 28.48,
15.57, 14.78; IR (film) 1731, 1717, 1648, 1497, 1365, 1168, 700cm™;
FAB-MS m/z 469 (M™). Anal. Calcd for C,,H;sNOg: C, 69.06; H, 7.51; N,
2.98. Found: C, 68.97; H, 7.52; N, 2.95.

Quinone-Leu Ester 1b: Diol-ester 8b (170 mg, 0.312 mmol) and NBS (55
mg, 0.312 mmol) were treated according to the general procedure to give 1a
(137mg, 97%) as a yellow oil: 'TH-NMR (CDCl,) & 6.48 (q, J=1.35Hz,
1H), 4.21 (m, 1H), 4.08 (m, 2H), 2.22 (m, 2H), 2.20 (s, 3H), 2.00 (d, J/=1.35
Hz, 3H), 1.71 (m, 3H), 143 (s, 15), 0.93 (m, 6H); *C-NMR (CDCl,) &
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189.44, 188.33, 173.63, 155.48, 150.82, 144.06, 142.05, 135.15, 79.92,
63.01, 52.27, 41.94, 41.03, 39.52, 30.48, 28.50, 24.92, 23.04, 22.02, 15.62,
14.78; IR (film) 1742, 1716, 1649, 1507, 1366, 1163 cm™'; FAB-MS m/z
435 (M"). Anal. Calcd for C,,H,;NO;: C, 66.18; H, 8.56; N, 3.21. Found: C,
66.37; H, 8.73; N, 3.29.

Quinone-Gly Ester 1c: Diol-ester 8¢ (135mg, 0.288 mmol) was treated
with NBS (51 mg, 0.288 mmol) according to the general procedure to give
1b (107 mg, 99%) as a yellow oil: 'H-NMR (CDCl,) § 6.48 (q, J=1.8 Hz,
1H), 4.10 (t, J=7.2 Hz, 2H), 3.82 (d, /=5.4 Hz, 2H), 2.21 (t, J=7.2 Hz, 2H),
2.19 (s, 3H), 2.01 (d, J=1.8Hz, 3H), 1.44 (s, 9H), 1.43 (s, 6H); C-NMR
(CDCl,) 6 189.41, 188.27, 170.35, 155.74, 150.85, 144.02, 141.94, 135.13,
80.11, 63.12, 42.63, 41.07, 39.48, 30.42, 28.47, '15.53, 14.72; IR (film)
1742, 1717, 1649, 1513, 1366, 1166cm™"; FAB-MS m/z 379 (M*). Anal.
Calced for CoH,(NO: C, 63.31; H, 7.70; N, 3.69. Found: C, 63.18; H, 7.79;
N, 3.58.

Quinone-Ala Ester 1d: Diol-ester 8d (124 mg, 0.256 mmol) was treated
with NBS (45 mg, 0.256 mmol) according to the general procedure to give
1d (98 mg, 97%) as a yellow oil: '"H-NMR (CDCl,) § 6.48 (m, 1H), 4.23 (m,
1H), 4.09 (m, 2H), 2.21 (m, 2H), 2.20 (s, 3H), 2.00 (d, J/=1.2Hz, 3H), 1.44
(s, 9H), 1.43 (s, 6H), 1.33 (d, J=7.2Hz, 3H); “C-NMR (CDCl,) § 189.48,
188.36, 173.47, 155.17, 150.93, 144.10, 142.07, 135.19, 80.05, 63.22, 49.47,
41.10, 39.58, 30.50, 28.55, 18.83, 15.60, 14.81; IR (film) 1736, 1715, 1648,
1508, 1453, 1366, 1244, 1166cm™'; FAB-MS m/z 393 (M™). 4nal. Caled
for C,;Hy NOg: C, 64.10; H, 7.94; N, 3.56. Found: C, 64.24; H, 7.93; N,
3.61.

Quinone-Trp Ester 1e: Diol-ester 8e (159 mg, 0.253 mmol) was treated
with NBS (45 mg, 0.253 mmol) according to the general procedure to give
1e (123 mg, 91%) as a yellow oil: 'H-NMR (CDCl,) § 9.40, 9.11 (2s, 1H),
8.04—7.19 (m, 5H), 6.45 (s, 1H), 4.60 (m, 1H), 4.03 (m, 2H), 3.24—3.12
(m, 2H), 2.30 (m, 2H), 2.20 (s, 3H), 1.98 (s, 3H), 1.43 (s, 6H), 1.37 (s, 9H);
BC-NMR (CDCl,) & 189.48, 188.28, 171.84, 159.38, 15521, 150.73,
144.18, 142.15, 135.16, 131.61, 125.65, 124.75, 123.40, 120.35, 119.33,
116.42, 109.91, 80.39, 63.44, 53.77, 41.02, 39.43, 30.39, 28.52, 28.31,
15.59, 14.81; IR (film) 1736, 1712, 1648, 1458, 1366, 1167, 793, 749 cm™";
FAB-MS m/z 537 (M+H). 4nal. Calcd for C,0H,(N,O;: C, 67.15; H, 6.75;
N, 5.22. Found: C, 67.12; H, 6.82; N, 5.10.

Quinone-Asp Ester 1f: Diol-ester 8f (47mg, 0.076 mmol) was treated
with NBS (14mg, 0.076 mmol) according to the general procedure to give
1f (35 mg, 98%) as a yellow oil: 'H-NMR (CDCl;) § 7.35 (m, 5H), 6.47 (d,
J=13Hz, 1H), 5.12 (s, 2H), 4.49 (m, 1H), 4.06 (m, J=7.0 Hz, 2H), 2.87 (m,
2H), 2.18 (s, 3H), 2.15 (m, 2H), 1.99 (d, J=1.2 Hz, 3H), 1.44 (s, 9H), 1.40
(s, 6H); "C-NMR (CDCl,) & 189.23, 188.13, 170.93, 170.62, 155.25,
150.58, 143.89, 141.98, 135.47, 134.97, 128.60, 128.39, 128.27, 80.14,
66.78, 63.47, 50.11, 40.73, 39.36, 36.86, 30.25, 28.32, 15.39, 14.60; IR
(film) 1734, 1719, 1648, 1498, 1366, 1166,cm™'; MS m/z 527 (M"). Anal.
Caled for C,H,,NOy: C, 66.02; H, 7.07; N, 2.66. Found: C, 65.97; H, 7.17;
N, 2.58.

Quinone-Cys Ester 1g: Diol-ester 8g (119mg, 0.196 mmol) was treated
with NBS (35 mg, 0.196 mmol) according to the general procedure to give
1g (60 mg, 73%) as a yellow oil: '"H-NMR (CDCl,) § 7.30 (m, 5H), 6.46 (s,
1H), 4.43 (m, 1H), 4.10 (m, 2H), 3.70 (s, 2H), 2.81 (m, 2H), 2.23 (m, 2H),
2.19 (s, 3H), 1.99 (s, 3H), 1.45 (s, 9H), 1.42 (s, 6H); *C-NMR (CDCl,) §
189.47, 188.35, 171.26, 155.64, 150.83, 144.16, 142.20, 137.94, 135.20,
129.17, 128.83, 127.47, 80.01, 63.60, 53.53, 41.08, 39.59, 37.03, 33.98,
30.50, 28.58, 15.63, 14.87; IR (film) 1742, 1714, 1649, 1495, 1167, 702
cm™'; FAB-MS m/z 515 (M™). Anal. Caled for C,Hy;NOS: C, 65.22; H,
7.23; N, 2.72. Found: C, 65.28; H, 7.35; N, 2.98.

Quinone-Ser Ester 1h: Diol-ester 8h (118 mg, 0.200 mmol) was treated
with NBS (36 mg, 0.2 mmol) according to the general procedure to give 1h
(95 mg, 95%) as a yellow oil: 'H-NMR (CDCl;) & 7.30 (m, 5H), 6.46 s,
1H), 4.50 (m, 2H), 4.35 (m, 1H), 4.09 (m, 2H), 3.79—3.63 (m, 2H), 2.19
(m, 2H), 2.17 (s, 3H), 1.99 (s, 3H), 1.44 (s, 9H), 1.41 (s, 6H); *C-NMR
(CDClL,) 6 189.47, 188.36, 170.84, 155.64, 150.93, 144.09, 142.15, 137.81,
135.21, 128.65, 128.04, 127.82, 80.19, 73.54, 70.26, 63.41, 54.33, 41.08,
39.58, 30.44, 28.57, 15.61, 14.81; IR (film) 1742, 1714, 1649, 1164cm ™},
FAB-MS m/z 500 (M+H). Anal. Caled for C,4H,,NO,: C, 67.32; H, 7.46; N,
2.80. Found C, 67.26; H, 7.52; N, 2,91.

Quinone-Lys Ester 1i: Diol-ester 8i (68 mg, 0.1 mmol) was treated with
NBS (18 mg, 0.1 mmol) according to the general procedure to give 1i (60
mg, 99%) as a yellow oil: "H-NMR (CDCl;) 6 7.34 (m, 5H), 6.48 (d, J=1.4
Hz, 1H), 5.09 (s, 2H), 4.18 (m, 1H), 4.08 (m, 2H), 3.19 (m, 2H), 2.22 (m,
2H), 2.19 (s, 3H), 1.99 (s, 3H), 1.50 (m, 6H), 1.42 (s, 15H); PC-NMR
(CDCl,) 6 189.54, 188.37, 172.87, 156.70, 150.88, 144.14, 142.14, 136.90,
135.22, 128.73, 128.29, 80.15, 66.87, 63.21, 53.48, 41.14, 39.57, 32.62,
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30.48, 29.92, 29.66, 28.55, 22.64, 15.61, 14.95; IR (film) 1736, 1713, 1649,
1522, 1455, 1366, 1247, 1169 cm™'; MS m/z 585 (M+H). 4nal. Calcd for
Cy,HyyN,04: C, 65.73; H, 7.59; N, 4.79. Found: C, 65.85; H, 7.58; N, 4.82.

Quinone-Propionic Ester 1j: Diol-ester 8 (133 mg, 0.36 mmol) and NBS
(64 mg, 0.36 mmol) were treated according to the general procedure to give
1j (99 mg, 99%) as a yellow oil: 'H-NMR (CDCl,) & 6.47 (s, 1H), 4.02 (¢,
J=7.2Hz, 2H), 2.26—2.16 (m, 7H), 2.00 (s, 3H), 1.43 (s, 6H), 1.08 (t,
J=1.5Hz, 3H); FAB-MS m/z 278 (M*). Anal. Caled for C,H,,0,: C, 69.05;
H, 7.97. Found: C, 69.18; H, 8.03.

Quinone-Isobutyric Ester 1k: Diol-ester 8k (166mg, 0.43mmol) and
NBS (77 mg, 0.43 mmol) were treated according to the general procedure to
give 1k (120mg, 95%) as a yellow oil: 'H-NMR (CDCI,) & 6.48 (q, J=1.5
Hz, 1H), 4.02 (t, J=7.2 Hz, 2H), 2.43 (m, J=6.9 Hz, 1H), 2.20 (s, 3H), 2.19
(t, J=7.2Hz, 2H), 2.00 (d, J/=1.5Hz, 3H), 1.43 (s, 6H), 1.10 (d, J=6.9 Hz,
6H); "C-NMR (CDCl,) § 189.53, 188.48, 177.25, 151.30, 143.94, 14191,
135.29, 62.21, 41.29, 39.69, 34.21, 30.56, 19.13, 15.60, 14.78; IR (film)
1733, 1648, 1576, 1470, 1239, 1190, 1156 cm™"; FAB-MS m/z 292 (M*).
Anal. Caled for C,,H,,0,: C, 69.84; H, 8.27. Found: C, 69.90; H, 8.40.

Quinone-Trimethylacetic Ester 11: Diol-ester 81 (60 mg, 0.151 mmol) and
NBS (26 mg, 0.148 mmol) were treated according to the general procedure
to give 11 (44 mg, 96%) as a yellow oil: 'H-NMR (CDCly) 6 6.50 (g, J=1.5
Hz, 1H), 4.01 (t, J=7.2 Hz, 2H), 2.20 (s, 3H), 2.19 (t, J=7.2 Hz, 2H), 2.00
(d, /=1.5Hz, 3H), 1.43 (s, 6H), 1.14 (s, 9H); PC-NMR (CDCl,) & 189.55,
188.49, 178.76, 151.24, 143.98, 142.08, 135.31, 62.37, 41.19, 39.75, 38.84,
30.61, 27.39, 15.61, 14.82; IR (film) 1726, 1649, 1576, 1480, 1283, 1238,
1155 cm™'; FAB-MS m/z 306 (M™). Anal. Calcd for CsH,:0,4: C, 70.56; H,
8.55. Found: C, 70.77; H, 8.43.

Quinone-Phenylacetic Ester 1m: Diol-ester 8m (93 mg, 0.215 mmol) and
NBS (38 mg, 0.210 mmol) were treated according to the general procedure
to give Im (70 mg, 96%) as a yellow oil: 'H-NMR (CDCly) 6 7.31—7.20
(m, 5H), 6.46 (q, /=1.5Hz, 1H), 4.04 (t, J=7.2Hz, 2H), 3.53 (s, 2H), 2.18
(t, J=7.2Hz, 2H), 2.15 (s, 3H), 1.99 (d, J=1.5Hz, 3H), 1.39 (s, 6H); C-
NMR (CDCl,) & 189.41, 188.28, 171.64, 151.14, 143.94, 141.94, 135.25,
134.10, 129.38, 128.89, 128.78, 127.30, 62.83, 41.61, 41.14, 39.65, 30.50,
15.60, 14.74; IR (film) 1735, 1648, 1454, 1239, 1151 cm™'; FAB-MS m/z
340 (M™). Anal. Caled for C,H,,0,: C, 74.09; H, 7.11. Found: C, 73.97; H,
6.98.

Quinone-Naphthoic Ester 1n: Diol-ester 8n (115mg, 0.245 mmol) and
NBS 43 mg, 0.241 mmol) were treated according to the general procedure to
give In (90 mg, 98%) as a yellow oil: 'H-NMR (CDCL,) & 8.49 (s, 1H),
7.96—7.82 (m, 4H), 7.62—7.52 (m, 2H), 6.35 (g, J=1.5Hz, 1H), 4.41 (t,
J=6.9Hz, 2H), 2.41 (t, J=6.9 Hz, 2H), 2.22 (s, 3H), 1.73 (d, J=1.5 Hz, 3H),
1.51 (s, 6H); IR (film) 1715, 1647, 1283, 1227, 1195, 779, 762 cm™"; FAB-
MS m/z 376 (M"). Anal. Caled for C,,H,,0,: C, 76.57; H, 6.43. Found: C,
76.69; H, 6.60.

Quinone-(+)-methoxy-co-methylnaphthaleneacetic Ester 1o: Diol-ester 80
(254 mg, 0.480 mmol) and NBS (86 mg, 0.480 mmol) were treated according
to the general procedure to give 1o (208 mg, 99%) as a yellow oil: 'H-NMR
(CDCly) 6 7.70—7.05 (m, 6H), 6.39 (m, 1H), 4.00 (m, 2H), 3.91 (s, 3H),
3.72 (m, 1H), 2.13 (t, J=6.9 Hz, 2H), 2.05 (d, J=2.1 Hz, 3H), 1.95 (s, 3H),
1.52, 1.50 (d, J=6.9 Hz, 3H), 1.33 (s, 6H); "C-NMR (CDCl,) & 189.48,
188.37, 174.78, 157.91, 151.12, 143.87, 141.96, 135.80, 135.21, 133.94,
129.47,129.18, 127.37, 126.36, 126.10, 119.19, 105.91, 62.77, 55.53, 45.71,
41.06, 39.65, 30.47, 18.76, 15.58, 14.69; IR (film) 1730, 1647, 1606, 1264,
1172 cm™'; FAB-MS m/z 434 (M*). Anal. Caled for C,H,,0s: C, 74.63; H,
6.96. Found: C, 74.64; H, 6.94.

Reduction of Quinones 1a—o0 A solution of quinone 1a—o in ethyl
ether was shaken with 20 eq of aqueous sodium hydrosulfite solution at r.t.
in a separatory funnel until the color of the reaction mixture changed from
yellow to colorless. The ether layer was separated and the aqueous phase
was extracted with ether. The combined ether layers were washed with satu-
rated NaCl and then dried over MgSO,. Solvent evaporation afforded the hy-
droquinone 2a—o.

Release of the Carboxylic Acid a—i and 0 To a 7—8 mm solution of
the hydroquinone 2a—i, 0 (0.04—0.19 mmol) in THF was added dropwise
TBAF (1.0m in THF) (0.16—0.77 mmol) by a syringe with stirring under ni-
trogen at 0 °C. Five minutes after the addition, the ice-bath was removed and
stirring was continued at r.t. The color of the mixture changed from color-
less to yellow then to orange then to green, and finally to blue. After the dis-
appearance of the starting material by TLC analysis (hexanes/ethyl acetate=
3/1, v/v), the mixture was diluted with acetonitrile and water (1/3) to 25.00
ml, from which 2.00 ml of solution was taken and diluted to 100.00 ml. This
diluted solution was analyzed by HPLC.

Release of the carboxylic acids j—n were carried out following similar
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procedures with 18 mM solutions of hydroquinone 2j—n (0.07—0.12 mmol)
and 8-fold TBAF at rt.

N-Boc-indole-formyl-tryptophan A solution of quinone-trp ester le
(100 mg, 0.186mmol) in 40 ml of ether was shaken with a solution of
sodium hydrosulfite (2 g, 9.77 mmol) in 10 ml of water until the color of the
reaction mixture changed from yellow to colorless. The organic layer was
separated and the aqueous layer was extracted with ether (2X40ml). The
combined organic layers were washed with brine (2X 10 ml) and dried over
MgSO, for 3h. Solvent evaporation afforded 99 mg of the hydroquinone
monoester 2e.

The hydroquinone 2e was dissolved in freshly distilled THF (25 ml)
which was chilled and stirred in an ice/water bath under a nitrogen atmos-
phere. To this solution 740 1 (0.74 mmol) of 1.0M TBAF solution in THF
was added dropwise. Five minutes after addition, the ice bath was withdrawn
and stirring was continued for an additional 1.5 h at r.t. HPLC analysis of the
reaction mixture showed 100% conversion to the cyclic ether and N-Boc-in-
dole-formyl-tryptophan.

The reaction mixture was then concentrated and separated by RPLC (sil-
ica gel), gradient elution with methylene chloride/methanol (15/1 to 7/1), to
give 28 mg (74%) of cyclic ether 3 and 49 mg (80%) of Boc-indole-formyl-
tryptophan which was identified by '"H-NMR.

6-Methoxy-a-methyl-2-naphthaleneacetic Acid A solution of com-
pound 1e (100 mg, 0.23 mmol) in 40 ml of ether was mixed with a solution
of sodium hydrosulfite (2g, 9.77mmol) in 10ml of water. The resulting
mixture was shaken in a separatory funnel until the color of the reaction
mixture changed from yellow to colorless. The organic layer was separated
and the aqueous phase was extracted with ether (2X5 ml). The organic frac-
tion was washed with brine (2X10ml) and dried over MgSO, for 3 h. Sol-
vent evaporation afforded the hydroquinone 20 (97 mg).

To a solution of the hydroquinone 20 (97 mg, 0.223 mmol) in freshly dis-
tilled THF (25ml) cooled with an ice bath was slowly added dropwise
TBAF (1.0m in THF) (670 ul, 0.67 mmol) by a syringe with stirring under
N,. Five minutes after addition, the ice bath was removed and stirring was
continued for an additional 2 h at r.t. The reaction solution was concentrated
under reduced pressure to give the residue, to which Sml of 1N NaOH was
added. The aqueous solution was washed with ethyl ether (3X 10 ml) and the
combined organic layers were dried over MgSO,. The residue after solvent
removal was purified by column chromatography (hexanes : ethyl acetate=
3:1) to give cyclic ether 3 (38 mg) in 83% yield. The aqueous phase was
acidified with 1~ HCI solution (10 ml) and a white precipitate was formed.
The precipitate was extracted with ethyl ether (4X20ml) and the combined
organic extracts were dried over MgSO,. Filtration and solvent evaporation
gave a pale yellow solid (48mg, 93%) which was identical to (+)-6-
methoxy-o-methyl-2-naphthaleneacetic acid according to '"H-NMR.
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A series of [2-(@-phenylalkyl)phenoxy]alkylamines was synthesized and their receptor binding affinity was
examined in vitro. These compounds showed an affinity for serotonin-2 (5-HT,) and dopamine-2 (D,) receptors.
[2-(2-phenylethyl)phenoxy]alkylamine derivatives with a pyrrolidine or piperidine moiety in the structure
showed higher affinity for 5-HT, receptors but lower affinity for D, receptors. Among these compounds, (:5)-2-[2-
[2-[2-(3-methoxyphenyl)ethyl]phenoxy]ethyl]-1-methylpyrrolidine, (5)-27, exhibited the most potent and selective
affinity for 5-HT, receptors. Furthermore, (§)-27 was effective in inhibiting 5-HT-induced vasoconstriction in

vitro and platelet aggregation both in vitro and ex vivo.

Key words serotonin-2 (5-HT,) receptor; antiplatelet; antagonist; [2-(2-phenylethyl)phenoxy]alkylamines

Serotonin (5-hydroxytryptamine; 5-HT) produces a wide
variety of biological activities on many organ systems includ-
ing the central nervous, gastrointestinal, and cardiovascular
systems. These responses to 5-HT are mediated by its recep-
tors on the cell membranes. To date, there are at least 16
identified subtypes of 5-HT receptors, which are now catego-
rized into five main classes (5-HT,, 5-HT,, 5-HT;, 5-HT,,
and 5-HT.).>> The most well-characterized of these receptor
subtypes is the 5-HT, receptor, due to the availability of rea-
sonably selective agonists and antagonists.*~" 5-HT, recep-
tors are located both centrally and peripherally. Peripheral 5-
HT, receptors are located on blood vessels and platelets, and
are intimately involved in hemostasis and thrombosis.*~'"

Ketanserin, a 5-HT, receptor antagonist, shows high affin-
ity for 5-HT, receptors on platelets and inhibits 5-HT-in-
duced platelet aggregation and vasoconstriction.'” However,
this compound shows relatively high affinity for adrenergic
() receptors, in addition to 5-HT, receptors.'>'¥) Sarpogre-
late, a more selective 5-HT, antagonist, has been developed,
and is now clinically available for the treatment of peripheral
arterial occlusive diseases.'>'®

We previously reported that [2-(4-phenylbutyl)phenoxy]-
alkylamine derivatives have high affinity for both 5-HT, and
dopamine-2 (D,) receptors.'” In the course of a study of
[2-(w-phenylalkyl)phenoxy]alkylamine derivatives, [2-(2-
phenyllethyl)phenoxylalkylamine derivatives with a pyrroli-
dine or piperidine moiety in the structure showed relatively
potent and selective affinity for 5-HT, receptors. Thus, we
have attempted to synthesize highly potent and selective an-
tagonists for peripheral 5-HT, receptors on blood vessels and
platelets. In this paper, we describe the synthesis and struc-
ture—activity relationships (SAR) of these compounds. We
also report biological activities of (§)-27, the most active
compound as a peripheral 5-HT, antagonist, in comparison
with ketanserin and sarpogrelate.

Chemistry The phenol derivatives 4—8 were synthe-
sized as shown in Chart 1. Aldehydes 1 and phosphonium
chloride 2 were subjected to the Wittig reaction to give the
corresponding olefins 3, which were then converted to the
phenol derivatives 4—8 by catalytic hydrogenation.

* To whom correspondence should be addressed.

The syntheses of the racemic cyclic amino derivatives hav-
ing an @-phenyl ring 11—43 are outlined in Chart 2. Piperi-
dine (X=CH,) and morpholine (X=0) derivatives (11—17,
20—26, 29, 30) were synthesized as described below. Com-
pounds 10 were prepared by the alkylation of 4—8 with tosy-
lates (9: R*=0Ts) (method A), or by means of the Mit-
sunobu reaction'® between 4—8 and a hydroxy derivative (9:
R?*=0H) (method B). The resulting compounds 10 were re-
duced with lithium aluminum hydride to give N-methylated
(N-Me) compounds (11—17, 21, 23, 25, 29, 30). N-nonalky-
lated (N-H) compounds (20, 22, 24, 26) were prepared by the
treatment of 10 with HCl. N-Methylpyrrolidine derivatives
(18, 19, 27, 31—43) were prepared by alkylation of 4 or
6 with 2-(2-chloroethyl)-1-methylpyrrolidine hydrochloride
(method C), or by means of the Mitsunobu reaction'® be-
tween 4 or 6 and 1-methyl-2-pyrrolidineethanol (method D).
N-H compound 28 was prepared by alkylation of 4 with 1-
tert-buthoxycarbonyl-2-[2-(p-toluenesulfonyloxy)ethyl]-
pyrrolidine followed by the treatment with HCL.

The synthesis of the N-methylpyrrolidine derivative having
an w-cyclohexane, 48, is shown in Chart 3. 2-Benzyloxyben-
zylchloride 44 was converted to the corresponding Grignard
reagent and the Grignard reagent was treated with cyclohexa-
necarboxaldehyde to afford 45. The hydroxy group of 45 was
replaced with a chlorine atom by thionyl chloride, and the
chlorine atom was replaced with a hydrogen atom by trib-
utyltin hydride to provide 46. Removal of the benzyl group
by catalytic hydrogenation afforded phenol 47, which was
then treated with 2-(2-chloroethyl)-1-methylpyrrolidine hy-
drochloride in the presence of fert-BuOK to give 48.

The syntheses of the optically active pyrrolidine interme-
diates ((S)-51, (R)-55, (S)-55, and (5)-60) are outlined in
Charts 4—6. They were performed as follows: The tosylate
(S)-51 was synthesized from the commercially available 2-
pyrrolidinemethanol (S)-49 through protection by ethyl chlo-
roformate to give carbamate (S)-50, and tosylation (Chart 4).

The tosylate (R)-55 was prepared in four steps starting
from the tosylate (R)-51 (Chart 5). The one carbon elonga-
tion of (R)-51 with sodium cyanide provided (R)-52, and the
resulting nitrile group was hydrolyzed in an acidic condition

© 2000 Pharmaceutical Society of Japan
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(o}
L~ 0L ©
N/\/N £ @ OMe
o 0> "NMe; * HCI
H OR
ketanserin sarpogrelate (R=CO(CH,),COOH)
M-1 (R=H)
R1 R1
» g A-CHO CH=CH—A-—@/ b (cuz)n—@/
OBn OH
1 A=-CHr, 3 4(n=2)
-CH=CHCH,-, etc. 5(n=3)
6(n=4)
7(n=5)
8(n=6)

a) 2-benzyloxybenzyitriphenylphosphonium chloride 2, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) / CH,CN; b) H,, Pd-C / EtOH.

Chart 1

R
(CHz)Hg 35
1) LiAlH4 / THF @
———————

(o]

X
Rz_(cnz),,.—EN] . 2 kel H m{:]
Boc @(CHz)n‘@/ Me - HCI

9 - o — 11-17, 21, 23, 25, 29, 30
method A: tertBUOK / DMA (R2=OTs) [ X
method B: PPhg, DEAD / CH,Cl, (R2=0OH) (C”z)m’EN] @
|
Boc HCl @ Otte
10 e (¢}

D Ay

(EHz)m{:j

Me R1
method C: fertBuOK / DMA (R2=Cl) (Cﬁz)n‘@ H -HCI
method D: PPhgz, DEAD / CH,Cl, (F‘2=OH) 20’ 22, 24, 26

+e 2 1ol g LY

Me - HCI
18, 19, 27, 31-43

1) TsO/\/(;)
éoc OMe
method A: terf-BuOK / DMA @
(]

!

2) HCl L)

N
H - HCI

@\/\CI a OBn b, ¢ OBn d @\/\/O e f @\/\/O
> > > > (o]
oen OH OH K/Q

Me * HCI
44 45 46 47 48

a) Mg / THF, then cyclohexanecarboxaldehyde; b) SOCI,, Et;N / THF; ¢) Bu,SnH, AIBN / toluene; d) H,, Pd-C / EtOH; e) 2-(2-chloroethyl)-1-
methylpyrrolidine hydrochloride, tert-BuOK / DMA,; f) HCI.

Chart 3
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to give an ester (R)-53. The ester (R)-53 was reduced with
lithium aluminum hydride to give an alcohol (R)-54, which
was then converted to the tosylate (R)-55. The enantiomer of
(R)-55, (S)-55 was prepared in the same manner.

The tosylate (S)-60 was prepared in five steps starting
from the alcohol (S)-50 (Chart 6). The Swern oxidation'? of
the alcohol (S5)-50 provided an aldehyde (S)-56, which was
then subjected to the Wittig reaction to give an ¢, 3-unsatu-
rated ester (5)-57. The ester (5)-57 was hydrogenated, and
the following reduction of the saturated ester (S)-58 with
lithium aluminum hydride gave an alcohol (5)-59, which was
then converted to the tosylate (.5)-60.

The syntheses of the target compounds ((R)-27, (S)-27,
(5)-62, and (5)-63) are shown in Chart 7. The phenol 4a
(R'=3-OMe) was alkylated with the tosylates ((S)-51, (R)-
55, (S)-55, and (S5)-60) to give carbamates, which were then
reduced with lithium aluminum hydride to give the desired

HO\/Q L HO\/(;) LI
H

COOEt

TsO\/Q

COOEt

(R)y-49 (R)-50 (R)-51
(5149 (5)50 ()51
a) CICOOEY, Et,N / CH,Cly; b) Ts,0, Et;N / CH,Cl,.
Chart 4

LI Etooc\/(N—) .
COOEt

A5t or(sps1 ——> e LD

COOEt
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products. This was followed by their corresponding salt for-
mation.

Results and Discussion

All compounds have diphenylalkylene structures connect-
ing two phenyl parts in this series. In the previous paper, we
reported the relationship between the alkylene chain length
and D, receptor binding of 3-dimethylamino-1-(@-phenyl-
alkylphenoxy)-2-propanol derivatives.'” Only the tetrameth-
ylene derivative showed D, receptor affinity, and the tetram-
ethylene derivatives with a piperidine moiety, including com-
pound 13, exhibited high affinity for 5-HT, and D, receptors.
Thus, we examined the influence of the alkylene chain length
in the diphenylalkylene moiety of compound 13 (Table 1).
The compounds in Table 1 exhibited high affinity for 5-HT,
receptors with their IC,, values between 1.9 and 31nm.
Among them, the dimethylene derivative 11 and the tetram-
ethylene derivative 13 were highly potent; their IC,, values
were smaller than that of M-1, the active metabolite of sar-
pogrelate. In the D, receptor binding studies, the tetramethyl-
ene derivative 13 exhibited high affinity with an IC, of
9.2 nm, while other compounds had markedly reduced activ-
ity (ICs;s >150nm). This is consistent with the results re-
ported for 3-dimethylamino-1-(@-phenylalkylphenoxy)-2-
propanol derivatives.'”

Among the [2-(@-phenylalkyl)phenoxy]alkylamine deriva-
tives with a piperidine or pyrrolidine moiety, the dimethylene
and tetramethylene derivatives (16—19) were examined in 5-
HT, and D, receptor binding assays (Table 2). The dimethyl-

ene derivatives 16 and 18 showed higher 5-HT, and lower D,
§§’,§§ fg*;";’ receptor affinity compared with the corresponding tetrameth-
ylene derivatives, 17 and 19, respectively. Thus, the dimeth-
Ho’\/q) 9. so/\/Q ylene chqin was suitable.for .selectiyity of the .5—HT2. receptor.
COOEt COOE The dimethylene derivatives with a cyclic amino group
(RY54 (R)-55 were examined in 5-HT, and D, receptor binding assays
(S)-54 (5)-55 (Table 3). The introduction of a 3-methoxy group on the ®-
@) NaCN / DMF; b) H,SO, / BIOH; c) LiAIH, / THF; ) Ts;0, EtN / CH,Cl,. phenyl ring increased the affinity for the 5-HT, receptor (16
Chart § vs. 21, 18 vs. 27), which is consistent with our previous re-
(5150 ——> OHC"‘Q e Etooc"\""Q — EtOOC/\Q —
COOEt COOE COOEt
(5)-56 (8)-57 (S)58
oy e e
COOEt COOEt
(5)-69 (S)60

a) DMSO, (COCI),, Et;N / CH,Cl,; b) PPhy=CHCOOEt / CH,CN; ¢) H,, Pd-C / EtOH; d) LiAIH, / THF; €) Ts,0, Et;N / CH,Cl,.

Chart 6

O (CHan

g O -

4a 61

COOEt

om

OMe

b, c @
— o‘(CHz)n‘Q
te * HCI
or CsHa(OH)(COOH)
(5)-62 (n=1)
(R)-27, (S)-27 (n=2)
(5)-63 (n=3)

a) (S)-51 or (R)-55 or (S)-55 or (S)-60, tert-BuOK / DMA,; b) LiAIH, / THF; c) HCI or C;H,(OH)(COOH),.
Chart 7
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Table 1. Affinity of 3-[2-[w-(3-Methoxyphenyl)alkyl]phenoxymethyl]-1-
methylpiperidine Derivatives for 5-HT, and D, Receptors

(CHz)n©
@io/\[j 'oMe
N

Me « Hot
a)
Compd ; ICSO (nM) Ratiob)
SHT, D, D,/5-HT,
11 2 1.9 150 79
12 3 17 490 29
139 4 22 9.2 42
14 5 31 270 8.7
15 6 28 1800 64
Sarpogrelate 150 >5000 ND?
M-1 16 >5000 ND?
Ketanserin 53 940 180

a) Interaction of the compounds with rat brain 5-HT, and D, receptors was deter-
mined by conventional binding assay using [*H]ketanserin and [*H]raclopride. &)
Ratio: the ICs, values for D, vs. 5-HT, receptors. ¢) Data from reference 17. d)
Not determined.

Table 2. Affinity of Dimethylene and Tetramethylene Derivatives with a 2-
(w-phenylalkyl)phenoxy Group for 5-HT, and D, Receptors

@(CHz)nQ

OR * HCI

a)
[Cso (nW) Ratio”
Compd. R n D./5-HT
5-HT, D, 22
16 A/Q 2 4.7 470 100
c)
17 " 4 11 40 3.6
18 2 6.1 760 120
199 /v?e 4 3 28 0.88

a) Interaction of the compounds with rat brain 5-HT, and D, receptors was deter-
mined by conventional binding assay using [*H]ketanserin and [*H]raclopride. b)
Ratio: the ICy, values for D, vs. 5-HT, receptors. ¢) Data from reference 17.

sults.'"” Among this series of compounds, the 5-HT, and D,
receptor affinity of N-Me compounds (11, 21, 23, 25, 27)
were higher than those of the corresponding N-H compounds
(20, 22, 24, 26, 28). Compound 21, which has a 2-(2-
piperidinylethyl) structure, showed high affinity for 5-HT), re-
ceptors. However, 21 also showed high affinity for D, recep-
tors, and its D,/5-HT), ratio was smaller than that of 11. The
D, receptor affinity of compound 23 was six-fold lower than
that of 11, and its 5-HT, receptor affinity was also slightly
lower than 11. It is interesting to note that these three com-
pounds (11, 21, 23) with potent affinity (IC, <10 nm) for 5-
HT, receptors, have three carbon atoms between the piperi-
dine nitrogen and the etheral oxygen. In contrast, the other
piperidine derivatives such as 29 with five carbon atoms and
30 with two carbon atoms between the piperidine nitrogen
and etheral oxygen, respectively, were less active. In the pre-
vious paper, we reported that the D, receptor affinity depends
on the lipophilicity around the amino moiety in a series of
compounds.'” Morpholine derivative 25, which has an oxy-
gen instead of a methylene group at the 4-position of piperi-
dine, was prepared in an attempt to reduce the D, receptor
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Table 3. Affinity of Cyclic Amino Derivatives with a 2-[2-(3-Me-
thoxyphenyl)ethyl]phenoxy Group for 5-HT, and D, Receptors

a,b)

o o 1Csp (mvr) Ratio®
Compd. R D./5-HT
5-HT, D, CA

11 1.9 150 79
20) Me(H) (5.0) (890) (180)

21 /\/@ 36 120 33
2) () (55) (>3000) (ND%)

23 @Hm 7.7 1000 130
24 (32) (>3000) (ND?)

25 A(:] 11 1600 150
(26) et (17) (>3000) (ND?)

27 AP 20 670 340
(28) Me(H) (39) (>3000) (ND%)
29 SACwmwe 46 230 50
30 \Ej 77 >5000 (ND?)

N

Me

a) N-H compounds are described in parentheses. b) Interaction of the compounds
with rat brain 5-HT, and D, receptors was determined by conventional binding assay
using [*H]ketanserin and [*H]raclopride. c¢) Ratio: the IC;, values for D, vs. 5-HT,
receptors.  d) Not determined.

affinity by decreasing the lipophilicity around the amino moi-
ety. As expected, the D, receptor affinity of 25 was lower
than that of the piperidine derivative, 11. However, the 5-HT,
receptor affinity of 25 also decreased in parallel. Compound
27, which has a pyrrolidine ring instead of a piperidine ring,
was as potent as 11 and 21 for its 5-HT, receptor affinity, but
less potent for its D, receptor affinity compared to 11 and 21.
Among these three compounds, 27 exhibited the highest
D,/5-HT, ratio (340), suggesting a high selectivity. The
pyrrolidine derivatives, therefore, seemed superior to the
piperidine derivatives as selective 5-HT, antagonists.

The effect of the substituent on the @w-phenyl group was
examined (Table 4). Most compounds show high affinity for
5-HT, receptors, regardless of the type of the substituent.
Compounds substituted at the 3-position (27, 34, 37) of the
w-phenyl ring showed higher affinity than those substituted
at the 2- or 4-position (31, 33, 36 or 32, 35, 38). The
methoxy-substituted compounds showed slightly more potent
activity than their corresponding ethoxy compounds. Com-
pounds 37 and 39, having a chlorine and a fluorine atom, re-
spectively, on the @w-phenyl ring also showed more potent ac-
tivity than the bromo analog 40. These results show that the
introduction of a bulky substituent decreases the affinity for
5-HT, receptors. The introduction of a hydrophilic hydroxy
group (43) instead of the etheral O-methyl group of 27 also
decreased the 5-HT, receptor affinity. The reduction of the
w-phenyl ring, which leads to an @-cyclohexane in com-
pound 48, maintained the 5-HT, receptor affinity. In the case
of 2-(1-methyl-2-pyrrolidinylethyl) derivatives, as indicated
in Table 4, all of the compounds showed low activity for D,
receptors (IC,s >460nm). However, compounds with a
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Table 4. Affinity of 1-Methyl-2-[2-[2-(2-phenylethyl)phenoxy]ethyl]-
pyrrolidine Derivatives and 2-[2-[2-(2-Cyclohexylethyl)phenoxy]Jethyl]-1-
methylpyrrolidine Derivative for 5-HT, and D, Receptors

ol
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Table 6. Affinity of (S)-27 and Its Analogs for 5-HT, and D, Receptors

o

e - Hel
k/q) \ ICs, (M) Ratio?
Me - HCI Me -HCl Compd. n D,/5-HT,
48 5-HT, D,
ICs, (nm)”) Ratio” (5)-62 1 6.4 >3000 ND?
Compd. R D,/5-HT, (5)-27 2 1.8 1100 610
5-HT, D, (5)-63% 3 20 2500 130
18 H 6.1 760 120 Aa)dlngeraction otf 'rhe1 c;mgounds with rat br[z;i;] i-:—ITZ apd DZd rt[:;:g;tori qud dete;;
mine: conventional binding assay usin etanserin an raclopride.
:;; g:gﬁz 3(5) ]é(;g 3}18 Ratio: thz 1C,, values for D, vs.gS-HTZ};eceptcg)rs. ¢) Not determined. d) (?itrate.
32 4-OMe 6.1 780 130
33 2-OEt 10 1700 170 Table 7. 5-HT-Induced Human PRP Aggregation (in Vitro)
34 3-OEt 6.7 640 96
35 4-OEt 12 460 38 Compd. IC,, (um)®
36 2-Cl 15 1100 73
37 3-Cl 4.5 660 150 (5)-27 0.057 (0.049—0.066)
38 4-Cl 7.9 1200 150 Sarpogrelate >100
39 3-F 4.4 600 140 M-1 3.6(2.8—4.7)
40 3-Br 8.7 960 110 Ketanserin 0.14 (0.083—0.24)
41 3-CN 5.4 610 110
42 3-Me 5.0 700 140 a) Data are expressed as the mean values and 95% confidence limits in parentheses.
43 3-OH 17 1500 88
48 4.8 530 110

a) Interaction of the compounds with rat brain 5-HT, and D, receptors was deter-
mined by conventional binding assay using [*H]ketanserin and [*H]raclopride. &)
Ratio: the IC;, values for D, vs. 5-HT, receptors.

Table 5. Affinity of (RS)-27 and Its Optically Active Compounds for 5-
HT, and D, Receptors
OMe
L)
N
Me - HCI
@)
Comnd ICo () Ratio?
5-HT, D, D,/5-HT,
(RS)-27 2.0 670 340
(5)-27 1.8 1100 610
R)-27 6.4 490 77

a) Interaction of the compounds with rat brain 5-HT, and D, receptors was deter-
mined by conventional binding assay using [*H]ketanserin and [*Hlraclopride. &)
Ratio: the ICy, values for D, vs. 5-HT, receptors.

changed substituent on the w-phenyl ring were not as potent
and selective for 5-HT, receptors as 27.

Although 27 had potent and selective affinity for 5-HT, re-
ceptors, this compound has the asymmetric carbon atom at
the 2-position of the pyrrolidine ring. Therefore, each of the
enantiomers was prepared to examine its binding affinity for
5-HT, and D, receptors (Table 5). The compound with (S)
configuration, (S)-27, exhibited higher 5-HT, receptor affin-
ity and lower D, receptor affinity than racemic 27. These re-
sults indicate that (§)-27 is the active enantiomer in 5-HT,
receptor affinity.

Table 6 shows the effect of the alkylene chain attached to

the 2-position of pyrrolidine. Among these compounds, (S)-
27 (n=2) showed the highest affinity for 5-HT, receptors.
Compared with (S)-27, (S)-62 (n=1) and (S)-63 (n=3)
showed lower affinity. These results show that the 5-HT, re-
ceptor affinity was the highest for pyrrolidine derivatives
with three carbon atoms between the pyrrolidine nitrogen and
etheral oxygen. This is consistent with results in the study of
the piperidine derivatives.

Table 7 shows the IC,, values (um) for the test compounds
((S)-27, ketanserin, sarpogrelate, and M-1, the active
metabolite of sarpogrelate) against in vifro human platelet
aggregation. (S)-27 inhibited platelet aggregation in a con-
centration-dependent manner with an IC,, value of 0.057 um.
Ketanserin and M-1 also inhibited platelet aggregation, but
these agents were less potent than (§)-27. Sarpogrelate pro-
duced the minimum inhibition on platelet aggregation. These
results clearly indicate that (S)-27 has more potent in vitro
antiaggregatory activity compared to those of sarpogrelate,
M-1, and ketanserin.

The ex vivo effects of 5-HT, antagonists, (S)-27, ke-
tanserin and sarpogrelate on 5-HT-induced platelet aggrega-
tion were examined in cats (Fig. 1). Single bolus administra-
tion of (§)-27 (100 ug/kg, i.v.) resulted in a marked inhibi-
tion (90%) of platelet aggregation at 0.5 h postdose. The in-
hibition disappeared gradually, but was still evident even at
6h (29% inhibition). Ketanserin (100 ug/kg, i.v.) also
showed an inhibition (61%) at 0.5 h postdose, but the extent
of the inhibition was smaller than (5)-27. In addition, the ef-
fect of ketanserin disappeared at 4h postdose. Sarpogrelate
even at the highest dose (1000 ug/kg, i.v.) failed to inhibit
platelet aggregation, indicating weak efficacy of this agent.
These results suggest that (5)-27 is a potent antiplatelet agent
with long duration of action in vivo.

The addition of (5)-27 alone to platelet-rich plasma (PRP)
did not cause any platelet aggregation up to 1 mM. Thus, this
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801
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e
g," 40
<
—QO— vehicle
—@— (5)-27 100 ug/kg
207 —1{1— ketanserin 100 ug/kg
—#— sarpogrelate 1000 pg/kg
*x¥
0 T Y ]
0 2 4 6
Time (h)
Fig. 1. Ex Vivo Antiplatelet Effects of (§)-27, Ketanserin and Sarpogrelate
in Cats

Data are represented as the mean+S.EM. (n=4-6).x p<<0.05, ** p<<0.01 vs. vehicle
(Dunnett's test).

compound is unlikely to have any agonistic activity for 5-
HT, receptors. (5)-27 also did not cause vasoconstriction,
but inhibited 5-HT-induced vasoconstriction with an ICy,
value of 2.2 nm. These results suggest that (S)-27 is a 5-HT,
receptor antagonist and not an agonist.

The binding affinity of (5)-27 was further examined for
other receptors (a;, f, 5-HT,, and 5-HT;). (5)-27 exhibited
low affinity with ICys (nm) of 490 for o and over 5000 for
B, 5-HT,, and 5-HT;, respectively. This clearly indicates that
(8)-27 is highly selective for 5-HT, receptors.

In conclusion, we found that new [2-(2-phenylethyl)phe-
noxyJalkylamine derivatives with a pyrrolidine or piperidine
moiety in their structure have high affinity for 5-HT, recep-
tors but low affinity for D, receptors. Among these com-
pounds, (S)-27 exhibited the highest selectivity and potency
for 5-HT, receptors in the binding assays. This compound
was also effective in inhibiting 5-HT-induced vasoconstric-
tion in vitro and platelet aggregation both in vitro and ex
vivo.

Experimental

Melting points were determined with a Yanagimoto micro melting point
apparatus and were uncorrected. 'H-NMR spectra were obtained on a JEOL
EX270 spectrometer and were reported as & values relative to Me,Si as the
internal standard. Abbreviations of the "H-NMR peak patterns are as fol-
lows: br=broad, s=singlet, d=doublet, t=triplet, q=quartet, and m=multi-
plet. IR spectra were taken on a JASCO FT/IR-8900 spectrometer. Merck
Silica gel 60 (230—400mesh) was used in the column chromatography.
Tetrahydrofuran, N,N-dimethylacetamide, and dimethylsulfoxide are abbre-
viated as THE, DMA, and DMSO, respectively.

1-tert-Butoxycarbonyl-3-{2-[2-(3-methoxyphenyl)ethyl]phenoxy-
methyl]piperidine (10: m=1, n=2, R'=3-OMe, X=CH,) (Method A)
To a solution of 2-[2-(3-methoxyphenyl)ethyl]phenol'® 4a (R'=3-OMe)
(790 mg, 3.46 mmol) in DMA (8 ml) was added tert-BuOK (388 mg, 3.46
mmol) and the mixture was stirred at 0 °C for 10 min. Then a solution of 1-
tert-butoxycarbonyl-3-(p-toluenesulfonyloxymethyl)piperidine 9  (m=1,
X=CH,) (1.28g, 3.46mmol) in DMA (7ml) was added and the mixture
was stirred overnight at room temperature. The resulting suspension was di-
luted with EtOAc and washed with H,O and brine. The organic layer was
dried and concentrated. The resulting residue was chromatographed on a sil-
ica gel column (hexane/EtOAc=5/1—4/1) to give 10 (m=1, n=2, R'=3-
OMe, X=CH,) (1.09g, 2.56mmol, 74%) as a colorless oil. '"H-NMR
(CDCly) 8: 1.12—1.79 (3H, m), 1.43 (9H, s), 1.85—2.12 (2H, m), 2.71—
3.03 (6H, m), 3.79 (3H, s), 3.85 (2H, d, /=5.9Hz), 3.88—4.25 (2H, m),
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6.70—6.94 (5H, m), 7.08—7.31 (1H, m).

3-[2-[2-(3-Methoxyphenyl)ethyl]phenoxy]methyl-1-methylpiperidine
Hydrochloride (11) A solution of I-fert-butoxycarbonyl-3-[2-[2-(3-me-
thoxyphenyl)ethyl]phenoxymethyl]piperidine 10 (m=1, n=2, R'=3-OMe,
X=CH,) (850 mg, 2.00 mmol) in THF (6 ml) was added to a suspension of
LiAIH, (113 mg, 2.98 mmol) in THF (10 ml) at room temperature. The mix-
ture was stirred at room temperature for 2 h and then refluxed for 2.5h. The
mixture was cooled, and to the mixture Na,SO, decahydrate was added
slowly and the slurry was then stirred for 30 min. The insoluble material was
filtered away, and the filtrate was concentrated. The resulting residue was
chromatographed on a silica gel column (CH,Cl,/MeOH=20/1—10/1) to
give 3-[2-[2-(3-methoxyphenyl)ethyl]phenoxy]methyl-1-methylpiperidine
(520mg, 1.53mmol, 77%) as a colorless oil. This oil was dissolved in
EtOAc (5 ml) and was treated with 4~ HCI in dioxane (1.15 ml, 4.59 mmol).
The mixture was stirred at room temperature for 10 min and concentrated.
The oily residue was dissolved in a mixture of EtOAc/CH,Cl,=9/1, and the
solution was allowed to stand at room temperature. The precipitate formed
was collected by filtration to give 11 (443 mg, 1.18 mmol, 77%) as colorless
crystals.

3-[2-[2-(3-Methoxyphenyl)ethyl|phenoxy]methylpiperidine Hydrochlo-
ride (20) A solution of 1-fert-butoxycarbonyl-3-[2-[2-(3-methoxyphenyl)-
ethyl]phenoxymethyl]piperidine 10 (m=1, n=2, R'=3-OMe, X=CH,) (240
mg, 0.564 mmol) in EtOAc (4 ml) was treated with 4~ HCI in dioxane (4 ml)
and the mixture was stirred at room temperature for 3h and then concen-
trated. The oily residue was dissolved in EtOAc, and the solution was al-
lowed to stand at room temperature. The precipitate formed was collected by
filtration to give 20 (183 mg, 0.506 mmol, 90%) as colorless crystals.

Similarly, the morpholine derivatives 25 and 26 and other piperidine de-
rivatives 11—16, 20—22, and 29 were prepared by alkylation of phenol de-
rivatives 4—8°0 with tosylates, followed by a treatment with lithium alu-
minum hydride or HCI as described in method A.

1-tert-Butoxycarbonyl-4-{2-[2-(3-methoxyphenyl)ethyl]phenoxy]-
piperidine (10: m=0, n=2, R'=3-OMe, X=CH,) (Method B) Diethyl
azodicarboxylate (DEAD) (1.05ml, 6.67 mmol) was added to a solution of
2-[2-(3-methoxyphenyl)ethyl]phenol 4a (R'=3-OMe) (456 mg, 2.00 mmol),
1-tert-butoxycarbonyl-4-hydroxypiperidine (1.20g, 5.96mmol) and triph-
enylphosphine (1.73 g, 6.60 mmol) in CH,Cl, (30ml) and the mixture was
stirred at room temperature for 3 h. The solvent was removed and the result-
ing residue was chromatographed on a silica gel column (hexane/EtOAc=
4/1) to give 10 (m=0, n=2, R'=3-OMe, X=CH,) (379 mg, 0.92mmol,
46%) as a colorless oil. 'H-NMR (CDCl,) 8: 1.47 (9H, s), 1.71--2.03 (4H,
m), 3.36—3.52 (2H, m), 3.60—3.73 (2H, m), 3.78 (3H, s), 4.46—4.59 (1H,
m), 6.70—6.92 (5H, m), 7.10—7.29 (1H, m).

4-[2-[2-(3-Methoxyphenyl)ethyl]phenoxy]-1-methylpiperidine Hy-
drochloride (23) A solution of 1-fert-butoxycarbonyl-4-[2-[2-(3-me-
thoxyphenyl)ethyl]phenoxy]piperidine 10 (m=0, n=2, R'=3-OMe, X=
CH,) (482mg, 1.17 mmol) in THF (5ml) was treated with a suspension of
LiAlH, (44.5mg, 1.17mmol) in THF (5ml) under cooling. The resulting
mixture was refluxed for 1h and then cooled. To the resulting suspension
was slowly added Na,SO, decahydrate and the mixture was stirred for
30 min. The insoluble material was filtered away and the filtrate was concen-
trated. The resulting residue was chromatographed on a silica gel column
(CH,Cl,/MeOH=20/1—10/1) to give 4-[2-[2-(3-methoxyphenyl)ethyl]phe-
noxy]-1-methylpiperidine (220 mg, 0.68 mmol, 58%) as a light yellow oil.
This oil was dissolved in EtOAc (5 ml) and was treated with 4 N HCI in diox-
ane (0.25 ml, 1.00 mmol). The resulting solution was concentrated. The oily
residue was dissolved in EtOAc (20ml), and the solution was allowed to
stand at room temperature. The precipitate formed was collected by filtration
to give 23 (170 mg, 0.47 mmol, 69%) as colorless crystals.

Similarly, other piperidine derivatives 17, 24, and 30 were prepared by
means of the Mitsunobu reaction'® between the phenol derivatives 4—8%
and a hydroxy derivative (9), followed by a treatment with lithium aluminum
hydride or HCl as described in method B.

1-Methyl-2-[2-[2-(2-phenylethyl)phenoxy]ethyl]pyrrolidine Hydrochlo-
ride (18) (Method C) To a solution of 2-(2-phenylethyl)phenol 4b
(R'=H) (1.00g, 5.04mmol) in DMA (10ml) was added rer+-BuOK (566
mg, 5.04 mmol) and the mixture was stirred at room temperature for 10 min.
Then a solution of 2-(2-chloroethyl)-1-methylpyrrolidine hydrochloride (928
mg, 5.04 mmol) in DMA (10 ml) was added, and stirring continued at room
temperature for 3h and at 60 °C for 3 h. The resulting solution was diluted
with EtOAc and washed with H,O and brine. The organic layer was dried
and concentrated. The resulting residue was chromatographed on a silica
gel column (CH,CL,/MeOH=20/1—10/1) to give 1-methyl-2-[2-[2-(2-
phenylethyl)phenoxyJethyl]pyrrolidine (480 mg, 1.55 mmol, 31%) as a col-
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Analysis (%) Calcd (Found)

Compd.” Formula z,}e)lg (Elg)
’ C H N cl
11 C,,H,,2NO,-HCI 59 191—193 70.29 8.04 3.73 943
(69.99) (8.15) (3.74) (9.38)
12 C,3H;NO,-HCI 75 106—107 70.84 8.27 3.59 9.09
(70.84) (8.33) (3.63) (9.02)
14 C,sH,sNO,-HCI 58 90—91 71.83 8.68 335 8.48
(71.65) (8.61) (3.32) (8.75)
15 C,H;,NO,-HC1 63 100 72.28 8.87 324 8.32
(72.00) (8.84) (3.22) (8.53)
16 C,,H,,NO-HCI 48 128—130 73.41 8.40 3.89 9.85
(73.42) (8.54) (3.92) (9.70)
18 C,,H,,NO-HCl 7.5 154—156 72.92 8.16 4.05 10.25
(72.56) (8.32) (4.01) (10.21)
20 C,;H,;NO,-HCI 90 155—157 69.69 7.80 3.87 9.80
(69.35) (7.81) (3.87) 9.67)
21 C,3H;NO,-HCI 37 115—117 70.84 8.27 3.59 9.09
(70.72) (8.31) (3.75) (9.03)
22 C,,H,yNO,-HCl 33 102—104 70.29 8.04 3.73 943
(70.12) (7.93) 3.75) (9.42)
23 C,;H,;NO,-HCI-0.15H,0 40 147—148 69.18 7.82 3.84 9.72
(69.26) (7.85) (3.95) (9.60)
24 CyH,sNO,-HCI-0.15H,0 91 121—122 68.52 7.56 4.00 10.11
(68.48) (7.55) (3.99) (10.23)
25 C,,H,,NO;-HCI 65 174—176 66.74 747 371 9.38
(66.43) (7.41) (3.82) (9.30)
26 C,oH,sNO,-HCI-0.15H,0 26 110—112 65.53 7.23 3.82 9.67
(65.58) (7.14) (3.83) (9.70)
27 C,,H,,NO,-HCl 28 109—110 70.29 8.04 3.73 943
(69.98) (8.06) (3.76) (9.26)
28 C,H,;NO,-HCl 61 86—87 69.69 7.80 3.87 9.80
(69.36) (7.81) (3.98) (10.13)
29 C,,H;,NO,-HCI 56 97—99 70.84 8.27 3.59 9.09
(70.46) (8.38) (3.61) (9.12)
30 C,;H,;NO,-HCl 49 158-—160 69.69 7.80 3.87 9.80
(69.44) (7.73) (3.96) (9.73)
31 C,,H,,NO,-HCI-0.35H,0 11 143—145 69.13 8.10 3.66 9.27
(69.05) (8.13) (3.70) (9.45)
32 C,,H,yNO,-HCI1-0.20H,0 20 136—138 69.62 8.31 3.54 8.97
(69.56) (8.09) 3.71) (9.07)
33 C,;H; NO,-HCI-0.30H,0 24 148—150 69.87 8.27 3.58 9.09
(70.25) (7.93) (3.65) (8.59)
34 C,;H;NO,-HCI 18 120—121 70.84 8.27 3.58 9.09
(70.61) (7.47) (3.60) 9.16)
35 C,,H;NO,-HCI1 50 133—134 70.84 8.27 3.58 9.09
(70.65) (8.24) (3.61) (9.15)
36 C,H,CINO-HCI 26 187—188 66.31 7.16 3.68 18.64
(66.01) (7.09) (3.71) (18.56)
37 C,,H,,CINO-HCI 32 119—121 66.31 7.16 3.68 18.64
(66.24) (7.37) (3.65) (18.32)
38 C,,H,,CINO-HCI 21 145—146 66.31 7.16 3.68 18.64
(66.34) (7.15) (3.72) (18.42)
399 C,HFNO-HCl1 35 135—136 69.31 7.48 3.85 9.74
(69.40) (7.44) (3.81) (9.86)
409 C, H,BrNO - HCI 26 127—129 59.38 6.41 3.30 8.35
(59.13) (6.32) (3.35) (8.29)
41 C,,H,N,O-HCI-0.30H,0 24 101 70.22 7.39 7.44 9.42
(70.21) (7.52) (7.45) (9.38)
42 C,,H,,2NO-HCI-0.15H,0 5.1 128—130 72.87 8.42 3.86 9.78
(72.86) (8.25) (3.85) (9.67)
43 C,,H,,NO,-HClI 38 6870 69.69 7.80 3.87 9.80
(69.66) (7.86) 3.91) (10.00)
48 C,,H;;NO-HCI-0.62H,0 28 101—102 69.46 9.78 3.86 9.76
(69.84) (9.96) (4.04) (9.36)
(5)-27 Cy,H,NO,-HCI 85 133—135 70.29 8.04 3.73 9.43
(70.14) (8.24) (3.81) (9.75)
(R)-27 C,,H,,NO,-HCl 67 133—136 70.29 8.04 3.73 9.43
(70.21) (8.07) (3.83) (9.65)
(5)-62 C,,H,;NO,-HCI 18 124—126 69.69 7.80 3.87 9.80
(69.40) (7.83) (3.91) (9.64)
(8)-63 C,oH44NOy-0.50H,0 87 Oil 62.80 7.27 2.53
(62.78) (7.44) (2.45)
a) Compounds 13, 17, and 19 were reported in reference 17.  b) Yield not optimized. ¢) Anal. Caled: F, 5.22. Found: F, 5.09.  d) Anal. Calcd: Br, 18.81. Found: Br, 19.18.
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Table 9. Physical Data for [2-(@-Phenylalkyl)phenoxy]alkylamines

Compd.? 'H-NMR § (CDCl,)

11 1.44—2.07 (3H, m), 2.22—2.98 (8H, m), 2.75 (3H, s), 3.38—3.58 (2H, m), 3.79 (3H, s), 3.85—4.03 (2H, m), 6.72—6.87 (4H, m),
6.94 (1H, t, J=7.6 Hz), 7.13—7.31 3H, m)

12 1.35—1.58 (1H, m), 1.81—2.04 (4H, m), 2.22—2.95 (8H, m), 2.72 (3H, s), 3.36—3.59 (2H, m), 3.79 (3H, 5), 3.77—4.03 (2H, m),
6.68—6.85 (4H, m), 6.92 (1H, t, J=7.9 Hz), 7.11—7.30 (3H, m)

14 1.32—1.73 (7H, m), 1.77—2.06 (2H, m), 2.25—2.97 (8H, m), 2.67 (3H, s), 3.29—3.58 (2H, m), 3.79 (3H, 5), 3.80—4.02 (2H, m),
6.65—6.82 (4H, m), 6.91 (1H, t, J=7.6 Hz), 7.10-—7.25 (3H, m)

15 1.23—1.75 (9H, m), 1.83—2.05 (2H, m), 2.21—2.97 (4H, m), 2.57 (4H, t, /=7.6 Hz), 2.72 (3H, 5), 3.38—3.60 (2H, m), 3.79 (3H, s),
3.82—4.04 (2H, m), 6.68—6.85 (4H, m), 6.91 (1H, t, J=6.9 Hz), 7.10—7.26 (3H, m)

16 1.22—2.40 (7H, m), 2.44—2.65 (2H, m), 2.74 (3H, s), 2.81—3.20 (5H, m), 3.22—3.59 (1H, m), 3.96—4.20 (2H, m), 6.84 (1H, d, /=7.9Hz),
6.92 (1H, t, J=7.3 Hz), 7.10—7.33 (7H, m)

18 1.88—2.13 (2H, m), 2.15—2.37 (2H, m), 2.39—2,62 (2H, m), 2.68—2.98 (5H, m), 2.75 (3H, 5), 3.19—3.37 (1H, m), 3.82—4.03 (2H, m),
4.16—4.28 (1H, m), 6.85 (1H, d,.J=7.9 Hz), 6.93 (1H, t, J=7.6 Hz), 7.11—7.37 (TH, m)

20 1.40—2.21 (4H, m), 2.45—2.62 (1H, m), 2.72—2.98 (6H, m), 3.40—3.59 (2H, m}, 3.76 (3H, s), 3.86 (2H, d, /=4.6 Hz), 6.64—6.83
(4H, m), 6.89 (1H, t, J=7.3 Hz), 7.07—7.29 (3H, m)

21 1.27—2.15 (5H, m), 2.18—2.42 (2H, m), 2.45—2.72 (2H, m), 2.75 (3H, s), 2.77—3.13 (5H, m), 3.40—3.55 (1H, m), 3.78 (3H, 3),
3.96—4.19 (2H, m), 6.66—6.80 (3H, m), 6.84 (1H, d, J=7.9Hz), 6.93 (1H, t,/=7.3 Hz), 7.12—7.33 (3H, m)

22 1.27—2.08 (6H, m), 2.10—2.32 (1H, m), 2.47—2.69 (1H, m), 2.70—2.96 (5H, m), 3.15—3.34 (1H, m), 3.40—3.53 (1H, d, /=13 Hz),
3.77 (3H, s), 4.02—4.24 (2H, m), 6.68—6.95 (SH, m), 7.07—7.32 (3H, m)

23 2.02—2.25 (2H, m), 2.48—2.78 (2H, m), 2.73 (3H,s), 2.81—3.09 (6H, m), 3.17—3.40 (2H, m), 3.76 (3H, s), 4.60—4.79 (1H, m),
6.65—6.85 (4H, m), 6.95 (1H, t, J=7.3 Hz), 7.16—7.30 (3H, m)

24 2.05—2.21 (2H, m), 2.24—2.42 (2H, m), 2.80—2.99 (4H, m), 3.21—3.38 (4H, m), 3.76 (3H, s), 4.56—4.68 (I H, m), 6.60—6.81 (4H, m),
6.92 (1H, t,J=7.3Hz), 7.11—7.27 (3H, m)

25 2.77 (3H, 5), 2.68—3.06 (6H, m), 3.40 (2H, t, J=12Hz), 3.79 (3H, s), 4.01—4.20 (3H, m), 4.32—4.47 (1H, m), 4.51—4.64 (1H, m),
6.72—6.88 (4H, m), 6.95 (1H, t, J=7.6 Hz), 7.15—7.32 (3H, m)

26 2.78—2.97 (4H, m), 3.02—3.18 (2H, m), 3.36 (1H, d, J=13 Hz), 3.48 (1H, d, /=13 Hz), 3.76 (3H, 5), 3.98—4.15 (4H, m), 4.24—4.37 (1H,
m), 6.68—6.96 (5H, m), 7.08—7.31 (3H, m)

27 1.89—2.14 (2H, m), 2.16—2.35 (2H, m), 2.37—2.63 (2H, m), 2.77 (3H, ), 2.69—3.00 (5H, m), 3.21—3.40 (1H, m), 3.78 3H, s),
3.80—4.09 (2H, m), 4.15—4.29 (1H, m), 6.65—6.98 (SH, m), 7.11—7.30 (3H, m)

28 1.72—2.13 (3H, m), 2.16—2.32 (2H, m), 2.42—2.59 (1H, m), 2.75—2.98 (4H, m}, 3.18—3.42 (2H, m), 3.65—3.82 (1H, m), 3.76 3H, s),
3.98—4.17 (2H, m), 6.65—6.92 (5H, m), 7.06—7.25 (3H, m)

29 1.75—2.14 (7H, m), 2.56 (2H, t, J=11Hz), 2.70 (3H, s), 2.78—2.97 (4H, m), 3.47 (2H, d, J=11Hz), 3.79 (3H, 5), 4.02 2H, t, J=5.9 Hz),
6.71—6.96 (5H, m), 7.10—7.30 (3H, m)

30 1.42—1.65 (1H, m), 1.93—2.12 (1H, m), 2.23—2.57 (3H, m), 2.59—2.79 (1H, m), 2.81—2.98 (4H, m), 2.82 (3H, ), 3.38—3.70 (2H, m),
3.78 (3H, s), 4.93—5.17 (1H, m), 6.68—6.82 (3H, m), 6.94 (1H, t, J=7.3 Hz), 7.00—7.29 (4H, m)

31 1.85—2.63 (6H, m), 2.77—2.94 (SH, m), 2.74 (3H, s), 3.25—3.41 (1H, m), 3.75—3.89 (1H, m), 3.80 (3H, 5), 3.91—4.05 (IH, m),
4.17—4.28 (1H, m), 6.80—6.97 (4H, m), 7.05—7.27 (4H, m)

329 1.90—2.14 (2H, m), 2.16—2.37 (2H, m), 2.40—2.63 (2H, m), 2.70—2.95 (SH, m), 2.78 (3H, 5), 3.19—3.37 (1H, m), 3.79 (3H, ),
3.82—4.08 (2H, m), 4.15—4.29 (1H, m), 6.77—6.88 (3H, m), 6.92 (1H, t, J=7.6 Hz), 7.01—7.24 (4H, m)

33 1.40 (3H, t, J=7.3Hz), 1.86—2.13 (2H, m), 2.15—2.36 (2H, m), 2.39—2.62 (2H, m), 2.65—2.99 (5H, m), 2.71 (3H, s), 3.21—3.40 (1H, m),
3.79—4.10 (2H, m), 4.02 (2H, q, J=7.3 Hz), 4.15—4.32 (1H, m), 6.78—6.98 (4H, m), 7.04—7.25 (4H, m)

34 1.39 (3H, t, J=7.3 Hz), 1.90—2.14 (2H, m), 2.17—2.38 (2H, m), 2.40—2.64 (2H, m), 2.68—2.97 (5H, m), 2.78 (3H, s), 3.22—3.41 (1H, m),
3.80—4.08 (2H, m), 4.00 (2H, g, J=7.3 Hz), 4.16—4.30 (1H, m), 6.65—6.79 (3H, m), 6.84 (1H, d, J=7.9Hz), 6.93 (1H, t, /=7.9Hz),
7.11—7.28 (3H, m)

35 1.40 (3H, t, J=7.2 Hz), 1.89—2.14 (2H, m), 2.17—2.38 (2H, m), 2.41—2.65 (2H, m), 2.70—2.99 (5SH, m), 2.76 (3H, s), 3.18—3.37 (1H, m),
3.82—4.09 (2H, m), 4.01 (2H, q, /=7.2 Hz), 4.15—4.31 (1H, m), 6.76—6.88 (3H, m), 6.92 (1H, t, J=7.3 Hz), 7.04 (2H, d, J=8.6 Hz),
7.10—7.25 (2H, m)

36 1.91—2.13 (2H, m), 2.17—2.35 (2H, m), 2.38—2.60 (2H, m), 2.72—3.07 (SH, m), 2.78 (3H, s), 3.29—3.48 (1H, m), 3.82—4.03 (2H, m),
4.10—4.22 (1H, m), 6.82 (1H, d, J=7.9 Hz), 6.94 (1H, t, J=7.6 Hz), 7.04—7.25 (5H, m), 7.31—7.40 (1H, m)

37 1.93—2.15 (2H, m), 2.19—2.38 (2H, m), 2.41—2.63 (2H, m), 2.72—2.97 (SH, m), 2.79 (3H, 5), 3.18—3.37 (1H, m), 3.81—4.06 (2H, m),
4.15—4.29 (1H, m), 6.84 (1H, d, J=7.9 Hz), 6.93 (1H, t, J=7.9 Hz), 6.95—7.05 (1H, m), 7.10—7.28 (SH, m)

38 1.92—2.14 (2H, m), 2.17—2.37 (2H, m), 2.41—2.65 (2H, m), 2.71—2.95 (1H, m), 2.77 (3H, s), 2.86 (4H, s), 3.13—3.31 (1H, m),
3.82—4.07 (2H, m), 4.12—4 28 (1H, m), 6.82 (1H, d,J=8.6 Hz), 6.92 (1H, t, J=7.6 Hz), 7.00—7.13 (3H, m), 7.16—7.31 (3H, m)

39 1.91—2.15 (2H, m), 2.19—2.38 (2H, m), 2.41—2.63 (2H, m), 2.70—2.98 (1H, m), 2.78 (3H, s), 2.88 (4H, s), 3.20—3.39 (1H, m),
3.82—4.06 (2H, m), 4.13—4.29 (1H, m), 6.77—6.98 (5SH, m), 7.08—7.30 3H, m)

40 1.92—2.16 (2H, m), 2.19—2.40 (2H, m), 2.44—2.68 (2H, m), 2.74—3.10 (5H, m), 2.79 (3H, 5), 3.19—3 .43 (1H, m), 3.82—4.10 (2H, m),
4.15—4.33 (1H, m), 6.85 (1H, d,J=7.9Hz), 6.93 (1H, t, J=7.3 Hz), 7.05 (1H, t, J=7.3 Hz), 7.11—7.42 (5H, m)

41 1.96—2.19 (2H, m), 2.21—2.42 (2H, m), 2.47—2.65 (2H, m), 2.77—2.99 (1H, m), 2.83 (3H, 5), 2.90 (4H, 5), 3.20—3.38 (1H, m),
3.85—4.09 (2H, m), 4.14—4.28 (1H, m), 6.85 (1H, d, J=7.9 Hz), 6.91 (1H, t, J=7.3 Hz), 7.06 (1H, d, J=7.3Hz), 7.21 (1H, t, J=7.9Hz),
7.30—7.44 (3H, m), 7.50 (1H, d, /=6.9 Hz)

2 1.88—2.14 (2H, m), 2.15—2.39 (2H, m), 2.33 (3H, s), 2.41—2.65 (2H, m), 2.68—2.97 (5H, m), 2.75 (3H, s), 3.20—3.41 (1H, m),
3.78—4.09 (2H, m), 4.18—4.30 (1H, m), 6.82—7.09 (5H, m), 7.13—7.32 (3H, m)

43 1.92—2.58 (6H, m), 2.65—3.10 (5H, m), 2.83 (3H, ), 3.16—3.43 (1H, m), 3.60—4.09 (3H, m), 6.57 (1H, d,/=7.3 Hz), 6.68—6.81 (2H, m),
6.92 (1H, t, J=7.3 Hz), 7.00 (1H, s), 7.05 (1H, t,J=7.9 Hz), 7.12—7.25 (2H, m)

48 0.84—1.02 (2H, m), 1.10—1.35 (4H, m), 1.40—1.50 (2H, m), 1.60—1.84 (SH, m), 2.02—2.68 (8H, m), 2.78—3.01 (1H, m), 2.86 (3H, s),
3.32-3.52 (1H, m), 3.83—4.07 (2H, m), 4.19—4.30 (1H, m), 6.83 (1H, d, /=8.3 Hz), 6.92 (1H, t, /=7.4 Hz), 7.13—7.22 (2H, m)

(5)-27  1.91—2.12 (2H, m), 2.15—2.36 (2H, m), 2.40—2.61 (2H, m), 2.67—2.99 (5H, m), 2.76 (3H, s), 3.20—3.37 (1H, m), 3.78 (3H, 5), 3.79—
4.04 (2H, m), 4.15—4.30 (1H, m), 6.65—6.78 (3H, m), 6.84 (1H, d, J=7.9 Hz), 6.93 (1H, t, /=7.9 Hz), 7.13—7.30 (3H, m)

(R)-27  1.89—2.14 (2H, m), 2.16—2.37 (2H, m), 2.40—2.63 (2H, m), 2.70—2.98 (SH, m), 2.77 (3H, 5), 3.21—3.40 (1H, m), 3.77 (3H, s),
3.79—4.06 (2H, m), 4.15—4.30 (1H, m), 6.65—6.80 (3H, m), 6.84 (1H, d, J=7.9 Hz), 6.93 (1H, t, J=7.3 Hz), 7.13—7.31 (3H, m)

(8)-629  1.75—2.16 (3H, m), 2.20—2.40 (1H, m), 2.74—3.01 (4H, m), 2.95 (3H, s), 3.03—3.22 (1H, m), 3.49—3.68 (1H, m), 3.72 (3H, s),
3.75—3.95 (1H, m), 4.23—4.46 (2H, m), 6.70—6.85 (3H, m), 6.91 (1H, t, J=7.3 Hz), 7.00 (1H, d, /=7.9 Hz), 7.13—7.28 (3H, m)

(5)-63  1.74—2.39 (8H, m), 2.58—3.20 (13H, m), 3.76 (3H. s), 3.67—4.11 (3H, m), 6.67-—6.95 (SH, m), 7.06—7.25 (3H, m)

a) Compounds 13, 17, and 19 were reported in reference 17.  4) In CDCl;+D,0. ¢) In DMSO-dg.
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orless oil. This oil was dissolved in EtOAc (5ml) and was treated with 4N
HCI in dioxane (0.63ml, 2.52mmol). The resulting solution was concen-
trated. The oily residue was dissolved in EtOAc (10 ml), and the solution
was allowed to stand at room temperature. The precipitate formed was col-
lected by filtration to give 18 (130 mg, 0.38 mmol, 24%) as colorless crys-
tals.

Other pyrrolidine derivatives (19, 31—43) were similarly prepared with
the exceptions of 27 which was prepared by method D, and 28 which was
prepared by method A.

2-[2-[2-[2-(3-Methoxyphenyl)ethyl]phenoxyl]ethyl]-1-methylpyrroli-
dine Hydrochloride (27) (Method D) DEAD (10.2ml, 65mmol) was
added to a solution of 2-[2-(3-methoxyphenyl)ethyl]phenol 4a (R'=3-OMe)
(10.6 g, 46.4mmol), 1-methyl-2-pyrrolidineethanol (8.4g, 65mmol) and
triphenylphosphine (17 g, 65 mmol) in CH,Cl, (200 ml) and the mixture was
stirred overnight at room temperature. The resulting solution was concen-
trated. The resulting residue was chromatographed on a silica gel column
(CH,Cl,/MeOH=10/1) to give 2-[2-[2-[2-(3-methoxyphenyl)ethyl]phe-
noxyl]ethyl]-1-methylpyrrolidine (5.7 g, 16.8 mmol, 36%) as a yellow oil.
This oil was dissolved in EtOAc (100 ml) and was treated with 4x HCI in
dioxane (5.0ml, 20mmol). The resulting solution was concentrated. The
oily residue was dissolved in EtOAc (150 ml), and the solution was allowed
to stand at room temperature. The precipitate formed was collected by filtra-
tion to give 27 (4.88 g, 13.0 mmol, 77%) as colorless crystals.

2-[2-[2-[2-(3-Methoxyphenyl)ethyl]phenoxyl]ethyl]pyrrolidine Hy-
drochloride (28) (Method A) To a solution of 2-[2-(3-methoxyphenyl)-
ethyl]phenol 4a (R'=3-OMe) (680mg, 2.98 mmol) in DMA (5ml) was
added ferr-BuOK (340 mg, 3.03 mmol) and the mixture was stirred at 0°C
for 10min. Then 1-fert-butoxycarbonyl-2-[2-(p-toluenesulfonyl)oxyethyl]-
pyrrolidine (1.20g, 3.25mmol) was added and the whole was stirred at
50°C for 1 h. The resulting suspension was diluted with EtOAc and washed
with H,O and brine. The organic layer was dried and concentrated. The re-
sulting residue was chromatographed on a silica gel column (benzene/
EtOAc=10/1) to give 1-tert-butoxycarbonyl-2-[2-[2-[2-(3-methoxyphenyl)-
ethyl]phenoxyl]ethyl)pyrrolidine (910 mg, 2.14 mmol, 72%) as a colorless
oil. This oil was dissolved in dioxane (Sml) and treated with 4N HCI in
dioxane (5 ml). The mixture was stirred at room temperature for 3 h and the
resulting solution was concentrated. The resulting residue was chro-
matographed on a silica gel column (CH,ClL,/EtOAc=10/1) to give 2-[2-[2-
[2-(3-methoxyphenyl)ethyl]phenoxyl]ethyl]pyrrolidine (510 mg, 1.57 mmol,
73%) as a colorless oil. This oil was dissolved in dioxane (5 ml) and treated
with 4N HCI in dioxane (0.50 ml, 2.0 mmol). The resulting solution was
concentrated. The oily residue was dissolved in EtOAc (10 ml), and the solu-
tion was allowed to stand at room temperature. The precipitate formed was
collected by filtration to give 28 (344 mg, 0.95mmol, 61%) as colorless
crystals.

2-(2-Benzyloxybenzyl)-1-cyclohexylethane-1-o0l (45) A solution of 2-
benzyloxybenzylchloride 44 (41.5g, 178 mmol) in THF (50 ml) was added
to a suspension of Mg (4.33 g, 178 mmol) and I, (trace) in THF (300 ml).
The mixture was stirred under reflux for 2h, and cooled to room tempera-
ture. Then cyclohexanecarboxaldehyde (10 g, 89 mmol) was added, and the
mixture was stirred overnight at room temperature. The reaction mixture
was poured into water and extracted with EtOAc. The organic layer was
washed with brine, dried and evaporated. The resulting residue was chro-
matographed on a silica gel column (EtOAc/hexane=1/19—3/17) to give 45
(17.9g, 57.7mmol, 65%) as a colorless oil. 'H-NMR (CDCL,) &: 0.97—1.32
(5H, m), 1.35—1.48 (1H, m), 1.56—1.93 (6H, m), 2.64 (1H, dd, J=9.2,
14Hz), 3.01 (1H, dd, /=3.0, 14Hz), 3.58—3.70 (1H, m), 5.09 (2H, s),
6.89—6.98 (2H, m), 7.16—7.47 (7TH, m).

1-Benzyloxy-2-(2-cyclohexylethyl)benzene (46) Triethylamine (4.36
ml, 31.3 mmol) was added to a solution of 2-(2-benzyloxybenzyl)-1-cyclo-
hexylethane-1-ol 45 (8.10 g, 26.1 mmol) in THF (200 ml) and the mixture
was stirred at room temperature for 15 min. Then thionyl chloride (2.23 ml,
31.3mmol) was added, the reaction mixture was stirred overnight at room
temperature, and was poured in water and extracted with EtOAc. The or-
ganic layer was washed with brine, dried and evaporated. The resulting
residue was chromatographed on a silica gel column (EtOAc/hexane=3/97)
to give 2-(2-benzyloxyphenyl)-1-chloro-1-cyclohexylethane (5.93g, 18.0
mmol, 69%) as a colorless oil. To a solution of this compound (5.60g, 17.0
mmol) and 2,2’-azobisisobutyronitrile (AIBN) (140 mg, 0.85mmol) in
toluene (50 ml) was added dropwise a solution of tributyltin hydride (5.95 g,
20.4 mmol) in toluene (10 ml). The reaction mixture was stirred under reflux
for 1h, and then the solvent was removed. The resulting residue was chro-
matographed on a silica gel column (hexane) to give 46 (4.51 g, 15.3 mmol,
90%) as a colorless oil. 'H-NMR (CDCL,) &: 0.81—0.99 (2H, m), 1.05—
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1.36 (4H, m), 1.40—1.82 (7H, m), 2.61—2.74 (2H, m), 5.08 (2H, s), 6.85—
6.95 (2H, m), 7.14 (2H, t, J=7.6 Hz), 7.26—7.49 (5H, m).

2-(2-Cyclohexylethyl)phenol (47) A solution of 1-benzyloxy-2-(2-cy-
clohexylethyl)benzene 46 (4.51 g, 15.3 mmol) in EtOH (50 ml) was hydro-
genated over 5% Pd-C (450 mg) at 60 °C for 4 h with stirring. The catalyst
was filtered away, and the filtrate was concentrated. The resulting residue
was chromatographed on a silica gel column (hexane/EtOAc=19/1—9/1) to
give 47 (2.92 g, 14.3mmol, 93%) as a colorless solid. 'H-NMR (CDCl,) &:
0.83—1.05 (2H, m), 1.09—1.39 (4H, m), 1.43—1.56 (2H, m), 1.60—1.87
(5H, m), 2.54—2.66 (2H, m), 4.69 (1H, s), 6.75 (1H, d, J=7.9 Hz), 6.86
(1H, t,J=7.9 Hz), 7.01—7.14 (2H, m).

2-[2-[2-(2-Cyclohexylethyl)phenoxy]ethyl]-1-methylpyrrolidine Hy-
drochloride (48) To a solution of 2-(2-cyclohexylethyl)phenol 47 (500
mg, 2.45 mmol) in DMA (10 ml) was added ferr-BuOK (549 mg, 4.89 mmol)
and the mixture was stirred at room temperature for 30min. 2-(2-
Chloroethyl)-1-methylpyrrolidine hydrochloride (450mg, 2.44 mmol) was
added, and the mixture was stirred at 60°C for 5h. 2-(2-Chloroethyl)-1-
methylpyrrolidine hydrochloride (80 mg, 0.43 mmol) was then added, and
the mixture was stirred overnight at room temperature. The resulting solu-
tion was diluted with EtOAc and washed with H,0 and brine. The organic
layer was dried and concentrated. The resulting residue was chro-
matographed on a silica gel column (CH,Cl,/MeOH=97/3) to give 2-[2-[2-
(2-cyclohexylethyl)phenoxy]ethyl]-1-methylpyrrolidine (350 mg, 1.11 mmol,
45%) as a colorless oil. This oil was dissolved in dioxane (4 ml) and was
treated with 4 N HCI in dioxane (0.83 ml, 3.32 mmol). The resulting solution
was concentrated. The oily residue was dissolved in EtOAc (10 ml), and the
solution was allowed to stand at room temperature. The precipitate formed
was collected by filtration to give 48 (243 mg, 0.69 mmol, 62%) as colorless
crystals.

(8)-1-Ethoxycarbonyl-2-hydroxymethylpyrrolidine (($)-50) To a so-
lution of (S)-2-pyrrolidinemethanol ($)-49 (13.86g, 137 mmol) in acetone
(80 ml) and H,O (80 ml) was added triethylamine (19.10 ml, 137 mmol) and
the mixture was stirred at 0 °C for 15 min. Then ethyl chloroformate (14.35
ml, 151 mmol) was added and the whole was stirred at room temperature for
6 h. The resulting mixture was concentrated and extracted with EtOAc and
washed with brine. The organic layer was dried and concentrated. The re-
sulting residue was chromatographed on a silica gel column (hexane/
EtOAc=3/7) to give (S)-50 (20.31 g, 117 mmol, 86%) as a colorless oil. 'H-
NMR (CDCly) 8: 1.28 (3H, t, J=7.3Hz), 1.48—1.67 (1H, m), 1.71—2.12
(3H, m), 3.27—3.43 (1H, m), 3.46—3.74 (3H, m), 3.86—4.07 (1H, m), 4.16
(2H, g, J=7.0 Hz), 4.46—4.65 (1H, m). [a], —53 ° (¢=1.60, CHCI,).

(S)-1-Ethoxycarbonyl-2-(p-toluenesulfonyloxymethyl)pyrrolidine
((S)-51) To a solution of (S)-1-ethoxycarbonyl-2-hydroxymethylpyrroli-
dine (S)-50 (20.84g, 120mmol) and p-toluenesulfonic anhydride (Ts,0)
(49.58 g, 152 mmol) in CH,Cl, (160 ml) was added triethylamine (21.17 ml,
152 mmol) and the mixture was stirred at room temperature for 2.5h. The
resulting mixture was diluted with CH,Cl, and washed with H,O and brine.
The organic layer was dried and concentrated. The resulting residue was
chromatographed on a silica gel column (hexane/EtOAc=13/7) to give (S)-
51 (34.51 g, 105 mmol, 90%) as a colorless oil. 'H-NMR (CDCl,) §: 1.05—
1.32 (3H, m), 1.70—2.09 (4H, m), 2.45 (3H, s), 3.23—3.48 (2H, m), 3.82—
424 (5H, m), 7.27—7.42 (2H, m), 7.77 (2H, d, J=8.6Hz). [a], —48°
(c=1.45, MeOH).

(5)-2-(Cyanomethyl)-1-ethoxycarbonylpyrrolidine ((5)-52) To a so-
lution of (S)-1-ethoxycarbonyl-2-( p-toluenesulfonyloxymethyl)pyrrolidine
(8)-51 (33.96 g, 104 mmol) in DMF (200 ml) was added NaCN (5.08 g, 104
mmol) and the mixture was stirred at 80 °C for 4.5 h. The resulting mixture
was diluted with EtOAc and washed with H,O and brine. The organic layer
was dried and concentrated. The resulting residue was chromatographed on
a silica gel column (hexane/EtOAc=3/1—13/7) to give (5)-52 (16.87 g, 92.6
mmol, 89%) as a yellow oil. 'H-NMR (CDCl,) &: 1.28 (3H, t, J=7.3 Hz),
1.76—2.30 (4H, m), 2.48—2.94 (2H, m), 3.35—3.61 (2H, m), 3.97—4.28
(3H, m). [a]p, —103° (c=1.54, MeOH).

(5)-1-Ethoxycarbonyl-2-(ethoxycarbonylmethyl)pyrrolidine ((5)-53)
To a solution of (§)-2-(cyanomethyl)-1-ethoxycarbonylpyrrolidine (S)-52
(16.84 g, 92.4mmol) in EtOH (20 ml) was added conc. H,SO, (7.78 ml, 139
mmol) and the mixture was stirred at 80 °C for 8 h. The resulting mixture
was diluted with EtOAc and washed with H,0, NaHCO; solution, and brine.
The organic layer was dried and concentrated. The resulting residue was
chromatographed on a silica gel column (hexane/EtOAc=3/1) to give (S)-53
(11.19 g, 48.8 mmol, 53%) as a colorless oil. "H-NMR (CDCly) 6: 1.26 (6H,
t, J=7.3 Hz), 1.70—1.96 (3H, m), 2.00—2.16 (1H, m), 2.31 (1H, dd, J=9.9,
15 Hz), 2.74—3.03 (1H, m), 3.32—3.51 (2H, m), 4.05—4.26 (1H, m), 4.13
(4H, q, J=7.3 Hz). [, —49° (¢=1.47, MeOH).
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(S)-1-Ethoxycarbonyl-2-(2-hydroxyethyl)pyrrolidine ((S)-54) A so-
lution of (S)-1-ethoxycarbonyl-2-(ethoxycarbonylmethyl)pyrrolidine (S)-53
(11.15 g, 48.6 mmol) in THF (20 ml) was added dropwise to a suspension of
LiAlH, (1.85g, 48.7mmol) in THF (30ml) at —10°C. The mixture was
stirred at —10°C for 1 h. To the resulting suspension was slowly added
Na,SO, decahydrate and the slurry was then stirred for 30 min. The insolu-
ble material was filtered away and the filtrate was concentrated. The result-
ing residue was chromatographed on a silica gel column (hexane/EtOAc=
3/7) to give (S)-54 (7.07 g, 37.8 mmol, 78%) as a colorless oil. '"H-NMR
(CDCl,) 6: 1.28(3H, t, J=7.3 Hz), 1.40—1.57 (1H, m), 1.59—1.80 (2H, m),
1.83—2.08 (3H, m), 3.29—3.44 (2H, m), 3.51—3.70 (2H, m), 4.06—4.27
(4H, m). []p, —41° (c=1.64, MeOH).

(S)-1-Ethoxycarbonyl-2-[2-( p-toluenesulfonyloxy)ethyl]pyrrolidine
((S)-55) To a solution of (S)-1-ethoxycarbonyl-2-(2-hydroxyethyl)pyrroli-
dine (S)-54 (7.05 g, 37.7mmol) and Ts,0 (15.98 g, 49.0mmol) in CH,CI,
(60 ml) was added triethylamine (6.82 ml, 48.9mmol) and the mixture was
stirred at room temperature for 2h. It was then diluted with CH,CI, and
washed with H,O and brine. The organic layer was dried and concentrated.
The resulting residue was chromatographed on a silica gel column (hexane/
EtOAc=3/2) to give (S)-55 (10.08 g, 29.5 mmol, 78%) as a colorless oil. 'H-
NMR (CDCL,) &: 1.22 (3H, t, J=6.9 Hz), 1.55—2.23 (6H, m), 2.45 (3H, s),
3.24—3.50 (2H, m), 3.78—3.92 (1H, m), 3.97—4.18 (4H, m), 7.35 (2H, d,
J=8.6Hz), 7.79 (2H, d, /=79 Hz). [a];, —18° (¢=0.97, MeOH).

(S)-1-Ethoxycarbonyl-2-[2-[2-[2-(3-methoxyphenyl)ethyl]phenoxy]-
ethyl]pyrrolidine ((§)-61) (rn=2) To a solution of 2-[2-(3-methoxy-
phenyl)ethyl]phenol 4a (R'=3-OMe) (4.86g, 21.3 mmol) in DMA (30 ml)
was added fert-BuOK (2.63 g, 23.4 mmol) and the mixture was stirred at
0°C for 15min. Then a solution of (S)-1-ethoxycarbonyl-2-[2-( p-toluene-
sulfonyloxy)ethyl]pyrrolidine (S)-55 (8.0g, 23.4mmol) in DMA (20ml)
was added and the whole was stirred at room temperature for 4 h. The result-
ing suspension was diluted with EtOAc and washed with H,O and brine. The
organic layer was dried and concentrated. The resulting residue was chro-
matographed on a silica gel column (hexane/EtOAc=3/1—13/7) to give (S)-
61 (n=2) (7.56 g, 19.0mmol, 89%) as a colorless oil. 'H-NMR (CDCl,) 8:
1.08—1.33 (3H, m), 1.75—2.09 (SH, m), 2.15—2.40 (1H, m), 2.80—2.98
(4H, m), 3.30—3.57 (2H, m), 3.78 (3H, s), 3.93—4.21 (5H, m), 6.69—6.92
(5H, m), 7.06—7.25 (3H, m). [], +4.4° (c=1.33, MeOH).

(8)-2-[2-[2-[2-(3-Methoxyphenyl)ethyl]phenoxyl]ethyl]-1-methyl-
pyrrolidine Hydrochloride ((S)-27) A solution of (S)-1-ethoxycarbonyl-
2-[2-[2-[2-(3-methoxyphenyl)ethyl]phenoxy]ethyl]pyrrolidine (S)-61 (n=2)
(9.10 g, 22.9mmol) in THF (50 ml) was added dropwise to a suspension of
LiAlH, (2.61g, 48.7mmol) in THF (50ml). The mixture was refluxed for
1 h and then cooled. To the resulting suspension was slowly added Na,SO,
decahydrate and the slurry was then stirred for 1 h. The insoluble material
was filtered away and the filtrate was concentrated. The resulting residue
was chromatographed on a silica gel column (CH,Cl,/MeOH=9/1) to give
2-[2-[2-[2-(3-methoxyphenyl)ethyl]phenoxyl]ethyl]-1-methylpyrrolidine
(7.35g, 21.7mmol, 95%) as a colorless oil. This oil (7.19 g, 21.2 mmol) was
dissolved in dioxane (35 ml) and was treated with 4 n HCI in dioxane (15.9
ml, 63.6 mmol). The mixture was stirred at room temperature for 10 min,
then concentrated. The oily residue was dissolved in EtOAc, and the solution
was allowed to stand at room temperature. The precipitate formed was col-
lected by filtration to give colorless crystals (7.11 g, 18.9mmol, 89%). o],
—41° (c=1.64, MeOH).

(8)-1-Ethoxycarbonyl-2-formylpyrrolidine (($)-56) To a solution of
DMSO (6.85 ml, 96.5 mmol) in CH,Cl, (120 ml) was added oxalyl chloride
(8.42ml, 97 mmol) and the mixture was stirred at —60 °C for 5 min. (S)-1-
Ethoxycarbonyl-2-hydroxymethylpyrrolidine (S)-50 (11.14 g, 64.3 mmol) in
CH,Cl, (30 ml) was then added and the mixture was stirred at —60 °C for 1
h. To the resulting solution was added triethylamine (26.89ml, 193 mmol)
and the mixture was stirred at —60 °C for 1 h. The resulting solution was di-
luted with CH,Cl, and washed with H,O and brine. The organic layer was
dried and concentrated, and the resulting residue was chromatographed on a
silica gel column (hexane/EtOAc=13/7) to give (S)-56 (8.67 g, 50.6 mmol,
79%) as a colorless oil. 'H-NMR (CDCl,) §: 1.22, 1.29 (each 3H, t, J=6.9
Hz), 1.72—2.23 (4H, m), 3.41—3.67 (2H, m), 4.05—4.32 (3H, m), 9.51,
9.59 (each 1H, s). [a], —80° (¢=1.46, MeOH).

(S)-1-Ethoxycarbonyl-2-(2-ethoxycarbonyl-1-ethenyl)pyrrolidine
(($)-57) A solution of (S)-1-ethoxycarbonyl-2-formylpyrrolidine (S5)-56
(4.00 g, 23.4mmol) and (carbethoxymethylene)triphenylphosphorane (8.95
g, 25.7mmol) in CH;CN (60 ml) was refluxed for 1 h. The resulting mixture
was cooled and then concentrated. The resulting residue was chro-
matographed on a silica gel column (hexane/EtOAc=3/1—7/3) to give (S)-
57 (5.51 g, 22.8 mmol, 98%) as a colorless oil. 'H-NMR (CDCl,) &: 1.12—

Vol. 48, No. 2

1.38 (6H, m), 1.70—1.95 (3H, m), 1.97—2.20 (1H, m), 3.33—3.59 (2H, m),
4.01—4.26 (4H, m), 4.38—4.61 (1H, m), 5.74—5.95 (1H, m), 6.73—6.93
(1H, m). [a], —96° (c=1.57, MeOH).
(S)-1-Ethoxycarbonyl-2-(2-ehtoxycarbonylethyl)pyrrolidine ((S)-58)
A solution of (S)-1-ethoxycarbonyl-2-(2-ethoxycarbonyl-1-ethenyl)pyrroli-
dine (5)-57 (5.48 g, 22.7 mmol) in EtOH (35 ml) was hydrogenated over 5%
Pd—C (550 mg) at 60 °C for 5h with stirring. The catalyst was filtered away,
and the filtrate was concentrated. The resulting residue was chro-
matographed on a silica gel column (hexane/EtOAc=3/1) to give (5)-58
(5.09 g, 20.9 mmol, 92%) as a colorless oil. "H-NMR (CDCl,) 8: 1.26 (6H, t,
J=73Hz), 1.29—1.39 (1H, m), 1.43—2.12 (SH, m), 2.23—2.44 (2H, m),
3.07—3.55 (2H, m), 3.70—3.96, 4.55—4.71 (ecach 1H, m), 4.13 (4H, q,
J=73Hz). [a], —33° (c=1.39, MeOH).
(S)-1-Ethoxycarbonyl-2-(3-hydroxypropyl)pyrrolidine (($)-59) A so-
lution of (§)-1-ethoxycarbonyl-2-(2-ethoxycarbonylethyl)pyrrolidine (S)-58
(5.06 g, 20.8 mmol) in THF (20 ml) was added dropwise to a suspension of
LiAlH, (789 mg, 20.8 mmol) in THF (40 ml) at —10°C. The mixture was
stirred at —10°C for 1h. To the resulting suspension was slowly added
Na,SO, decahydrate and the slurry was then stirred for 2h. The insoluble
material was filtered off and the filtrate was concentrated. The resulting
residue was chromatographed on a silica gel column (hexane/EtOAc=1/1)
to give (S)-59 (2.85 g, 14.2 mmol, 68%) as a colorless oil. 'H-NMR (CDCl,
+D,0) 8: 1.26 (3H, t, J=7.3 Hz), 1.33—2.05 (8H, m), 3.29—3.54 (2H, m),
3.58—4.01 (3H, m), 4.04—4.27 (2H, m). [&], —57° (¢=1.01, MeOH).
(S)-1-Ethoxycarbonyl-2-[3-( p-toluenesulfonyloxy)propyl)pyrrolidine
((5)-60) To a solution of (S)-1-Ethoxycarbonyl-2-(3-hydroxypropyl)pyrro-
lidine (S)-59 (2.83 g, 14.1 mmol) and Ts,0 (5.96¢g, 18.3 mmol) in CH,Cl,
(35ml) was added triethylamine (2.55 ml, 18.3 mmol) and the mixture was
stirred at room temperature for 2.5 h. The resulting mixture was diluted with
CH,CIl, and washed with brine. The organic layer was dried and concen-
trated. The resulting residue was chromatographed on a silica gel column
(hexane/EtOAc=13/7) to give (5)-60 (4.81 g, 13.5 mmol, 96%) as a color-
less oil. 'H-NMR (CDCl,) &: 1.23 (3H, t, J=7.3 Hz), 1.30—1.48 (1H, m),
1.52—2.01 (7H, m), 2.45 (3H, s), 3.23—3.54 (2H, m), 3.66—3.89 (1H, m),
3.94—422 (4H, m), 7.35 (2H, d, /=7.9Hz), 7.79 (2H, d, J=8.6 Hz). [cl],,
—35°(c=1.35, MeOH).
(S)-1-Ethoxycarbonyl-2-[3-[2-[2-(3-methoxyphenyl)ethyl]phenoxy]-
propyl]pyrrolidine (($)-61) (n=3) To a solution of 2-[2-(3-methoxy-
phenyl)ethyl]phenol 4a (R'=3-OMe) (800 mg, 3.50 mmol) in DMA (15 ml)
was added ferr-BuOK (433 mg, 3.86 mmol) and the mixture was stirred at
0°C for 15 min. A solution of (§)-1-ethoxycarbonyl-2-[3-( p-toluenesulfony-
loxy)propyl)pyrrolidine (S)-60 (1.37 g, 3.85 mmol) in DMA (7 ml) was then
added and the whole was stirred at room temperature for 3.5 h. The resulting
suspension was diluted with EtOAc and washed with H,O and brine. The or-
ganic layer was dried and concentrated. The resulting residue was chro-
matographed on a silica gel column (hexane/EtOAc=4/1) to give (5)-61
(n=3) (1.30g, 3.16mmol, 90%) as a colorless oil. '"H-NMR (CDCl,) &:
1.11—1.32 (3H, m), 1.47—2.07 (8H, m), 2.79—2.96 (4H, m), 3.26—3.56
(2H, m), 3.78 (3H, s), 3.84—4.17 (5H, m), 6.70—6.92 (5H, m), 7.06—7.25
(3H, m). [a]p —31° (¢=1.09, MeOH).
(S)-2-[3-[2-[2-(3-Methoxyphenyl)ethyl]phenoxyl]propyl]-1-methyl-
pyrrolidine Citrate (($)-63) A solution of (S)-1-ethoxycarbonyl-2-[3-[2-
[2-(3-methoxyphenyl)ethyl]phenoxy]propyl]pyrrolidine (S)-61 (n=3) (1.27
g, 3.09mmol) in THF (20ml) was added dropwise to a suspension of
LiAlH, (350 mg, 9.22 mmol) in THF (15 ml). The mixture was refluxed for 1
h and then cooled. To the resulting suspension was slowly added Na,SO,
decahydrate and the slurry was then stirred for 2 h. The insoluble material
was filtered away and the filtrate was concentrated. The resulting residue
was chromatographed on a silica gel column (CH,Cl,/MeOH=9/1) to give
2-[3-[2-[2-(3-methoxyphenyl)ethyl]phenoxyl]propyl]-1-methylpyrrolidine
(996 mg, 2.82 mmol, 91%) as a colorless oil. To a solution of this oil (880
mg, 2.49 mmol) in EtOH (5ml) was added citric acid (523 mg, 2.49 mmol)
and the mixture was stirred at room temperature for 2 h, then concentrated.
The oily residue was dissolved in EtOAc, and the solution was allowed to
stand at room temperature. The precipitate formed was collected by filtration
to give colorless crystals (1.30g, 2.38 mmol, 96%). [&], —12° (¢=1.30,
MeOH).
5-HT, Receptor Binding Assay The S-HT, receptor binding assay of
Leysen et al?" was employed with some modifications. It was performed
using the 5-HT, antagonist, [*H]ketanserin, as the *H-ligand and the cortex
as reported in ref 17.
D, Receptor Binding Assay The D, receptor binding assay of Kohler et
al.?® was employed with some modifications. It was performed using the D,
antagonist, [*H]raclopride, as the *H-ligand and the striatum as reported in
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ref 17.

o, Receptor Binding Assay The «, receptor binding assay of Green-
grass and Bremner®™ was employed with modifications. It was performed in
a similar manner to the 5-HT, receptor binding assay, except for the use of
the ¢, antagonist, [*Hlprazosin, as the *H-ligand.

B Receptor Binding Assay The B receptor binding assay of U’Prichard
et al? was employed with modifications. It was performed in a similar
manner to the 5-HT, receptor binding assay, except for the use of the f an-
tagonist, [*H]dihydroalprenolol (DHA), as the *H-ligand.

5-HT, Receptor Binding Assay The 5-HT, receptor binding assay of
Middlemiss® was employed with modifications. It was performed in a simi-
lar manner to the 5-HT, receptor binding assay, except for the use of the [*H]
5-HT as the *H-ligand.

5-HT,; Receptor Binding Assay The 5-HT, receptor binding assay of
Kilpatrick et al.*® was employed with modifications. It was performed in a
similar manner to the 5-HT, receptor binding assay, except for the use of the
5-HT, antagonist, ["H]JGR65630, as the *H-ligand.

5-HT-Induced Vasoconstriction Experiment Contractions of the rat
caudal arteries of Van Nueten et al.?” were employed with some modifica-
tions as reported in ref 17.

5-HT-Induced PRP Aggregation Preparation of Platelets: For in vitro
experiments, human blood was withdrawn by venepuncture from normal
volunteers, who had not taken any medication for a period of at least 10d.
For ex vivo experiments, blood was withdrawn from the left carotid artery of
pentobarbital (40 mg/kg, i.p.)-anesthetized male cats (American Shorthair,
Kasho, 2.5—3.6kg) before and 0.5, 1, 2, 4 and 6 h after intravenous admin-
istration of test compounds. Blood samples were collected into plastic sy-
ringes containing 3.8% trisodium citrate (1:9, v/v). The blood was cen-
trifuged, to obtain PRP, at 150Xg (human) and 120Xg (cat) for 15 min at
room temperature. Platelet-poor plasma (PPP) was obtained by centrifuga-
tion of the remaining blood at 2000Xg for 10 min. Platelet counts in PRP
were adjusted to 3 10%ml (human) and 2.5X 10%ml (cat) by adding PPP.

Measurements of Platelet Aggregation: All aggregation studies were per-
formed in a 6-channel aggregometer (NKK, Tokyo, Japan). The PRP was in-
cubated at 37°C for 1.5 min in the aggregometer, with stirring (1000 rpm),
followed by stimulation with 5-HT (10 um) combined with collagen
(0.125 pg/ml) for human platelets and 5-HT alone (4—8um) for cat
platelets. Changes in light transmission were recorded for 10 min after the
stimulation. The extent of aggregation was estimated by the percent of maxi-
mum increase in light transmission, with the PPP representing 100% trans-
mittance. In human platelet studies, test compounds dissolved in saline were
added to the PRP before agonist stimulation, and results were expressed as
ICs, values (™), the concentration produced a 50% inhibition.

Acknowledgments We wish to thank Miss Takako Nagasawa® for the
biological data, and Mrs. Megumi Akamatsu for the syntheses.

References and Notes
1) Present address: Patent Department, Sankyo Co., Ltd.

2)
3)
4

5)

7)
8)
9)
10)
11)
12)

13)
14)

15)
16)
17)

18)
19)

20)
21)
22)

23)
24)

25)
26)

27)

28)

255

Villalon C. M., De Vries P, Saxena P. R., Drug Discovery Today, 2,
294—300 (1997).

Martin G. R., Humphrey P. P. A., Neuropharmacology, 33, 261273
(1994).

Leysen J. E., Gommeren W., Van Gompel P., Wynants J., Janssen P. F.
M., Laduron P. M., Mol. Pharmacol., 27, 600—611 (1985).

Kennis L. E. J., Vandenberk J., Boey J. M., Mertens J. C., Van Heertum
A. H. M, Janssen M., Awouters F,, Drug. Dev. Res., 8, 133—140
(1986).

Blackburn T. P, Thornber C. W., Pearce R. J., Cox B., FASEB J, 2,
A1404 (1988).

Shannon M., Battaglia G., Glennon R. A ., Titeler M., Eur. J. Pharma-
col., 102, 23—29 (1984).

De Clerck F, David J.-L., Janssen P. A. J., Agents Actions, 12, 388—
397 (1982).

Van Nueten J. M., Fed. Proc., 42,223—227 (1983).

De Clerck F,, Herman A. G., Fed. Proc., 42, 228232 (1983).

De Clerck F, Van Nueten J. M., Reneman R. S., Agents Actions, 15,
612—626 (1984).

De Cree J., Leempoels J., Demon B., Roels V., Verhaegen H., Agents
Actions, 16, 313—317 (1985).

Fozard J. R., J. Cardiovasc. Pharmacol., 4, 829—838 (1982).

Cohen M. L., Fuller R. W, Kurz K. D., Hypertension, 5, 676—681
(1983).

Hara H., Osakabe M., Kitajima A., Tamao Y., Kikumoto R., Thromb.
Haemost., 65, 415—420 (1991).

Kikumoto R., Hara H., Ninomiya K., Osakabe M., Sugano M., Fukami
H., Tamao Y., J. Med. Chem., 33, 1818—1823 (1990).

Tanaka N., Goto R, Ito R., Hayakawa M., Ogawa T., Fujimoto K.,
Chem. Pharm. Bull., 46, 639—646 (1998).

Mitsunobu O., Synthesis, 1981, 1—28.

Mancuso A. J,, Huang S. L., Swern D., J. Org. Chem., 43, 2480—2482
(1978).

Fujimoto K., Tanaka N., Asai F, Ito T., Koike H., Eur. Pat. EP600717
(1994) [Chem. Abstr., 123, 169510k (1995)].

Leysen J. E., Niemegeers C. J. E., Van Nueten J. M., Laduron P. M.,
Mol. Pharmacology., 21, 301—314 (1982).

Kohler C., Hall H., Ogren S., Gawell L., Biochem. Pharmacol., 34,
2251—2259 (1985).

Greengrass P., Bremner R., Eur. J. Pharmacol., 55, 323—326 (1979).
U’Prichard D. C., Bylund D. B., Snyder S. H., J Biol. Chem., 253,
5090—5102 (1978).

Middlemiss D. N., Eur. J. Pharmacol., 101, 289—293 (1984).
Kilpatrick G. J., Jones B. J.,, Tyers M. B., Nature (London), 330, 746—
748 (1987).

Van Nueten J. M., Janssen P. A. J., Van Beek J., Xhonneux R., Ver-
beuren T. J., Vanhoutte P. M., J. Pharmacol. Exp. Ther., 218, 217—230
(1981).

Present address: Research Institute, Sankyo Co., Ltd.



256

Chem. Pharm. Bull. 48(2) 256—260 (2000) Vol. 48, No. 2

Structural Features for Fluorescing Present in Methoxycoumarin

Derivatives

Akira TAKADATE, ** Toshinobu Masupa,” Chiyomi MuUraTta,* Miki SHiBuYA,” and Akihiko IsoBE®

Daiichi College of Pharmaceutical Sciences,* Minami, Fukuoka 815-8511, Japan and Laboratory of Chemistry, Gunma
Prefectural Women's College, Tamamura, Sawagun, Gunma 370-1100, Japan.

Received August 24, 1999; accepted October 22, 1999

Structural features of fluorescent methoxycoumarins were examined from the viewpoint of substituent effect
and ring structure in connection with intramolecular charge-transfer (ICT). The fluorescence of methoxy-
coumarins depended primarily upon the ICT from a C¢-electron-donating group to the substituents at the C;-po-
sition of the coumarin ring. Furthermore, the presence of a lactone ring itself, including a carbonyl group, cyclic
ether oxygen and ethylenic bond as partial ring structures, was found to be essential for fluorescing in methoxy-
coumarins according to the fluorescent behaviors of chemically deformed model compounds.

Key words methoxycoumarin; fluorophore; fluorescence emission mechanism; intramolecular charge-transfer

Fluorometric analysis is one of the most sensitive methods
for detecting organic and/or inorganic compounds, and there-
fore it has been widely used in many scientific fields with im-
proving analytical instruments such as high-performance lig-
uid chromatography (HPLC), capillary electrophoresis (CE),
and the like. However, as most compounds in nature are not
fluorescent, it is necessary to give them fluorescence by re-
acting them chemically with fluorescent or fluorogenic mole-
cules. For this purpose, a great deal of effort has gone into
the development of fluorescence derivatization reagents
using various fluorophores. At the stage of molecular design,
having sufficient information on the relationship between the
chemical structures and fluorescence characteristics of fluo-
rophores should facilitate the development of the reagents.

Recently, Imai and co-workers established a method of
predicting the fluorescent behaviour of benzofurazane com-
pounds, some of which are commonly purchased as fluores-
cence derivatization reagents, from a standpoint of the Ham-
mett’s substituent effects” and by semi-empirical molecular
orbital calculations.?

In a previous paper,” we have also reported the fluores-
cence characteristics of methoxycoumarins, some of which
have been utilized as the fluorophores of the analytical
reagents,? as well as benzofurazanes. Next, the structural
features of strongly fluorescing methoxycoumarins were dis-
cussed in connection with their spectroscopic properties
based on intramolecular charge-transfer (ICT) from the sub-
stituents to a coumarin ring.

Now, this paper describes the fluorescence characteristics
of methoxycoumarins in further detail by means of additional
substituent effects, and the conclusive and reductive chemical
conversion of coumarins, because an adequate understanding
of fluorophores is essential for the development of excellent
fluorescence reagents, as described above.

Experimental

Materials All chemicals were of reagent grade, unless noted otherwise.
The solvents (Luminasol) used for the fluorescence measurement were pur-
chased from Dojindo Laboratories (Kumamoto, Japan). Compounds 1a—k
were prepared by means of Knovenagel condensation of 4,5-dimethoxysali-
cylaldehyde with the corresponding active methylene compounds, according
to the methods described in the literature.”~'?

Typical synthetic procedures, as well as physical and spectral data of un-
known compounds, were as follows:

1f: Yield 45%, mp 216—217°C. '"H-NMR (CDCly) &: 3.93, 3.96 (3H, s,

* To whom correspondence should be addressed.

Cs , C;-OCH,), 6.88 (1H, s, Cs-H), 6.98 (1H, s, C¢-H), 8.37 (1H, s, C,-H),
10.22 (1H, s, C;-CHO). MS m/z: 234 (M™).

1h: Yield 26%, mp 167—168 °C. 'H-NMR (CDCl,) 8:3.94, 3.98 (3H, s,
Cs> C,-OCH,), 6.89 (1H, s, Cs-H), 6.90 (1H, s, Cy-H), 7.68 (1H, s, C,-H).
MS m/z: 354 (M™).

1j: Yield 69%, mp 293—294°C. '"H-NMR (CDCl,) 8: 3.97, 4.01 (3H, s,
Cs , C,-OCH,), 6.87 (1H, s, Cs-H), 6.89 (1H, s, Cg-H), 8.15 (1H, s, C,-H).
MS m/z: 231 (M™).

2a: A mixture of 2,5-dihydroxy-4-methoxybenzaldehyde'” (10 mmol) and
ethyl acetoacetate (10 mmol) in absolute ethanol was refluxed in the pres-
ence of a few drops of piperidine for 10 min. After cooling, the resulting
precipitates were recrystallized from ethanol to give 3-acetyl-6-hydroxy-7-
methoxycoumarin as yellow needles [mp 215—216°C. 'H-NMR (CDCl,) &:
2.71 (3H, s, C,-COCH,), 4.02 (3H, s, C;-OCH,), 5.63 (1H, s, C,-OH), 6.86
(1H, s, C-H), 7.11 (1H, s, Cg-H), 8.46 (1H, s, C,-H). MS m/z: 234 (M™)].
Acetylation of this compound with acetic anhydride in pyridine by the usual
method gave 2a as pale yellow needles. Yield 75%, mp 178—179°C. 'H-
NMR (CDCly) &8: 2.35 (3H, s, C,-OCOCH;,), 2.71 (3H, s, C;-COCH,3), 3.94
(3H, s, C,-OCH,), 6.91 (1H, s, Cs-H), 7.31 (1H, s, C¢-H), 8.45 (1H, s, Cy
H), 8.45 (1H, s, C,-H). MS m/z: 276 (M*).

Compound 2b was obtained in the same manner as that of 2a, other than
employing 3-acetyl-7-hydroxy-6-methoxycoumarin [mp 237—238°C. 'H-
NMR (CDCl,) 8: 2.71 (3H, s, C;-COCH,), 3.98 (3H, s, C,-OCH,), 6.42
(1H, s, C,-OH), 6.94 (1H, s, C¢-H), 6.97 (1H, s, Cs-H), 8.48 (1H, s, C,;-H).
MS m/z: 234 (M*)] derived from 2,4-dihydroxy-5-methoxybenzaldehyde.'”
Yield 83%, mp 213—215°C. 'H-NMR (CDCly) §: 2.37 (3H, s, Cr-
OCOCHj,), 2.73 (3H, s, C;-COCH,), 3.90 (3H, s, C,-OCH,), 6.91 (1H, s,
Cs-H), 7.31 (1H, s, Cg-H), 8.45 (1H, s, C,-H). MS m/z: 276 (M*).

2¢: A mixture of 2,5-dihydroxy-4-methoxybenzaldehyde (5 mmol) and 2-
(tosyloxymethyl)-15-crown-5-ether'® (5mmol) in anhydrous acetone (50
ml) was refluxed in the presence of K,CO, (5 mmol) for 72h, filtered and
evaporated to dryness under reduced pressure. The residue was extracted
with dichloromethane and then washed successively with water and satu-
rated sodium chloride solution. Evaporation of the solvent left an oil, 2-
hydroxy-4-methoxy-5-[2'-(15-crown-5)-methyleneoxy]benzaldehyde, which
was refluxed with ethyl acetoacetate (5mmol) and a catalytic amount of
piperidine in absolute ethanol (20ml) for 10 min without purification. The
resulting precipitates were recrystallized from ethanol to give yellow-green
needles of 2¢. Yield 35%, mp 148—150°C. 'H-NMR (CDCl,) &: 2.71 (3H,
s, C,;-COCH,), 3.64—4.20 (21H, m, C,~-OCH,-15-crown-5), 3.95 (3H, s, C;-
OCH,), 6.83 (1H, s, C;-H), 7.06 (1H, s, C-H), 8.46 (1H, s, C,-H). MS m/z:
466 (M™).

Compound 2d was prepared in the same manner as that of 2¢, other than
employing 2,4-dihydroxy-5-methoxybenzaldehyde. Yield 26%, mp 138—
140°C. 'H-NMR (CDCl,) 6: 2.71 (3H, s, C;-COCH,), 3.64—4.20 (21H, m,
C¢-OCH,-15-crown-5), 3.89 (3H, s, C,-OCH,), 6.91 (1H, s, Cs-H), 6.94 (1H,
s, Cg-H), 8.48 (1H, s, C,-H). MS m/z: 466 (M™).

Compound 3 was obtained by cyclic condensation of 4,5-dimethoxy-sali-
cylaldehyde with methylvinylketone in the presence of K,CO, in dioxane,
according to the methods of Rene and Vincenzo.' Yield 15%, mp 115—
116°C. 'H-NMR (CDCl,) 6: 2.38 (3H, s, C;-COCH,), 3.86, 3.88 (3H, s, Cy,
C,-OCH,), 4.97 (2H, s, C,-H,), 6.47 (1H, s, C¢-H), 6.68 (1H, s, C,-H), 6.84
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(1H, s, C,-H). MS m/z: 234 (M™).

Compound 4 was prepared by acetylation of 1,2-dihyro-6,7-dimethoxy-
naphthalene'® with acetic anhydride in the presence of aluminum chloride.
Yield 56%, mp 131—133°C. 'H-NMR (CDCl,) &: 2.43 (3H, s, COCH,),
2.57 (2H, t, C|-CH,), 2.78 (2H, t, C,-CH,), 3.90 (3H, s, OCH,), 3.92 3H, s,
OCH,), 6.73 (1H, s, C;-H), 6.78 (1H, s, C,-H). MS m/z: 232 (M*).

Compound 5 was prepared by the reaction of commercially available 3,4-
dimethoxybenzaldehyde with acetone according to the text.'® Yield 65%,
mp 71—74°C. '"H-NMR (CDCl;) &: 2.37 (3H, s, COCH,), 3.94 (6H, s,
OCH,), 6.56 (1H, d, olefinic-H), 6.88 (1H, d, C;-H), 7.08 (1H, s, C,-H), 7.11
(1H, d, C¢-H), 7.46 (1H, d, olefinic-H). MS m/z: 206 (M™).

Apparatus and Measurements The melting points were measured on a
Yanagimoto micro-melting point apparatus, and are uncorrected. 'H-NMR
were obtained with a JEOL JNM-GSX 500FT-NMR spectrometer using
tetramethylsilane as an internal standard. The following abbreviations are
used: s, singlet; d, doublet; t, triplet; and m, multiplet. The mass spectra
(MS) were taken with a JEOL JMS-DX303 spectrometer, using the electron
impact ionization (EI) mode at 70eV. The fluorescence spectra were taken
with a Hitachi F-4000 fluorescence spectrophotometer. Fluorescence quan-
tum yields were determined according to the method of Parker and Rees,'”
and the value (0.55) for quinine sulfate in 0.5M H,SO, was used as the stan-
dard.

Fluorescence Quenching Efficiences (FQE): These values were calculated
by means of the following equation: FQE (%)=(l,—1,,)/[,;X 100, where I,
and /, are the fluorescence intensities (Ex 387 nm, £Em 477 nm) of 2¢ or 2d
(5.0X107°Mm) in the absence and the presence of sodium acetate (5.0X
10~“m), respectively, in methanol solution.

Stability Constants'®): Measurements for the stability constants (Ks) were
made on a methanol solution of 2¢ or 2d (5.0X107%m) and sodium acetate
(5.0X107°—5.0X107>M). The Ks were estimated by the usual treatment of
Benesi-Hildebrand plots obtained from the changes in fluorescence intensi-
ties (Ex 387 nm, Em 477 nm).

Results and Discussion

Effects of Substituents at the C;-Position In a recent
publication,” we described that i) the arrangements of an
electron-donating group at the Cg-position and an electron-
withdrawing group at the C,-position on the coumarin ring
contribute predominantly to the fluorescence enhancement of
methoxycoumarins, ii) this enhancement can be appreciated
by approximating the relationship of two substituents at the
C¢- and the C;-positions to the para-position in the disubsti-
tuted benzene model, and also iii) additional structural fea-
tures of coumarins required for intense fluorescence include
diether bonds at both the C¢- and C,-positions, and an elec-
tron-withdrawing group at the C,-position, as shown in 3-
acetyl-6,7-dimethoxycoumarin with a quantum yield of 0.52.
On the basis of these structural requirements, 3-substituted-
6,7-dimethoxycoumarins, 1a—Kk, with two fixed methoxy
groups at the C;- and C,-positions were prepared to examine
the effects of the substituents at C;-position in this study. In
order to understand the contribution of these substituent
groups to the fluorescence characteristics, a suitable, easily
available parameter was searched for. As is distinct from the
condensed-ring compounds, such as pyrene and anthracene,
fluorescence characteristics of the heterocyclic compounds
such as coumarin and benzofurazane were attributed to the
electronic effects of substituents in the molecule. The Ham-
mett substituent constants (o, or 6,,)'” are practical parame-
ters used to estimate the electronic effect in the chemical re-
actions. Although these constants represent gross values, in-
cluding the polar effect, the resonance effect, and the solvent
effect, they seemed suitable for representing total electronic
effects. Thus, we tried to understand the fluorescence charac-
teristics of 3-substituted-6,7-dimethoxycoumarins using
Hammett o -values as suitable parameters. Fluorescence
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Table 1. Fluorescence Properties of 6,7-Dimethoxy-3-substituted Cou-

marins in Methanol
5 4
CHaomn
CH30O' 0~ .0

7
g 1 2

C"“;f’(f““d R FA,./nm (Ex A/nm)  RFI X
1a OH 487 (389) 91 —037
1b OCH, 437 (338) 32 —027
1c CH, 423 (339) 176 —0.17
1d HY 432 (344) 100 0
le OCOCH, 435 (344) 317 0.31
1 CHO 433 (345) 175 0.44
1g COOC,H, 458 (374) 458 0.45
1h 0S0,CF, 448 (355) 219 0.47
1 COCH,” 482 (382) 295 0.50
1j CN 465 (377) 530 0.66
1K NO, 443 (390) 6 0.78

a) Ref. 3. b) Ref. 19,

spectral data of 1a—k, together with Hammett o,,-values'®
are summarized in Table 1, where the relative fluorescence
intensities (RFI) are relative values against the fluorescence
intensity (100) of the standard compound, 1d. As shown in
Table 1, an increase in fluorescence intensities was observed
for le—j, substituted with electron-withdrawing groups
(0,=0.31—0.66), compared with that of 1d. However, non-
fluorescence was observed for 1k, with the stronger electron-
withdrawing nitro group (6,=0.78). On the other hand, com-
pounds 1a and b, which were introduced electron-donating
groups such as hydroxy- and methoxy groups at the C;-posi-
tion, showed a tendency to decrease in fluorescence intensity.
The fluorescence wavelengths of these compounds were also
shifted to longer wavelength regions, with increases in the
electron-withdrawing ability of substituents, except for 1a. It
was suggested from these results that the fluorescence of
such coumarins are subject to the ICT effect through a
push-pull system between C,- and C,-electron-donating
groups and electron-withdrawing groups on the lactone ring.
As can be seen in Hammett’s plots (Fig. 1) obtained from the
data in Table 1, the fluorescence intensities in general in-
creased with an increase in the electron-withdrawing ability
of substituents, but a nonlinear relationship was observed.
The fluorescence intensity of 1k was particularly low. This
drastic fall-off in fluorescence intensity may be ascribed to
the conversion of the planar ICT state to a conformer dis-
playing full charge separation, a twisted ICT state,”” which is
non-emissive in a polar solvent such as methanol, and by the
acceleration of ICT between the electron-donating methoxy
groups and the stronger electron-withdrawing C,-nitro group.
This is also supported by the fact that the fluorescence of 1k
is restored in less polar solvents such as benzene and chloro-
form. Furthermore, 'H-NMR spectroscopic study?" gave ad-
ditional information on the substituent effect from the stand-
point of the polarization of molecules in the ground state.
The plot of 'H-NMR chemical shifts of C,-H on the
coumarin ring in deuterated chloroform, and o,-values, gave
a positive correlation similar to that in Fig. 1, namely, the &
values of C,-H increased with an increase in the electron-
withdrawing ability of substituents at the C,-position (Fig. 2).
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Such downfield shifts apparently suggest an electron defi-
ciency at the C,-position caused by electron-withdrawing
substituents at the adjoined C,-position in the ground state.
From these results, the fluorescence of such coumarins was
found to be strongly dependent upon ICT between the elec-
tron-donating methoxy groups and the C;-substituents. How-
ever, the virtual fluorescence mechanism is apparently not so
simple.

Effects of Substituents at C¢- or C,-position To specify
the contribution of the position of the C,- or C,-electron-do-
nating groups to the fluorescence, 3-acetylcoumarin deriva-
tives, 2a—d, were prepared. Figure 3 shows the fluorescence
spectra of 2a,b, together with 1i for comparison. The fluores-
cence of 2a, a derivative of 1i whose C,-methoxy group was
replaced with an electron-withdrawing acetoxy group, was
quenched, and its blue-shifted spectrum resembled that of
7-methoxy-3-acetylcoumarin (FA_, 428nm).” In contrast
with 2a, a 7-acetoxy-compound, 2b, still held about 20% of
the fluorescence of 1i. This fact suggests that the strong fluo-
rescence of 1i is predominantly attributable to the ICT from
the C¢-methoxy group to the C;-acetyl group on the lactone
ring. This estimate was examined in further detail by em-
ploying the newly prepared crowned-coumarins, 2¢,d. The
15-crown-5 ether moieties introduced into C¢- or C;-posi-
tions of 2¢, d have been well known to form complexes with
Na* or K™ by the electrostatic interaction of their electron-
donating oxygens with metal cations.?? Therefore, this com-
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The concentration of coumarins; 1.0X107®M. Excitation wavelength: 382 nm for 1i,
375 nm for 2a, and 447 nm for 2b.

Fluorescence Spectra of 1i and 2a, b in Methanol at 25 °C

plexation event may prove the contribution of both electron-
donating groups at the C,- and C,-positions in the fluores-
cence of 1i, the same as the above substituent effect. In a re-
cent study concerning fluorescent sensors for metal ions,
photoinduced electron transfer (PET) has attracted attention
as a novel operating principle.”” A number of excellent fluo-
rescence signaling systems based on the PET mechanism
have been proposed. Among them, de Silva’s group has re-
ported a unique PET sensory system®” in which the ben-
zocrown unit can act not only as a receptor for metal ions but
also as an efficient fluorescence quencher for fluorophores
such as anthracene. More recently, Nishizawa et al. reported
a similar fluorescent PET sensor for metal ions using pyrene
as a fluorophore and benzo-15-crown-5 as a receptor for
metal ions and an electron donor (a fluorescence quencher of
pyrene monomer) for exciplex formation at the same time.>
However, aliphatic crown ether, the 15-crown-5 ether moi-
eties introduced into the C- or C,-positions of 2¢, d scarcely
quenched their fluorescence, suggesting no PET interaction
between the 15-crown-5 ether moieties and the coumarin flu-
orophore, as shown in Table 2. Thus, the effect of metal ions
on the fluorescence spectra of 2¢,d was examined in
methanol. The fluorescence intensities of 2¢,d in methanol
were, in fact, decreased with the addition of sodium or potas-
sium acetates. On the other hand, a corresponding derivative
1i, without a 15-crown-5 ether moiety, showed no change in
the fluorescence spectrum by adding these metal ions. This
indicates the formation of complexes of 2¢ and 2d with metal
ions. The fluorescence quenching of 2e¢,d is considered to
lower the electron-donating ability of C¢- or C,-substituents
because of the electrostatic interaction®” of electron-donating
oxygens on the crown ether with metal ions. FQE and stabil-
ity constants (log Ks) for 2¢,d are shown in Table 2. It was
noteworthy from the results that the stability constants of
2¢,d were almost comparable; nevertheless, a remarkable
difference in FQEs of 2¢ (16.9%) and 2d (10.3%) was ob-
served. This supports the foregoing estimate, that is, the fluo-
rescence in methoxycoumarins depends predominantly on
ICT from the Cg-electron-donating group to C;-electron-
withdrawing substituents on the lactone ring.

Effects of Lactone Ring Structure In addition to the
above substituents effects, the contribution of ring structures
to the fluorescence of this type of coumarin was examined
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Table 2. Fluorescence Spectral Properties of 1i, 2¢, and 2d in Methanol at
25°C in the Absence and Presence of Na*

0
{’0\_,0'7\\:&420

mCOCHS CHsomCOC}ﬁ
CHyO ) d Y0 )
2¢ C 2d

0 Q
N
Compound n
No FA . /nm (Ex Anm) @ (rel) FQE (%) logKs(Na™)
1i 479 (383) 100 — —
2¢ 480 (383) 99 16.9 3.03
2d 479 (385) 103 10.3 3.11
Table 3. Fluorescence Spectral Data of 1i, 3, 4, and 5 in Methanol
Compound Structural FA,, /nm (Ex A/nm) o,
No. formula
CH30. ~~COCHs
1i m 482 (385) 0.52
CH30’ 07~ Y0
CH30. COCHg
3 m 543 (375) 0.02
CHZ0’ (0]
CH30. COCH,
4 m’ 491 (369) 0.01
CHgO

CH30:©/\\/COCH3
5 CHO n.d. n.d.

n.d.: not detected.

from the viewpoint of the necessity of a carbonyl group and
ether oxygen on the lactone ring, and also on the ring itself.
For this purpose, compounds 3 (chromene type), 4 (dihy-
dronaphthalene type) and 5 (styrene type) were prepared.
Their fluorescence spectral data are listed in Table 3.

First, the contribution of a lactone carbonyl group to the
strong fluorescence of 1i was estimated from the fluores-
cence behaviors of 3 lacking a carbonyl group. As shown in
Table 3, the fluorescence quantum yield of 3 (¢=0.02) was
remarkably low in comparison with that of 1i (¢;=0.52).”
However, the FA,_,, (543nm) of 3 shifted to a much longer
wavelength region than that (482nm) of 1i, and also, the
emission color in the solution was distinct yellow in contrast
to the whitish blue of 1i. Thus, the presence of a lactone car-
bonyl group on 1i from these results is suggested to con-
tribute primarily to the fluorescence intensity. The remark-
able red shift in FA_,, of 3 may be attributed to the enhanced
ICT effect from the Cg,-methoxy group to the Cj-acetyl
group, due to the lack of a carbonyl group. This is also sup-
ported by the difference in FA_, s¥ of 6-methoxy-3-acetyl-
coumarin (506nm) and 7-methoxy-3-acetyl-coumarin (428
nm). The strong fluorescence of 1i, therefore, is presumed to
result from two different ICT routes, from the C¢- and C.-
electron-donating groups to either a lactone carbonyl or a C,-
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electron-withdrawing group. The former route may con-
tribute to the fluorescence intensity and the later to the fluo-
rescence wavelength. Further investigation, however, is re-
quired to elucidate these mechanisms.

Subsequently, compound 4, which converted a lactone
moiety into a cyclic ethylene structure, showed a lowered
quantum yield and slight red shift in FA_, compared with 1i,
and an additional lowering in quantum yield together with a
blue shift compared with the cases of 3. The fluorescence be-
haviors of 4 are considered to be due to the effect of a
slightly distorted cyclohexene ring. The fluorescence of 5 in
the absence of a lactone ring structure was no longer de-
tectable under the same conditions as the other compounds.
These results indicate the requirement of at least a ring struc-
ture, as can be seen in 3, as a part of the coumarin ring for
fluorescing. This chromene-type compound, 3, may also be
promising for use as a novel fluorophore for fluorescent
imaging because of emitting a distinct yellow.

Thus, such an approach to determing fluorescence charac-
teristics by chemical tools was found to be practically effec-
tive for establishing reagent design structural requirements
for various purposes.
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The inhibitory effects of various endogenous and synthetic compounds on the nitration and oxidation of 1-
tyrosine by peroxynitrite were examined. Nitrating and oxidizing activities were monitored by the formation of 3-
nitrotyrosine and dityrosine with a HPLC-UV-fluorescence detector system, respectively. Glutathione, serotonin
and synthetic sulfur- and selenium-containing compounds inhibited both the nitration and oxidation reaction of
L-tyrosine effectively. However, 5-methoxytryptamine, melatonin and o-lipoic acid only inhibited the nitration re-
action, and enhanced the formation of an oxidation product. This is important evidence that there are different
intermediates in the nitrating and oxidizing reactions of L-tyrosine by peroxynitrite. It was suggested that 5-
methoxytryptamine, melatonin and o-lipoic acid reacted only with the nitrating intermediate of peroxynitrite
and inhibited nitration of L-tyrosine. Actually, the DNA strand breakage, which is believed to be a typical reac-
tion of hydroxyl radical-like species, caused by peroxynitrite was not effectively inhibited by 5-methoxytrypta-
mine. 5-Methoxytryptamine, melatonin and o-lipoic acid were viewed as useful reagents for investigating the

mechanisms of damage by peroxynitrite in vitro.

Key words peroxynitrite; scavenger; melatonin-related compound; 5-methoxytryptamine; nitrotyrosine; synthetic selenium

compound

Reactive oxygen species are well-known and important
components of oxidative stress in several diseases. Recently,
nitric oxide and its oxidized species, called reactive nitrogen
species, have been suggested to be involved in the damage
caused by oxidative stress. Peroxynitrite (PN) is one of the
reactive nitrogen species, and is formed from nitric oxide and
superoxide in vivo."? This compound is a highly reactive ox-
idant and causes nitration on the aromatic ring of free tyro-
sine and protein tyrosine residues.” Since the nitration of ty-
rosine residues is a characteristic reaction of PN, the pres-
ence of nitrotyrosine in tissues or cell cultures is often used
as a marker of the production of PN. It was reported that PN
induced various oxidative damages, for example, LDL (low
density lipoprotein) oxidation, lipid peroxidation, DNA
strand breakage and so on.*~'® Additionally, the nitration of
tyrosine is assumed to prevent the phosphorylation of tyro-
sine residues in the substrate proteins of tyrosine kinase,'*'>)
and to affect tyrosine phosphorylation in the cell signal trans-
duction.'® This would suggest that the oxidizing and nitrat-
ing reactions of PN play pathological roles in the oxidative
stress. Although Pfeiffer and Mayer'” reported 3-nitrotyro-
sine formation by PN produced from nitric oxide and super-
oxide in vivo was below the detection limit of the HPLC
method, the scavenging of PN in assays involving tyrosin ni-
tration and oxidation in vitro is a useful research tool to pro-
vide information on the antioxidant profiles.

The nitration of tyrosine and other aromatic amino acids is
one typical reaction of PN, as reported by Van der Vliet ef
al."® and the formation of a fluorescent product assumed to
be dityrosine, as an oxidation product, was detected in the re-
action of L-tyrosine with PN. Various typical antioxidants
were reported to have inhibitory effects on the nitration of ty-
rosine.'®?) However, the inhibitory effects of typical antioxi-
dants on the oxidation reaction of peroxynitrite have not

* To whom correspondence should be addressed.

been evaluated. We have briefly communicated'® that 5-
methoxytryptamine (5MT) and a-lipoic acid (LA) are selec-
tive inhibitors for tyrosine nitration by PN, but not for oxida-
tive dityrosine formation. The details of this work and further
investigations of PN and its scavengers are described in this
paper. The formation of nitrotyrosine and dityrosine in the
reaction of L-tyrosine and PN was analyzed simultaneously,
and then the inhibitory effect of various endogenous com-
pounds and synthesized antioxidants was examined. A selec-
tive inhibitor for the nitration was applied to inhibit the PN-
caused DNA strand breakage.

Experimental

Chemicals 1-Tyrosine, 3,4-dihydroxy-pL-phenylalanine (DOPA), p-flu-
oro-L-phenylalanine, glutathione (reduced form), serotonin, L-cystine and di-
LA were purchased from Wako Pure Chemical Ind. (Osaka, Japan). 3-Nitro-
L-tyrosine, 5-MT, melatonin and 2-methyl-2-nitrosopropane (MNP) were
from Aldrich (Milwaukee, WI, U.S.A.). 5,5'-Dimethyl-1-pyrroline-N-oxide
(DMPO) was from LABOTEC Co., Ltd. (Tokyo, Japan). N-tert-butyl-c-
phenylnitrone (PBN) was from Sigma (St. Louis, MO, U.S.A.). Plasmid
pBR322 was purchased from Takara Shuzo Co., Ltd. (Shiga, Japan) and
Tris-Borate-EDTA (TBE) buffer was from Gibco BRL (Rockville, MD,
U.S.A.). All reagents used were of analytical grade.

Synthesis of Antioxidants (25,3R,4S)-N-ethylmercapto-3,4-dihydroxy-
2-hydroxymethylpyrrolidine (NEMP) (4) was obtained by hydrolysis of the
precursor compound synthesized as described previously.”” L-N-dithiocar-
boxyproline (DTCP) (3) was synthesized according to Shinobu et al?"
Briefly, L-proline (1.15 g) was dissolved in 7 ml of concentrated aqueous am-
monia solution in an ice bath. Carbon disulfide (1.2 eq) in a small amount of
ethanol was added to the L-proline solution at 0—4 °C dropwise. After the
reaction mixture had become a homogenous solution, it was lyophilized and
yielded pale orange powder (97.6%). The structures and purity of synthe-
sized NEMP and DTCP were confirmed by 'H- and '*C-NMR spectroscopy.
DTCP(NH,),: 'H-NMR (D,0) §: 1.84—1.96 (2H, m), 1.84—2.27 (2H, dm),
3.68—3.85 (2H, m), 4.69—4.73 (1H, m); *C-NMR (D,0) &: 24.20 (1),
31.05 (t), 55.20 (t), 69.00 (d), 179.72 (s), 205.32 (s). NEMP-HCl: 'H-NMR
(D,0) &: 2.68—2.90 (2H, m, CH,), 3.13—3.48 (3H, m), 3.48—3.83 (2H,
m), 3.85—4.05 (2H, m), 4.35—4.55 (2H, m); *C-NMR (D,0) &: 19.64 (),
57.01 (t), 58.14 (1), 59.30 (t), 69.78 (d), 70.76 (d); [ +36.5° (c=0.5,
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H,0)

(2R,3R,4S)-2-amino-3,4-dihydroxy-5-phenylselenopentan-1-ol (ADPP) (5)
and (25,4RS)-2-amino-4-phenylseleno-5-carboxybutan-1-ol (APCB) (6) were
also synthesized from the corresponding precursors,”**® and their structures
and purity were confirmed by 'H- and "*C-NMR spectroscopy. ADPP-HCl:
mp 137—140°C: 'H-NMR (D,0) §: 2.92—3.16 (2H, m), 3.31—3.46 (1H,
m), 3.54—3.67 (1H, m), 3.67—3.82 (2H, m), 3.85—4.00 (1H, m), 7.18—
7.35 (3H, m), 7.44—7.59 (2H, m); *C-NMR (D,0) §: 31.18 (t), 56.28 (d),
58.85 (1), 69.72 (d), 70.78 (d), 128.50 (d), 129.50 (s), 130.38 (d), 133.64 (d);
[e]?® +19.4° (¢=0.3, H,0). APCB-HCI (1:1 mixture): mp 167—170°C
(dec.); '"H-NMR (D,0) &: 1.85—2.14 (2H, m), 3.34—3.59 (2H, m), 3.61—
3.86 (2H, m), 7.22—7.42 (3H, m), 7.43—7.62 (2H, m); *C-NMR (D,0) &:
31.15 and 31.29 (t), 39.08 and 39.22 (d), 52.15 and 52.42 (d), 61.11 and
61.48 (1), 125.72 (s), 130.35 and 130.40 (d), 130.63 and 130.70 (d), 137.40
and 137.62 (d), 176.26 (s); [0]% —14.7° (¢=0.4, H,0).

PN Preparation PN was synthesized as an alkaline solution according
to Whiteman and Halliwell.'® Briefly, 1 ml of 1 M H,0, was mixed with 1 ml
of 1 M NaNO, in a glass tube under acidic conditions in an ice bath, and then
rapidly quenched with 2ml of 1.5M NaOH. The resulting solution was
slowly frozen with dry-ice/acetone and the top layer of the frozen solution
was collected. A concentrated peroxynitrite solution (25 to 126 mm) was ob-
tained. The concentration of the PN solution was determined photometri-
cally from the absorbance at 302 nm (e=1670m~'cm™"), and the prepared
PN solution was stored at —20 °C until used. The stock solution was diluted
to the desired concentration with 0.01 N NaOH after determining concentra-
tion of the solution photomettically, and used for experiments mentioned
below. Although unreacted hydrogen peroxide and sodium nitrite were as-
sumed to be present in the prepared PN solution, neither of these residual
reagents gave any oxidized or nitrated products in this system.

ESR Spin Trapping of Tyrosyl Radical The production of free radical
intermediates during the reaction of PN with L-tyrosine was measured by the
ESR-spin trapping method using MNP as a spin trapping reagent. Briefly, to
0.1 m phosphate buffer solution (pH 9.5) containing 1 mm L-tyrosine, 80 mm
MNP and 0.2mm diethylenetriaminepentaacetic acid (DTPA), 100 ul of
20mm PN solution (2mum as final concentration) was added. Immediately,
ESR spectra of the aliquot were measured at room temperature using a
9.5GHz ESR spectrometer (FE-2X, JEOL Co., Ltd., Tokyo, Japan). Mea-
surement conditions were as follows: microwave power: 10 mW, microwave
frequency: 9.45 GHz, modulation frequency and width: 100kHz and 0.8 G,
response and sweep time: 1.0's and 16 min/100 G, amp. gain: 2>X1000.

Reaction of PN with L-Tyrosine To the L-tyrosine (final 0 to 2 mm) so-
lution in 0.1 ™ sodium phosphate buffer (pH 7.4), PN (final 0 to 8 mm) was
added at 37°C. After 10min incubation at 37°C, p-fluorotyrosine (final
0.91 mm) was added to the reaction mixture as an internal standard, then an
aliquot of the mixture was analyzed with a HPLC-UV-fluorescence detector
system (TOSOH Corp., Tokyo). The HPLC conditions were as follows:col-
umn: TSK-GEL ODS 80-Ts 4.6X150 mm (TOSOH Corp.), mobile phase:
0.1 M potassium phosphate (pH 3.5), flow rate: 1.0 ml/min. The produced 3-
nitro-L-tyrosine and 2,2'-dityrosine were detected by monitoring the ab-
sorbance at 274 nm and the fluorescence at 410nm (ex. 295 nm), respec-
tively. The detected 3-nitro-L-tyrosine was quantified using a standard curve.
The formation of dityrosine was confirmed by comparing the retention time
and the excitation/fluorescence spectra of a detected peak with the enzymati-
cally synthesized authentic sample, as described previously.'” Percent
changes of the produced dityrosine were calculated from the fluorescence
peak area.

For the detection of dopa, the reaction mixture was analyzed by HPLC
with an electrochemical detector (TOSOH Corp.). The formation of dopa
was detected by monitoring the detector current at 550 mV of electrode po-
tential. The other HPLC conditions were the same as for the detection of 3-
nitrotyrosine and 2,2'-dityrosine.

Effects of Various Compounds on Nitrotyrosine and Dityrosine For-
mation In the presence of various concentrations of testing compounds, L-
tyrosine (1 mm) was incubated with PN (0.2 mum) at 37 °C for 10 min in neu-
tral buffer solution (pH 7.4). After the addition of fluorotyrosine as an inter-
nal standard, the formation of 3-nitro-L-tyrosine and 2,2'-dityrosine were es-
timated. When a testing compound showed inhibitory activity, its IC;, value
was determined for 3-nitro-L-tyrosine and for 2,2 -dityrosine formation.

Effects of 5-MT on PN-Induced Plasmid DNA Strand Scission DNA
strand scission of pBR322 plasmid by PN was detected in the presence and
absence of 5-MT with agarose gel electrophoresis and ethidium bromide
staining. Plasmid pBR322 (2.5 ul of 0.2 ug/ml solution, final 0.05 ug/ul)
and PN (2.5l of 0.2mm to 10 mm alkaline solution, final 0.05—2.5 mm)
were added to PBS (phosphate buffered saline solution) (5 i) in this order,
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Fig. 1. ESR Spectrum of Spin Adduct of MNP with Tyrosyl Radical

PN was added to the mixture of L-tyrosine and MNP in 0.1 M sodium phosphate
buffer (pH7.4).

and the solution was vortexed for 60s. For the inhibitory experiment on 5-
MT, 0.05 ug/ul of pBR322 and 1 mm PN were used. An aliquot of this reac-
tion mixture was loaded on 2% agarose gel with loading buffer (containing
bromophenol blue and sucrose). Electrophoresis was performed in TBE
buffer at 50V for 50 min using a Mupid electrophoresis system (Advance
Co., Ltd., Tokyo, Japan). After the electrophoresis, the gel was stained with
ethidium bromide (1 gg/ml) for 30 min and washed for 30 min, and then
three forms of pBR322 plasmid DNA, supercoiled (SC), open-circular (OC)
and linear (LN), were detected using a UV luminometer.

Results

Synthesized PN was mixed with L-tyrosine in sodium
phosphate buffer at neutral pH, and the products of the reac-
tion of L-tyrosine with PN were analyzed by HPLC with a
UV and fluorescence detector system. It was confirmed that
3-nitrotyrosine was formed as a major product in the reaction
mixture of PN and L-tyrosine, as reported.'” The formation
of 3-nitro-L-tyrosine was dependent on the concentration of
PN and L-tyrosine. The formation of a fluorescent product,'”
which was identified as 2,2’-dityrosine by comparing its re-
tention time and fluorescence spectra with the authentic sam-
ple prepared as described in Experimental, was also con-
firmed."”

To investigate the possibility of the formation of radical
species during the reaction of PN, the ESR-spin trapping
method was used. MNP was used for spin trapping of radical
species during the reaction of PN with tyrosine. In the case
of 1 mm L-tyrosine, 2mm PN and ca. 80 mm MNP at pH 9.5,
a triplet ESR signal (a¥=15.8G) was observed (Fig. 1),
while only a trace of the same ESR signal was detected at pH
7.4. From its hyperfine splitting constant, it was identified as
a MNP-tyrosyl radical adduct.”” This result showed that ty-
rosyl radical could be involved in the reaction of L-tyrosine
with PN. In the reaction of PN with tyrosine at pH 9.5, the
products were the same as those at pH 7.4 by HPLC analysis.
The same intermediates could be involved in the reaction
both at pH 7.4 and 9.5.

The inhibitory effects of the test compounds (Fig. 2), in-
cluding glutathione, synthetic selenium- and sulfur-contain-
ing compounds, and endogenous compounds, on the reaction
of PN with L-tyrosine were examined (Figs. 3, 4, Table 1).
The formation of 3-nitrotyrosine and 2,2'-dityrosine was de-
tected with UV absorption at 270nm and fluorescence at
410nm excited with 295nm light, respectively. All tested
compounds were water-soluble at the concentration tested
except melatonin, which was used after being well dispersed
in water by sonication. Glutathione, serotonin and synthetic
compounds, DTCP (3) and NEMP (4) effectively inhibited
both the formation of 3-nitrotyrosine and 2,2’-dityrosine, and
L-cystine had a very weak inhibitory effect on the 3-nitroty-
rosine formation.'” Synthetic compounds, ADPP (5) and
APCB (6), also inhibited the formation of 3-nitro-L-tyrosine
and 2,2'-dityrosine. In the case of 5-MT, melatonin and di-
LA, the formation of 2,2'-dityrosine was not inhibited, but
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The structures of endogenous and synthetic compounds used here are shown, except
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Fig. 4. [Inhibitory Effects of Synthetic Compounds on the Formation of 3-
Nitro-L-tyrosine and 2,2'-Dityrosine by PN

PN and L-tyrosine were mixed in sodium phosphate buffer at pH 7.4 in the presence
of various concentrations of test compounds. The formation of 3-nitro-L-tyrosine and
2,2'-dityrosine in the reaction mixture was detected. panel a: formation of 3-nitro-L-ty-
rosine, panel b: percent change of 2,2'-dityrosine fluorescence at 410 nm (ex. 295 nm).
open circles: DTCP, asterisks: NEMP, open squares: APCB, closed triangles: ADPP.

Table 1. Inhibitory Effects of Endogenous and Synthetic Compounds on
3-Nitro-L-Tyrosine and 2,2'-Dityrosine Formation

1C,, value (mm)
Compound

3-Nitro-L-tyrosine 2,2'-Dityrosine

melatonin, serotonin, glutathione and L-cystine.

3-Nitro-L-tyrosine (uM)

n
o

Compounds (mM)

N
(%)

25
a
15
10
3 4
0 —
0 1 2

% fluorescence

160
140
120
100
80
60
40
20

0 1 2
Compounds (mM)

160
140

d

Glutathione 0.04 0.042
Serotonin 0.08 0.055
L-Cystine — —h
5-MT (1) 0.44 _9
Melatonin 0.29 —9
dI-LA (2) 0.15 -
DTCP (3) 0.032 0.035
NEMP (4) 0.038 0.038
ADPP (5) 1.53 0.15
APCB (6) 0.50 0.37

a) The compound did not inhibit the formation more than 50%.

was not calculated.

b) The ICy, value
¢) The formation of 2,2'-dityrosine was enhanced.

n
o

120
100
80

60

40

20

0

0 1 2 0 1 2

Compounds (mM)

-
wv
o

)
% fluorescence

3-Nitro-L-tyrosine (uM)
w

[=]

Compounds (mM)

Fig. 3. Inhibitory Effects of Endogenous Compounds and DMPO on the
Formation of 3-Nitro-L-tyrosine and 2,2'-Dityrosine by PN

PN and (-tyrosine were mixed in sodium phosphate buffer at pH 7.4 in the presence
of various concentrations of test compounds. The formation of 3-nitro-L-tyrosine and
2,2'-dityrosine in the reaction mixture was detected. panel a and c: formation of 3-
nitro-L-tyrosine, panel b and d: percent change of 2,2'-dityrosine fluorescence at
410 nm (ex. 295 nm). closed circles: 5-MT, asterisks: melatonin, open triangles: dI-LA,
open squares: L-cystine, closed triangles: glutathione, closed squares: serotonin, open
circles: DMPO, inverted triangles: PBN.

rather enhanced, although 3-nitrotyrosine was significantly
inhibited.!” Melatonin also inhibited the formation of 3-ni-
trotyrosine without inhibiting the formation of 2,2'-dityro-
sine (Fig. 3). Thus, these three reagents are thought to be a
new type of inhibitor for the PN reaction because of their se-
lective inhibitory activity for the nitration. Although some

radical species may be involved in this reaction based on the
results obtained from the ESR experiment, the formation of
both 3-nitrotyrosine and 2,2'-dityrosine was little affected by
DMPO and PBN even at high concentration (>5 mm).

Without antioxidant compounds, a small amount of
DOPA, another oxidized product of L-tyrosine by PN, was
also detected in the reaction mixture using HPLC with an
electrochemical detector. When glutathione or DTCP was
used as the test compound, the amount of dopa detected first
increased and then decreased with increase in the concentra-
tion of the test compound (Fig. 5). The initial increase of
DOPA formation at a low concentration of test compound
was assumed to be due to inhibition of further DOPA oxida-
tion. When DOPA was treated with PN, a new product was
detected by HPLC, which was considered to be the oxidized
and polymerized product of DOPA. This dopa-derived prod-
uct was also detected in the reaction mixture of PN and L-ty-
rosine. In the presence of 5-MT and LA, however, the forma-
tion of dopa was not affected. This result also supports that
5-MT and LA are selective inhibitors for the formation of 3-
nitrotyrosine.

When the SC plasmid DNA was treated with 1 mm PN,
DNA strand scission was observed as reported,” but in this
concentration range, the SC form of DNA did not completely
disappear. The OC (single strand scission) and LN (double
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Fig. 5. The Formation of DOPA from L-Tyrosine with PN in the Presence
of Test Compounds

PN and L-tyrosine were mixed in sodium phosphate buffer at pH 7.4 in the presence
of various concentrations of test compounds. The formation of dopa in the reaction
mixture was detected using a HPLC-electrochemical detector. open circles: DTCP,
closed triangles: glutathione, closed circles: 5-MT, open triangles, d/-LA.
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Fig. 6. Effect of 5-MT on the Plasmid DNA Scission by PN

Plasmid DNA pBR322 treated with PN was analyzed in the presence (a) and absence
(b) of 5-MT by agarose gel electrophoresis and ethidium bromide staining. Three forms
of pBR322 plasmid DNA, SC, OC and LN, were detected using a UV luminometer.

strand scission) form of DNA was increased in a dose depen-
dent manner. This result showed that the DNA strands were
broken by PN although its effect was less strong. In the pres-
ence of 5-MT, DNA strand breakage by 1 mm PN was not in-
hibited at less than 2 mm, and was only partly inhibited even
at 5mm of 5-MT (Fig. 6), although the tyrosine nitration by
PN was effectively inhibited by 5-MT (ICs, value of 5-MT
for 0.2 mM peroxynitrite=0.48 mm).

Discussion

From the HPLC analysis, 3-nitro-L-tyrosine and 2,2’-dity-
rosine were confirmed to be produced from the reaction of
PN with L-tyrosine, indicating they are nitration and oxida-
tion products, respectively. The amount of 3-nitrotyrosine
formed was dependent on the concentration of PN and L-ty-
rosine. In the reaction of decomposed PN (dilution of PN in
phosphate buffer at pH 7.4 resulted in rapid decomposition
and this solution was used for the reaction with tyrosine in-
stead of PN) or nitrite anion with L-tyrosine, 3-nitrotyrosine
and 2,2’-dityrosine were not detected. In the case of hydro-
gen peroxide treatment, 3-nitrotyrosine was not detected, but
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a trace amount of dityrosine was formed. These results
showed that the formation of 3-nitrotyrosine and 2,2’-dityro-
sine was the result of the reaction with PN, not with residual
hydrogen peroxide, nitrate anion, or a decomposed product
of PN.

Although there was a report on the inhibitory effects of
glutathione and LA on tyrosine nitration,” the effects of an-
tioxidants on the formation of dityrosine have not been inves-
tigated. Therefore, we studied the inhibitory effects of en-
dogenous and newly synthetic potential antioxidants on the
nitration and oxidation reaction by PN simultaneously. The
formation of 3-nitrotyrosine by PN was effectively inhibited
by glutathione, serotonin, the tested synthetic dithiocarba-
mate, thiol and selenium-containing compounds. The forma-
tion of 2,2'-dityrosine was also inhibited at a low concentra-
tion of glutathione and tested synthetic compounds. Thus,
our synthetic compounds containing sulfur or selenium,
DTCP, NEMP, ADPP and APCB, were as effective for the in-
hibition of PN reaction as was glutathione.

In the case of 5-MT, melatonin and LA, the formation of
3-nitrotyrosine was inhibited depending on the concentra-
tion. However the 2,2'-dityrosine formation was not inhib-
ited, but rather increased at a lower dose. This result suggests
that 5-MT, melatonin and LA selectively inhibited the nitra-
tion reaction of PN, and that the nitration and oxidation by
PN proceeded, at least partly, vig different intermediates.
These endogenous compounds were selective scavengers for
the nitrating intermediate of PN.

From the spin trapping study, tyrosyl radicals were shown
to be formed in this reaction. This result supports the reac-
tion pathway whereby PN is converted to a radical interme-
diate, and then a tyrosyl radical intermediate produced. How-
ever, the radical pathway in this reaction was not assumed
to contribute much to the formation of nitrotyrosine and
dityrosine, because DMPO and PBN, typical spin trapping
reagents, did not affect their formation even at higher con-
centrations. Since dityrosine was thought to be formed by the
dimerization of tyrosyl radicals, it was assumed that PN
might react with tyrosine as a caged radical form such as
[ONO-...-OH] without releasing free hydroxyl radicals.’®
As described above, 5-MT, melatonin and LA inhibited only
the nitration reaction. If the nitration of L-tyrosine and the di-
tyrosine formation were carried out with the caged radical
species, the tyrosyl radical formation by -OH-equivalent
species and the addition of the NO,--equivalent species
should occur simultaneously for the nitrotyrosine formation.
In this case, it is unlikely that 5-MT, melatonin or LA is able
to inhibit the nitration of tyrosine selectively, because it is
impossible for these reagents to react only with the nitrating
NO, - -equivalent species in the caged radical pairs without
interacting with the - OH-equivalent species. Moreover, NO,-
also has the potential to subtract hydrogen atom from tyro-
sine to yield tyrosyl radicals. So, if 5-MT, melatonin or LA
scavenges NO,--equivalent species selectively, they have to
inhibit the formation of both nitrotyrosine and dityrosine.
From the results of the experiments with 5-MT, melatonin
and LA, it was suggested that there are at least partly inde-
pendent pathways to form 3-nitrotyrosine and 2,2'-dityro-
sine. It was assumed that 2,2'-dityrosine was formed from
the dimerization of tyrosyl radicals derived by a caged radi-
cal like [ONO-...-OH], and that 3-nitrotyrosine was formed
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via a non-radical pathway, that is, electrophilic addition of ni-
tronium cation, which may exist in a caged dipolar form such
as [ONO™...”OH].2® For the selective inhibition of the nitra-
tion, 5-MT, melatonin and LA may scavenge only the caged
dipolar intermediate.

In the reaction of plasmid DNA and PN, a SC form of
DNA was changed to an OC and LN form by PN treatment,
showing that PN caused DNA strand breakage, and suggest-
ing that PN could produce a -OH-equivalent intermediate.
However, the extent of the cleavage appeared to be weaker
than the effect of Cu(en),~H,0, system, which was estab-
lished to produce hydroxyl radicals,”” so PN may not pro-
duce a large amount of free hydroxyl radicals. In the pres-
ence of 5-MT, the extent of the OC and LN DNA formation
by PN was only slightly inhibited. This means that 5-MT had
little effect on the DNA cleavage by the - OH-equivalent in-
termediate of PN. This result suggested that 5-MT had no
scavenging effect on the - OH-equivalent intermediate of PN,
as in the case of the reaction of PN with L-tyrosine.

In this study, the inhibitory effects of synthetic and en-
dogenous compounds on the formation of 3-nitrotyrosine and
2,2'-dityrosine were investigated simultaneously. The syn-
thetic compounds tested efficiently inhibited both 3-nitro-L-
tyrosine and 2,2'-dityrosine formation, and 5-MT, melatonin
and LA were found to have a selective inhibitory activity for
the nitration reaction of PN. These results suggest that the ni-
tration and the oxidation by PN proceed at least in part sepa-
rately, and nitration-selective inhibitors, 5-MT, melatonin and
LA, should be very useful compounds to investigate reactive
nitrogen species (RNS). Further investigation of the func-
tional damage and modifications of protein tyrosine residues
by PN and the protective effects of the compounds found in
this study are in progress.

Acknowledgments Partial financial support by Grant-in-Aids for Scien-
tific Research (No. 10357021, 11771475) from the Ministry of Education,
Science, Sports and Culture, Japan, and a grant from the Cosmetology Re-
search Foundation are gratefully acknowledged. This study was performed
through Special Coordination Funds of the Science and Technology Agency
of the Japanese Government.

References
1) Beckman J. S., Beckman T. W,, Chen J., Marshall P. A., Freeman B.

2)
3)
4)
5)

6)

7

8)

9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)

20)
21)

22)
23)
24)
25)
26)

27)

265

A., Proc. Natl. Acad. Sci. US.A., 87, 1620—1624 (1990).

Huie R. E., Padmaja S., Free Radic. Res. Commun., 18, 195—199
(1993).

Whiteman M., Tritschler H., Halliwell B., FEBS Lett., 379, 74—76
(1996).

Darley-Usmar V. M., Wiseman H., Halliwell B., FEBS Lett., 369,
131—135 (1995).

Darley-Usmar V. M., Hogg N. O., Leary V. J., Wilson M. T., Moncada
S., Free Radic. Res. Commun., 17, 9—20 (1992).

White C. R., Brock T. A, Chang L. Y., Crapo J., Briscoe P, Ku D.,
Bradley W. A., Gianturco S. H., Gore J., Freeman B. A., Tarpey M.
M., Proc. Natl. Acad. Sci. US.A., 91, 1044—1048 (1994).

Salgo M. G., Bermudez E., Squadrito G. L., Pryor W. A., Arch.
Biochem. Biophys., 322, 500—505 (1995).

Squadrito G. L., Jin X., Pryor W. A., Arch. Biochem. Biophys., 322,
5359 (1995).

Radi R., Beckman J. S., Bush K. M., Freeman B. A., Arch. Biochem.
Biophys., 288, 481—487 (1991).

Radi R., Beckman J. S., Bush K. M., Freeman B. A., J Biol. Chem.,
266, 4244—4250 (1991).

King P. A., Anderson V. E., Edwards J. O., Gustafson G., Plumb R. C.,
Suggs J. W,, J. Am. Chem. Soc., 114, 5430—5432 (1992).

Pryor W. A,, Jin X., Squadrito G. L., Proc. Natl. Acad. Sci. US.A., 91,
11173—11177 (1994).

Van der Vliet A. O, Neill C. A., Halliwell B., Cross C. E., Kaur H.,
FEBS Lett., 339, 89—92 (1994).

Kong S. K., Yim M. B,, Stadtman E. R., Chock P. B., Proc. Natl. Acad.
Sci. US.A., 93, 3377—3382 (1996).

Gow A. J,, Duran D., Malcolm 8., Ischiropoulos H., FEBS Lett., 385,
63—66 (1996).

Li X., DeSarno P, Song L., Beckman J. S., Jope R. S., Biochem. J.,
331, 599—606 (1998).

Pfeiffer S., Mayer B., J. Biol. Chem., 273, 27280—27285 (1998).
Whiteman M., Halliwell B., Free Radic. Res., 25, 275—283 (1996).
Nakagawa H., Sumiki E., Tkota N., Matsushima, Y., Ozawa T., Antioxi.
Redox Signaling, 1, 239—244 (1999).

Ikota N., Hama-Inaba H., Chem. Pharm. Bull., 44, 587—589 (1996).
Shinobu L. A., Jones S. G., Jones M. M., Acta Pharmacol. Toxicol.,
54, 189—194 (1984).

Ikota N., Heterocycles, 29, 1469—1472 (1989).

Ikota N., Hanaki A., Chem. Pharm. Bull., 38, 2712—2718 (1990).
Barr D. D., Gunther M. R., Deterding L. J., Tomer K. B., Mason R. P,,
J. Biol. Chem., 271, 15498—15503 (1996).

Salgo M. G., Stone K., Squadrito G. L., Battista J. R., Pryor W. A,
Biochem. Biophys. Res. Commun., 210, 1025—10330 (1995).
Richeson C. E., Mulder P, Bowry V. W,, Ingold K. U., J. Am. Chem.
Soc., 120, 7211—7219 (1998).

Ozawa T., Hanaki A., J Chem. Soc., Chem. Commun., 1991, 330—
332.



266

Chem. Pharm. Bull. 48(2) 266—271 (2000) Vol. 48, No. 2

Synthesis and Structure Studies of Complexes of Some Second Row
Transition Metals with 1-(Phenylacetyl and Phenoxyacetyl)-4-

phenyl-3-thiosemicarbazide

Sahar I. Mostara™ and Magdy M. BEKHEIT

Chemistry Department, Faculty of Science, Mansoura University, Mansoura, Egypt.

Received August 27, 1999; accepted October 18, 1999

The synthesis of the new complexes of 1-phenylacetyl-4-phenyl-3-thiosemicarbazide (H,papts) and 1-phe-
noxyacetyl-4-phenyl-3-thiosemicarbazide (H,p,apts); [Ru(HL),(H,0),], [Rh(HL),], [Ag(H,L)(H,0),](NO,), trans-
{UO,(HL)(bipy)(AcO)(H,0),] (H,L=H,papts, H,p apts; bipy=2,2"-bipyridyl), [Ag(H,papts)(bipy)]* and [Pd-
(Hpapts)(bipy)]™ is described. Characterization of these complexes by IR, electronic and 'H-NMR spectra, con-
ductometric titrations and thermal analysis is included. The complexes [Ru(HL),(H,0),} were found to be effi-
cient catalysts for the oxidation of primary alcohols to aldehydes and acids, secondary alcohols to ketones and
aryl halides to aldehydes and acids in the presence of NalO, as co-oxidant.

Key words

Complexes of thiosemicarbazide and 1,4-substituted thio-
semicarbazides are of general interest as models for bioinor-
ganic processes.' > In our laboratory, many studies on tran-
sition metal complexes with thiosemicarbazide derivatives
have been reported.*~” As a part of continuing work on O,
N'? and O, N, $**!V donor ligands, complexes of 1-phenyl-
acetyl-4-phenyl-3-thiosemicarbazide (H,papts; Fig. la) and
1-phenoxyacetyl-4-phenyl-3-thiosemicarbazide ~ (H,p,apts;
Fig. 1b) with some second row transition elements are now
reported.

"We have earlier reported first row transition metal com-
plexes of H,papts” and H,p apts'" in which they behave as
neutral or mononegative bidentate and binegative tetradentate
ligands. Here we report the synthesis of the new complexes
of H,papts and H,p,apts with a number of second row transi-
tion elements. We also report their vibrational, electronic,
'"H-NMR spectral data, conductometric titrations and thermal
analysis. The catalytic oxidation of alcohols and aryl halides
by ruthenium complexes, [Ru(HL),(H,0),] (HL=Hpapts,
Hp,apts), in the presence of NalO, as co-oxidant is also dis-
cussed.

Experimental

H,papts and H,p,apts were prepared by the reported methods.

Instrumentation IR spectra were measured using KBr discs on a Matt-
son 5000 FT-IR spectrometer. The electronic spectra were measured on Uni-
cam UV2-100 UV-VIS spectrophotometer. Microanalyses were carried out
by the Microanalytical Unit, Cairo University, Egypt. 'H-NMR spectra were
measured on a Varian Gemini (200 MHz) spectrometer in National Research
Centre, Cairo. Thermogravimetry (TG) measurements were made in a nitro-
gen atmosphere between 20 and 800 °C with a rate of 10°C min™' using o-
Al O, as a reference on a Shimadzu thermogravimetric analyzer TGA-50 by
The Analytical Unit, Mansoura University. Conductometric measurements
were carried out at room temperature on YSI Model 32 conductance meter.

Preparation of Complexes [Ru(HL),(H,0),]-nH,O (HL=Hpapts,
n=0; HL=Hp,apts, n=1): Hydrated ruthenium trichloride (0.065¢g, 0.25
mmol) in EtOH (25ml) was added with stirring to H,papts (0.285¢g, 1
mmol) or H,p,apts (0.301 g, 1 mmol). The reaction mixture was boiled
under reflux for 2h and Im AcONa (5ml) was added. The fine brown
(H,papts) or pale brown (H,p,apts) complexes were filtered off, washed with
H,0, EtOH, Et,0 and air-dried.

[Rh(HL),]-2H,0 (HL=Hpapts, Hp,apts): Hydrated rhodium trichloride
(0.105g, 0.4mmol) in EtOH (10ml) was added to H,papts (0.43g, 1.5
mmol) or H,p,apts (0.452g, 1.5 mmol) in EtOH (20 ml). The mixture was
boiled under reflux for 2h to produce the yellow (H,papts) or orange

9,11)
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(H,p,apts) precipitates. These were filtered off, washed with EtOH, Et,0 and
dried in vacuo.

[Ag(H,L)(H,0),](NO,)-H,0 (H,L=H,papts, H,p,apts): Silver nitrate
(0.087 g, 0.5 mmol) in H,O (1 ml) was added to H,papts (0.143 g, 0.5 mmol)
or Hyp,apts (0.151 g, 0.5 mmol) in EtOH (10 ml) to give yellow (H,papts) or
orange-brown (H,p,apts) solids. These were left in the dark for 3 h, filtered
off, washed with little H,0, EtOH, Et,0 and dried in the dark in vacuo.

Trans-[UO,(HL)(bipy)(AcO)(H,0),]-nH,0 (HL=Hpapts, n=3; HL=
Hp,apts, n=0; bipy=2,2"-bipyridyl): Hydrated uranyl acetate (0.21g, 0.5
mmol) in MeOH (10 ml) was added to a MeOH solution of 2,2’-bipyridyl
(0.078 g, 0.5 mmol) and H,papts (0.143 g, 0.5 mmol) or H,p,apts (0.151 g,
0.5 mmol). The resulting solution was boiled under reflux for 3h in a steam
bath. The red-orange (H,papts) or yellow (H,p,apts) solutions were reduced
in volume until the precipitates separated out. These were filtered off,
washed with little MeOH and dried in a desicator over silica gel.

[Ag(H,papts)(bipy)]BPh,: AgNO; (0.087¢, 0.5mmol) in H,O (0.5 ml)
was added to 2,2'-bipyridyl (0.078 g, 0.5 mmol) in MeOH (25 ml) to form a
colorless solution, to which H,papts (0.143 g, 0.5 mmol) in MeOH (10 ml)
was added to produce a red-brown solution. NaBPh, (0.17 g, 0.5 mmol) in
MeOH (5 ml) was added and the precipitate was separated out. This was fil-
tered off, washed with a little H,O, MeOH, Et,0 and dried in the dark in
vacuo.

[Pd(Hpapts)(bipy)]BPh,: The complex [Pd(bipy)Cl,] was prepared by the
literature method.'” To a stirred suspension of [Pd(bipy)CL,] (0.17g, 0.5
mmol) in acetone (10 ml), H,papts (0.143 g, 0.5 mmol) and KOH (0.056 g, 1
mmol) in MeOH (10ml) was added. The mixture was stirred overnight.
NaBPh, (0.17g, 0.5mmol) in MeOH (5ml) was added to the resulting
brown solution. The complex was filtered off, washed with MeOH, Et,0 and
dried in vacuo.

Catalytic Oxidation For the catalytic oxidation by [Ru(HL),(H,0),]
(HL=Hpapts, Hp,apts) complexes, the organic substrate (1.0 mmol) was
added to NalO, (2.5 mmol) in CCl,~CH,CN-H,0 (1:1:2; 20ml) and the
catalyst (0.02 mmol). The reaction mixture was stirred under reflux at 70 °C,
then cooled and extracted with diethyl ether (3X20 ml). The etheral layer
was then dried with anhydrous Na,SO, and the aldehyde or ketone content
quantified as its 2,4-dinitrophenylhydrazone derivatives. The aqueous layer

|
R—C /NH\fi —C—H—ph
b
a R=Ph-CH,- (H;papts)

b R =Ph-O-CH,- (Hapyapts)

Fig. 1. Structure of I-(Phenylacetyl and Phenoxyacetyl)-4-phenyl-3-
thiosemicarbazide
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Table 1. Analytical and Spectroscopic Data of H,papts, H,p,apts and their complexes
Compound Found (Calcd) % IR data (cm™")
C H N S wC=0) U C=8)+VC—N) & (C=S)
H,papts 1687 1230, 760
[Ru(Hpapts),(H,0),] 51.03 4.66 11.63 8.93 — 2125, 730
(51.06) (4.54) (11.91) (9.08)
[Rh(Hpapts),] - 2H,0 55.00 4.50 12.61 9.56 — 1230, 760
(54.54) (5.65) (12.73) (9.70)
[Ag(H,papts)(H,0),]NO,-H,0 36.59 3.78 11.30 6.30 1649 1240, 745
(36.66) (3.87) (11.41) (6.52)
[UO,(Hpapts)(bipy)(AcO)(H,0),]- 3H,0 37.53 3.95 8.06 3.80 — 1230, 750
(37.72) (4.07) (8.15) (3.70)
[Ag(H,papts)(bipy)]BPh, 67.71 478 8.00 3.71 1650 1235, 750
(67.74) (4.95) (8.06) (3.69)
[Pd(Hpapts)(bipy)|BPh, 67.90 4.79 8.01 373 — 1215, 750
(67.95) (4.85) (8.09) (3.70)
H,p,apts 1670 1225, 747
[Ru(Hp,apts),(H,0),] - 2H,0 47.63 451 11.10 8.50 — 1230, 745
(47.68) (4.50) (11.13) (8.48)
[Rh(Hpapts),] - 2H,0 51.54 447 12.05 9.34 — 1225, 740
(51.98) (4.43) (12.13) (9.24)
[Ag(H,p,aptsy(H,0),]NO; - H,0 35.50 3.75 10.81 6.08 1650 1235, 748
(35.50) (3.75) (11.04) (6.31)
[UO,(Hp,apts)(bipy)(AcO)(H,0),] 39.42 3.86 8.59 3.85 — 1230, 760
(39.46) (3.76) (8.53) (3.90)
'H-NMR data (8/ppm)*’
Compound YC=N) WC-0) VN-N) vM-0) WM-N) CH, Phring N'H NH N*H
(s) (m) (s) s) (9
H,papts — — 990 — 355 7.1—75 1015 985 9.75
[Ru(Hpapts),(H,0),] 1610 1080 1000 530 400 3.60 7.1—75 — 10.0 9.85
[Rh(Hpapts),]-2H,0 1600 1080 1010 520 340 3.55  7.15—-76 — 995 985
[Ag(H,papts)(H,0),]NO,- H,0 — 1380° 1020 490 410 380  7.2--76 1060 102 100
[UO,(Hpapts)(bipy (AcO)(H,0),] - 3H,0 1600 1065 1015 910¢ 330
[Ag(H,papts)(bipy)]BPh, — — 1020 495 415 3.74 d 1040 102  10.05
[Pd(Hpapts)(bipy)]BPh, 1610 1067 1020 515 350 3.63 d — 10.0 9.9
H,p,apts — — 970 — — 350  69—74 1025 97 9.6
[Ru(Hp,apts),(H,0),] - 2H,0 1605 1070 1020 500 355 1.1—75 — 99 965
[Rh(Hp,apts),] - 2H,0 1610 1075 1020 500 415 3.68  7.1—7.6 — 9.9 9.7
[Ag(H,p apts)(H,0),]NO; - H,0 — 1383 1020 495 372 7.0—74 1043 101 98
[UO,(Hp,apts)(bipy)(AcO)(H,0),] 1260 1060 1005 900¢ 400

a) 'H-NMR spectra in CDCl; solution. ) WNO;). ¢) v*(UO,)and d) 'H-NMR band interferes with the tetraphenyl protons (complicated multiplet).

was acidified with 5m H,SO, to pH 2, extracted with diethyl ether (3X20
ml), dried and evaporated to give the acid.

Conductometric Titration To determine the stoichiometric ratios of
some of the studied complexes, conductometric titrations were carried out at
room temperature. 25cm® of 107>m RuCl; or RhCl, in EtOH, AgNO, or
AgNOy-bipy (1:1) in 99% EtOH , and K,PdCl,~bipy (1:1) in 80% EtOH
were titrated against 1072m Hypapts or H,p,apts in EtOH. The titrations
were carried out twice to test the reproducibility.

Results and Discussion

Preparations The ruthenium complexes [Ru(HL),(H,0),]
(HL=Hpapts, Hp,apts) were prepared from hydrated ruthe-
nium trichloride and the corresponding ligand in EtOH under
basic conditions while the rhodium complexes [Rh(HL),]
(HL=Hpapts, Hp,apts) were obtained from the reaction of
hydrated rhodium trichloride and H,L in EtOH. The com-
plexes [Ag(H,L)(H,0),J(NO;) (H,L=H,papts, H,p,apts)
were produced from very concentrated aqueous solu-
tion of AgNO, and H,L in EtOH while the ans-
[UO,(HL)(bipy)(AcO)(H,0),] complexes were prepared
from the reaction of uranyl acetate, bipy and H,L in MeOH.
The [Ag(H,papts)(bipy)]" complex was made from AgNO,,

bipy and H,papts in aqueous-EtOH solution while
[Pd(Hpapts)(bipy)]* was isolated from the reaction of
[Pd(bipy)Cl,] and H,papts in acetone-MeOH solution in the
presence of KOH.

Vibrational Spectra The IR spectral data of H,papts
and H,p,apts and a number of their complexes have been re-
ported.”'" In Table 1, the IR spectra of H,papts, H,p,apts
and their complexes are listed with provisional assignments
of selected vibrations. As expected, the free ligands exhibit
broad absorption bands near 2200 and 1950 cm ™' assigned to
the stretching and bending vibrations of intramolecular hy-
drogen bonding V(N(2)H.......... 0);'¥ these are not observed
in the spectra of any of the complexes, indicating the involve-
ment of the N(2) center in coordination.*>!'" This view is
further supported by the slight shift of the bands at ca.
3300—3150cm™' region and 990cm™! in the free ligands
and complexes owing to V(NH) and v(N-N) vibrations, re-
spectively.”

In the case of Ag(I) complexes, [Ag(H,L)(H,0),]* (H,L=
H,papts, H,p,apts) and [Ag(H,papts)(bipy)]”, the strong
bands near 1680cm™' in the free ligands arising from
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Fig. 2. Structure of [Ag(H,L)(H,0),]* (H,L=H,papts, H,p,apts) and

[Ag(H,papts)(bipy)]* Complexes

R
20 H20 1

T /o

\U\ ||

R =Ph-CH>- (H;papts)

R = Ph-O-CH:- (Hap.apts)

Fig. 3. Structure of [UO,(HL)(bipy)(AcO)(H,0),] (HL=Hpapts, Hp,apts)
Complexes

W(C=0) are affected upon coordination and shifted to lower
wave number, as expected since the carbonyl oxygen centers
are involved in coordination.'*!¥ This means that both
H,papts and H,p,apts behave as neutral bidentate ligands as
shown in Fig. 2. In the other reported complexes, the stretch-
ing vibrations W(C=0) of the free ligands are missing in the
complexes indicating the participation of the deprotonated
enolic carbonyl oxygen (=C-O7) in coordination. This fea-
ture is further supported by the observation of new bands
near 1600 and 1075cm™" due to WC=N)' and W(C-0)""
vibrations, respectively. In the uranyl complexes, trans-
[UO,(HL)(bipy)(AcO)(H,0),] (HL=Hpapts, Hp,apts), (Fig.
3) two extra bands are observed near 1540 and 1400 cm™' at-
tributed to v*(OCO) and v*(OCO) of the acetato group, re-
spectively, indicating asymmetric bidentate coordination of
the acetato group'® (A(OCO) between v*(OCO) and
v¥(OCO) is in the 140 cm ™' region'®). Also, the uranyl com-
plexes show strong IR bands near 900cm™' assigned to
v¥(UO,) of the trans-O=U=,0 group.'*'” When the hydro
complexes, [Ru(HL),(H,0),], [Ag(H,L)(H,0),]" and trans-
[UO,(HL)(bipy)(AcO)(H,0),] (HL=Hpapts, Hp,apts) were
heated up to 120 °C, no water molecules were removed indi-
cating their presence in the coordination sphere.” The IR
band near 750 cm™! in the free ligands arising from W(C=S)
vibrations remain more or less in the same position in the
complexes indicating that the thione group is not taking part
in complexation.”
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Table 2. Electronic Spectral Data for H,papts and H,p,apts Complexes

Electronic spectra®

Compound (Ayg/nm (£, dm* mol ™' cm™)

‘max’

H,papts
[Ru(Hpapts),(H,0),]
[Rh(Hpapts),] - 2H,0
[Ag(H,papts)(H,0),]NO,

518 (532), 430 (885), 305 (7075)
610 (490), 520 (5636), 410 (15760)
520 (661), 315 (18352)

[Ag(H,papts)(bipy)]" 515 (338), 308 (6916)
[Pd(Hpapts)(bipy)] ™ 480 (225), 330 (20067)
H,p,apts

[Ru(Hp,apts),(H,0),] ' H,0
[Rh(Hp,apts)3]- 2H,0
[Ag(H,p,apts)(H,0),]NO;

525 (437), 428 (1195), 310 (6877)
595 (65), 490 (250), 400 (1755)
534 (207), 300 (14010)

a) Spectra in DMSO solutions.

Most of the reported complexes show new bands near 510
and 380cm™' which may arise from V(M-0)"****" and
V(M-N)!%2223)  gtretching, respectively. The complexes,
[Ag(H,L)(H,0),](NO;) (H,L=H,papts, H,p,apts) show new
strong band at 1385cm”', which may be assigned to
V(NO, ") proving the presence of NO;™ as a free ion in these
complexes.*¥

Electronic Spectra The electronic spectra in dimethyl
sulphoxide for some complexes are given in Table 2.
The electronic spectra of [Ru(HL),(H,0),] (HL=Hpapts,
Hp,apts) show three bands near 520, 430 and 300 nm which
may arise from 'A,,—'T,,, 'A,,—~'T,, and ligand (7-d7) to
metal transitions, respectively, this indicates a low-spin octa-
hedral arrangement around the diamagnetic Ru(Il).>*> The
electronic spectra of [Rh(HL),] (HL=Hpapts, Hp,apts) ex-
hibit three bands observed in the regions 610—595, 520—
490 and 410—400 nm which may be assigned to 'A;,—~T .,
'A;,—'T,, and 'A|,—'T,, transitions, respectively, due to the
octahedral geometry around Rh(III).'*?**" The electronic
spectra of [Pd(Hpapts)(bipy)]" shows two bands at 480 and
330 nm due to 1Alg—>'Blg and ]Alg—>1Eg, transitions, respec-
tively, in a square planar configuration.”>>?® The electronic
spectra of silver(I) complexes show bands in the 540—510
and 330—300 nm regions, which may be attributed to square
planar stereochemistry.””

"H-NMR Spectra The 'H-NMR spectroscopic data of
H,papts and H,p,apts and some of their complexes in CDCI,
are given in Table 1, and are in close agreement with the re-
ported data.>'" In the free ligands, the aromatic protons ap-
pear in the § 7.1—7.5 ppm region.”**? The CH, protons give
a singlet at 6 3.55 ppm while the N(1)H, N(2)H and N(4)H
protons appear as singlets in the regions 6 10.40—10.15,
10.2—9.85 and 10.05—9.75 ppm, respectively; similar fea-
tures have been observed for the 1-morpholineacetyl-4-
phenyl-3-thiosemicarbazide (MPTSC).>"

In the complexes, the resonance arising from the N(1)H
proton disappears, whereas that arising from the N(2)H pro-
ton shifts to downfield” values indicating the chelation of the
ligands through the deprotonated enolic carbonyl oxygen
(=C-07) and the N(2) centers to the metal ion. The 'H-
NMR of [Ag(H,L)(H,0),]J(NOs) (H,L=H,papts, H,p,apts)
and [Ag(H,papts)(bipy)]" are of particular interest since the
N(1)H and N(2)H protons are shifted downfield indicating a
decrease in the electron density caused by the withdrawing of
electrons by Ag(l) from the coordinating centers.'”

Conductometric Titrations The conductance of a solu-
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Fig. 4. Conductograms of the Metal Salts with H,papts

tion, at a certain temperature, is affected by the mobility of
the ions present. Thus, the formation of a complex in a solu-
tion can be characterized by using conductometric titra-
tions.*” The composition of the complexes can be deter-
mined by studying the relation between the conductance
measured and the volume of ligand added to the metal ion
solution. The plots consist of some lines with different
slopes, each intersection gives a certain molar ratio of com-
plex formation.*®

Figures 4 and 5 show the relation between the conductance
of Ru(IIl), Rh(III), Ag(I), Ag(I)-bipy (1:1) and Pd(ID)-bipy
(1:1) and the added volumes of H,papts and H,p,apts, re-
spectively. It is clear that, the molar ratios M:L, M : 2L are
formed in all cases as well as M:3L in the case of Rh(III)
with both ligands and Ru(IIl) with H,papts. The continuous
increase in the conductance of the solution in successive ad-
ditions of the ligand may be owing to the liberation of highly
conducting hydrogen ions from the enolised hydroxyl center
during complex formation***> as supported from the IR
spectral data. The decrease in the conductance of metal ions

solutions with the ligand additions may be attributed to the
replacement of hydrogen ions of high conductivity by an-
other species with low conductivity.

Thermal Studies The thermal decompositions of
the complexes, [Ru(Hpapts),(H,0),], [Rh(Hp,apts),]-2H,0
and trans-[UO,(Hp,apts)(bipy (AcO)}H,0),] were studied
using the TG technique. The thermogram of the {Ru
{(Hpapts),(H,0),] complex shows firstly a weight loss en-
dothermic step between 170 and 312 °C, which may be cor-
responding to the release of the coordinated water molecules
and a phenylthiourido (C,H;N,S) fragment™*® (Found:
27.26; Caled: 26.52%). The second weight loss step (Found:
22.93; Calcd: 21.42%) between 321 and 410 °C may be at-
tributed to elimination of the phenylthiorido fragment from
the second ligand species while between 410 and 451°C, a
weight loss (Found: 16.88; Calcd: 16.59%) may arise from
the elimination of the phenylethylimio (CgH,N) fragment'?
from one ligand species. The last decomposition step at
521°C may consist of the formation of mixed carbide-
RuO, residue (Found: 28.34%). The TG curve of [Rh
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(Hp,apts);] - 2H,O shows the first weight loss between 80 and
170 °C, which may be due to the release of water molecules
(Found: 3.38; Calcd: 3.47%) while the endothermic weight
loss between 170 and 308 °C, which may be due to the re-
lease of two phenylthiourido fragments®*® (Found: 29.63;
Caled: 29.07%). There are two other TG inflections
in the ranges 308—332 and 351—404°C, the first weight
loss in these inflections may arise from the release of the
third phenylthiourido (Found: 14.95; Caled: 14.53%). The
last decomposition step may consist of the elimination of
two phenoxyethylimio fragments'” (Found: 25.63; Calcd:
25.60%), leaving Rh,0, representing (Found: 22.79; Caled:
24.43%).9 The thermogram of trans-[UO,(Hp,apts)(bipy)
(AcO)(H,0),] shows three TG inflections in the ranges
161-—345, 345—406 and 406—497 °C. The first weight loss
may arise from the release of the coordinated water mole-
cules and the phenylthiourido fragment''*® (Found: 22.46;
Caled: 22.77%) while the second step is attributed to the re-
moval of the acetate species’™® (Found: 6.98; Calcd:
7.18%). The last TG inflection may be corresponding to the
release of a half of the bipy molecule®” (Found: 9.08; Calcd:
9.50%) followed by mixed carbide-U, Oy residue formation at
505 °C (Found: 63.70%) of the initial weight of the complex.
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Table 3. Catalytic Oxidations by [Ru(HL),(H,0),] (HL=Hpapts, Hp,apts)
Complexes”

Subsirate [Ru(Hpapts),(H,0);] [Ru(Hp,apts),(H;0);]

Yield % Turn Over Yield % Turn Over

Benzyl alcohol 609, 14% 40.5
3 4-Dimethoxybenzyl alcohol 6879, 12% 40 730 4% S1
o-Tetralol 90" 45.5 93¢ 47
Benzohedrol 64 33 70k 36
Benzylchloride 429, 14 29 469, 10% 29
p-Methoxybenzylchloride 80", 16* 49 8474, 16> 51

AR L 52

a) Oxidation of alcohols were carried out for 3 h, those of aryl halides for 4 h, all at
70°C by using 0.02mmol of catalyst, 2.5mmol of NalO, (co-oxidant) in CCl,~
CH,CN-H,0 (1:1:2, 20 cm®), “corresponding aldehyde, *“corresponding acid, kcorre-
sponding ketone

Catalytic Oxidations We reported that the [Fe"
(papts)CI(H,0)] complex could oxidize primary alcohols
to aldehydes and secondary alcohols to ketones stoichiomet-
rically in dichloromethane at room temperature.” The cat-
alytic oxidation of alcohols by [Ru"'CL,(NQ)(EPh,),] (E=P,
As)* and [Ru"Cl,(acac)(PPh;),]*" using N-methylmorpho-
line-N-oxide (NMO) as co-oxidant in dichloromethane have
been reported. Furthermore, the catalytic oxidation of lower
valent ruthenium complexes in the presence of NMO*)
or hydroquinones—Co(salophen)(PPh,) (H,salophen=N,N'-
bis(salicylidene-o-phenylenediamine)* as co-oxidants to-
wards the oxidation of primary and secondary alcohols has
been investigated. It was found that primary and secondary
alcohols were oxidised to the corresponding carbonyl com-
pounds. We tested the reported ruthenium complexes
[Ru(HL),(H,0),] (HL=Hpapts, Hp,apts) for possible or-
ganic catalytic oxidations by taking 0.02 mmol of the catalyst
in CCl,—~CH,CN-H,0 (1:1:2) solution with NalO, (2.5
mmol) as co-oxidant with 1.0mmol of substrate, the reac-
tions being carried out for 3 h in the case of alcohols and 4 h
in the case of aryl halides, all at 70 °C. Aldehydes and ke-
tones were detected and quantified as 2,4-dinitrophenylhy-
drazone derivatives and acids isolated and weighed as such,
as shown in Table 3. Blank experiments were conducted
under similar conditions, but in the absence of complexes; in
all cases very small amounts of oxidation products were
found.
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Syntheses of (S)-chroman-2-carboxaldehyde congener 1 and (S)-chiral isoprene unit 3 were achieved based
on the enzymatic acetylation of (+)-chroman-2-methanol 6 and (%)-(2,3)-anti-2-methyl-3-(p-methoxyphenyl)-1,3-
propane diol 12, respectively. Synthesis of the side-chain part corresponding to (3R,7R)-3,7,11-trimethyldodecan-
1-0l 27 was achieved by the coupling reaction of (S)-3 and (R)-3,7-dimethyloctyl iodide 4. The Wittig reaction of
(3R,7R)-phosphonium salt 2 derived from (3R,7R)-27 and (S)-1 gave the olefin 28 which was subjected to cat-

alytic hydrogenation to afford (2R,4'R,8'R)-a~tocopherol.

Key words enantioselective acetylation; lipase; total synthesis; Vitamin E; (2R,4'R,8' R)-a-tocopherol

o-Tocopherol, a potent antioxidant and radical scavenger
in chemical and biological systems, has increasingly been re-
ceiving attention in clinical and nutritional applications in
human health. Therefore, attempts have been made to de-
velop an efficient and stereocontrolled synthesis of the nat-
ural form of a-Tocopherol.”’ In terms of synthetic strategy,
we considered the final carbon—carbon bond formation stage
of our approach as involving a Wittig coupling of the chiral
chroman-2-carboxaldehyde congener (5)-1 with the 15-car-
bon phosphonium salt (3R,7R)-2. The chiral chroman part
would be obtained based on the enantioselective acetylation
of the racemic chroman diol (*)-6. The synthetic strategy for
the side-chain moiety corresponding to the phosphonium salt
(3R,7R)-2 was based on the use of the chiral isoprene unit
(5)-3 in which the phenylsulfonyl group represents a reactive
function capable of coupling with a ten-carbon synthon such
as (3R)-3,7-dimethyloctyl iodide 4.% In this paper, we wish to
describe the syntheses of the chiral chroman aldehyde (S5)-1
and chiral isoprene unit (S)-3 based on enzymatic acetylation
and their application to the total synthesis of (2R,4'R,8'R)-0t-
tocopherol.

1) Synthesis of the Chiral Chroman Aldehyde (S)-1
Reduction of the commercially available (*)-chroman-2-car-
boxylic acid § with LiAlH, was reported to give the (*)-
chroman-2-methanol 6 in 42% yield.” In order to improve
the yield of (*)-6, the following four synthetic steps were
undertaken to afford (*+)-6 in 81% overall yield from (*)-5.

Me Me Me
H i
4R 8'R Me
Me (2R,4'R,8'A)-a-tocopherol
Me Me Me
4 . ‘\/\/E\/\)\
Phop” R TNR Me
(S Br (3R7R)-2
Me Me Me
H SO,Ph /\/:\/\)\
= 1po” g2 o R Me
(S)-chiral isoprene unit 3 (R)-4

Chart 1

* To whom correspondence should be addressed.

Esterification of (*+)-5 with CH,N, provided the correspond-
ing methyl ester (*)-7 (98% yield), which was treated with
benzyl bromide (BnBr) and K,CO, in acetone to give the
benzyl ether (*)-8 (93% yield). Reduction of (*)-8 afforded
an alcohol (*)-9 (99% yield) which was subjected to cat-
alytic hydrogenation to provide the desired (*=)-6 in 90%
yield.

From a screening experiment for (*)-6 using several kinds
of commercially available lipases, lipase PL-266 from Alcal-
genes sp. was found to be effective and the result is shown in
Table 1. When vinyl acetate was employed as the acylating
reagent (entry 1), (S)-acetate 10 (67% ee) and (R)-unchanged
6 (>99% ee) were obtained in 58% and 39% yields, respec-
tively. Deprotection of (5)-10 (67% ee) with LiAlH, gave the
(S)-6 (67% ee), which was repeatedly subjected to enzymatic
acetylation to provide (S)-10 (77% yield, >99% ee) and (R)-
6 (18% yield, 74% ee). The enantiomeric excess (ee) of the

Ri=H Ry=H ()5 ()9
a
E» Ri=H Ry=Me (2)-7 ()6

o
Ri=Bn Ry=Me (+)-8

Ry=Bn Rg=H
ol _
Ryi=H Rg=H

a; CH,N, b; BnBr/K,CO3, acetone c; LiAIH, d; Hy/20% Pd(OH),-C
Chart 2
Table 1
Me
HO.
vinyl acetate AR
()6 ———M8M8 = o OH 4+
PL-266 Me Me
(iso-Pr),0, 33°C Me
(R)-6
Entry Substrate (mg)  Time (h) Products (%, % ee)
1 (*£)-6 (788) 6 (R)-6 (39, >99) (§)-10(58,67)

2 (S)6(67%ee,422)? 4  (R)}-6(18,74)  (S)-10 (77, >99)

a) (S)-6 (67% ee) was obtained by the reduction of (§)-10 (67% ee) with LiAlH,.

© 2000 Pharmaceutical Society of Japan
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(R)-unchanged 6 was determined by HPLC analysis on a
Chiralcell OD column (250 mmXx4.6 mm), while that of (S)-
acetate 10 was confirmed by HPLC analysis of the corre-
sponding diol (5)-6 derived from the enzymatic product (S)-
10. The absolute stereochemistry of the unchanged 6 was de-
termined to be R-configuration by the fact that spectral data
of the unchanged 6 ([], +2.0 (c=1.0, CH,Cl,) correspond-
ing to >99% ee) were identical with those of the authentic
(5)-6Y ([a]p —2.36 (¢c=1.49, CH,Cl,) corresponding to 98%
ee) except for the sign of [a],. Thus, the absolute configura-
tion of (+)-6 was determined to be R and that of the acetate
10 was confirmed to be S. Thus obtained (S)-10 was sub-
jected to benzylation with benzyl bromide in the presence of
CsF to afford the corresponding benzyl ether (S)-11 (87%
yield), which was reduced with LiAlH, to provide the alco-
hol (5)-9 (94% yield). Swern oxidation of ($)-9 yielded the
corresponding aldehyde (S)-1 ([a], +12.6 (¢=0.99, CHCL,))
in 95% yield.

2) Synthesis of the Chiral Isoprene Unit (S)-3 The
optically active (2,3)-anti-2-methyl-3-(p-methoxyphenyl)-
1,3-propane diol 12 involving two stereogenic centers was
selected as the target molecule corresponding to the chiral
isoprene unit (S)-3 because the p-methoxyphenyl group is
convertible into a carboxylic acid or its congeners and the
benzylic oxygen functional group can be reduced to give a
useful chiral synthon possessing one stereogenic center. The
Reformatsky reaction of p-anisaldehyde and methyl 2-bro-
mopropionate was reported to afford (*)-syn-13 (56% yield)
and (*)-anti-14 (42% yield).” Treatment of (*)-syn-13 with
methane sulfonic acid (MeSO,H) afforded the «,fB-unsatu-
rated ester 15 in 95% yield, which was subjected to LiAlH,
reduction to provide the allyl alcohol 16 (90% yield). The
stereochemistry of 16 was confirmed by the nuclear Over-

(o
OR; —— (91
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hauser effect (NOE) observed as shown in Fig 1. Hydrobora-
tion reaction of 16 gave the (*)-anti-1,3-diol 12 with high
anti-diastereoselectivity (anti/syn=61:1) and subsequent
crystallization provided a single isomer (*)-12 in 89% over-
all yield. The ratio of anti/syn was determined by Chiracel
OD column (250 mmX4.6 mm, eluent, n-hexane/EtOH/iso-
PrOH=300:10:5; detection, UV at 254nm; flow rate,
I ml/1 min, (*£)-anti-12; 21.1 and 21.9 min, (*)-syn-12; 24.6
and 25.9 min). LiAlH, reduction of (*)-anfi-14 also yielded
(*)-12 in 96% yield.

Initially, (*)-12 was subjected to a screening experiment
using several kinds of commercially available lipases. Among
them, lipase Amano P from Pseudomonas sp. was found to
give the monoacetates (2R,3R)-17 (57% yield, 65% ee) and
(2R,3R)-18 (3% yield, 80% ee), and the unchanged (25,35)-
12 (39% yield, ([a], —39.8 (¢=1.05, CHCl,) corresponding
to >99% ee) in the presence of vinyl acetate as an acyl donor
as shown in Table 2.

Deprotection of (2R,3R)-17 (65% ee) with K,CO, in
MeOH gave the (2R,3R)-12 (65% ee), which was repeatedly
subjected to enzymatic acetylation to afford the monoac-
etates (2R,3R)-17 (76% yield, ([o], +20.9 (¢=1.23, CHCL,)
corresponding to 97% ee)) and (2R,3R)-18 (3% yield, ([o],
+77.6 (c=1.08, CHCl,) corresponding to 94% ee)) and the
unchanged (25,35)-12 (17% yield, 85% ee). The ee of the
enzymatic reaction products was determined by HPLC analy-
sis on a Chiralcell AD or OJ column (250 mmX4.6 mm).
Acetylation of (2R,3R)-17 (97% ee) followed by recrystal-
lization gave the optically pure diacetate (2R,3R)-19 ([¢],
+67.6 (c=1.06, CHCL,)) in 83% overall yield. In order to
confirm the absolute structure of the present (+)-19, (+)-19
was successfully converted to the mono alcohol 21. Catalytic
hydrogenolysis of (+)-19 provided a monoacetate (+)-20
(77% yield, ([a], +11.3 (¢=1.08, CHCL,)), which was
treated with K,CO; in MeOH to afford the alcohol (—)-21 in
96% overall yield. The spectral data ([o], —11.9 (c=1.02,
CHCl,)) of 21 were identical with those ([a], —8.1 (¢=0.64,

MeO.
Mew g
Ry=H Rs=Ac (S)-10 a; BnBr/CsF, THF, 60°C =
Ry=Bn Rg=Ac (S)-11 b; LiAlH,, Et,0 I Hij/‘
b ; >/ 21%
R=Bn Ry=H  (5)8 ¢; DMSO/(COCH),/Et;N s
Chart 3 Fig. 1
MeO. MeO. MeO
R +
CHO COOMe

p-anisaldehyde

+)-syn-13 OH

COOMe
+)-ant-14 OH
-syn-13 *—’@\/k
(x)-sy coome m

16 )12 OH OH
M
*0 Me Rs=H Rs=Ac (+)-17
®12 —— 3 R4=Ac Rs=H (2)-18
Rs=Ac Rs=Ac (£)-19
OR; ORs

a;MeSOH. PhH  b; LIAIH,, Et,0

c; 1) BHyMe,S, THF, 0°C 2) EtOH  3) 2N NaOH  4) 30% H,O, d; Ac,0, pyridine

Chart 4
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Table 2
MeO. MeO.
(212 viny! acetate M; M;
- +
Amano P S
33°C OR, ORs OH o
Ry=H Rs=Ac (2R3A)-17 (25,35)-12
R4=Ac Rs=H (2R,3A)-18
Entry Substrate (g) Time (h) Products (%, % ee)

I (=)-12 (12, 38) 1 (2R,3R)-17 (57, 65) (2R,3R)-18 (3, 80) (25,35)-12 (39, >99)
2 (2R,3R)-12 (65% ee, 6.19)" 0.5 (2R,3R)-17 (76, 97) (2R,3R)-18 (3,94) (25,35)-12 (17, 85)

a) (2R,3R)-12 (65% ee) was obtained by treatment of (2R,3R)-17 (65% ee) with K,CO, in MeOH.

MeO.

e Me MeO. Me f Me Me
eRIA1T —° = b, Y MeOOC\/:\ -5 . RO/\/H
(97% ee) 7

OAc OAc Re (S)-24 SO,Ph SO,Ph
(2R,3R)-19 l: Rg=OAc (S)-20 A I: Ry=H ()25
Cc
Re=OH (5)-21 R,=THP (S)-3
d
Rg=Br (5022

e

Re=SO,Ph (5)-23

a; 1) Ac,O/DMAP/pyridine
e; PhSO,Na-2H,0, DMF

2) recrystallization

b; Hy/20% Pd(OH),-C, MeOH
f, 1) Og ACOEt 2) 30% H,0, 3) CHoN,

¢; K,CO3, MeOH d; CBrs/PhyP, THF

g; LiBH,, THF h; DHP/PPTS, CH,Cl,

Chart 5

(53

Me Me Me
a H c A
e -
R,0 Me BRT7A-2
Rg

R;=THP Rg=SO,Ph 26
o

Ry=H

(2R,4'R.8'A)-28
b; 1) conc. HCI/EtOH  2) 5% Na/Hg, MeOH
€; Hy/20% Pd(OH),-C, AcOEt

a; 1) LDAHMPA, THF  2) (R)-4
d; 1) n-BuLiiTHF  2) (S)-1, 60°C

Rg=H

(3R,7R)-27

(2R,4'R,8'A)-o-tocopherol

¢; 1) CBry/Phy/THF  2) PhgP, 200°C

Chart 6

CHCL,)) of the reported for (S)-alcohol 21.” Thus, the ab-
solute configurations of (+)-17 (97% ee) were determined to
be 2R, 3R and those of (—)-12 (>>99% ee) were confirmed to
be 25, 3S. The absolute configurations of (+)-18 were deter-
mined to be 2R, 3R by the fact that HPLC analysis pattern of
the diol 12 derived from (+)-18 was found to be opposite in
comparison with that of (25,35)-12 (97% ee). By applying
the reported procedure,” thus obtained (S)-21 was converted
into the desired tetrahydropyranyl (THP) ether (S)-3 in 53%
overall yield (5 steps) as shown in Chart 5 and the overall
yield (53%) was improved in comparison with the reported
one (39%).”

3) Total Synthesis of (2R,4'R.8'R)-a-Tocopherol The
anion of (§)-3 generated by treatment with lithium diiso-
propylamide (LDA) in the presence of hexamethylphospho-
ramide (HMPA) was subjected to alkylation with the iodide
(R)-4) to give the coupling product 26 in 42% yield. Depro-
tection of the THP group in 26 with acid followed by reduc-
tion with Na/Hg in MeOH provided (3S,75)-phytol 27 ([ ]y,

+3.4 (¢=1.49, CHCI,)) in 88% overall yield. Bromination of
(35,75)-27 followed by treatment with triphenylphosphine
(Ph,P) gave the phosphonium salt (3R,7R)-2, which was sub-
jected to the Wittig reaction with the (S)-chroman aldehyde 1
to afford a mixture of Z- and E-olefin 28 (Z/E=14:1) in 35%
overall yield. Catalytic hydrogenation of 28 provided
(2R4'R,8'R)-a-Tocopherol ([a]p, —2.7 (¢=0.59, benzene))
in 86% yield, whose spectral data were identical with those
(la]y —3.0 (benzene))® of natural a-tocopherol.

In conclusion, chiral introductions at the 2R and 4'R posi-
tions in the synthesis of (2R,4'R,8'R)-a-tocopherol (vitamin
E) were achieved based on the enzymatic acetylation of (*)-
chroman-2-methanol 6 and (*)-(2,3)-anti-2-methyl-3-(p-
methoxyphenyl)-1,3-propane diol 12, respectively.

Experimental

All melting points were measured on a Yanaco MP-3S micro melting
point apparatus and are uncorrected. 'H-NMR spectra were recorded on a
JEOL EX 400 spectrometer. Spectra were taken with 5—10% (w/v) solution
in CDCl, with Me,Si as an internal reference. The mass spectra, FAB and
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El, were obtained with a JEOL JMS-600 and a JEOL JMS-AM 11 50 spec-
trometer, respectively. IR spectra were recorded on a JASCO FT/IR-300
spectrometer. Optical rotations were measured with a JASCO DIP-370 digi-
tal polarimeter. All evaporations were performed under reduced pressure.
For column chromatography, silica gel (Kieselgel 60) was employed.

Methyl 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylate (%)-7
A solution of (*)-5 (2.004 g, 8 mmol) in Et,0 (50 ml) was treated with a so-
lution of CH,N, in Et,0 to give a crude product, which was chro-
matographed on silica gel (70 g, n-hexane : AcOEt=10:1) to afford color-
less powder (*)-7 (2.082 g, 98% yield). Recrystallization of (*+)-7 from #-
hexane-AcOEt provided colorless prism (*)-7. (¥)-7: mp 74°C. MS (EI)
miz; 264 (M™). IR (KBr): 3527, 1737cm™". 'H-NMR (CDCly) 8:1.60 (3H,
s), 1.86 (1H, ddd, /=6, 10.5, 13 Hz), 2.06 (3H, s), 2.15 (3H, s), 2.18 (3H, s),
2,42 (1H, ddd, J=3.5, 6.6, 13 Hz), 2.50 (1H, ddd, J=6, 10.5, 17 Hz), 2.64
(IH, ddd, J=3.5, 6.5, 17 Hz), 3.67 (3H, 5), 4.29 (IH, s).

Methyl 6-Benzyloxy-2,5,7,8-tetramethylchroman-2-carboxylate ()-8
A mixture of (*)-7 (1.903 g, 7.2 mmol), benzyl bromide (2.6 ml, 21.9 mmol)
and K,CO, (1.49 g, 10.8 mmol) in acetone (50 ml) was refluxed for 12 h with
stirring and the reaction mixture was filtered. The filtrate was evaporated, di-
luted with saturated brine and extracted with Et,0. The organic layer was
dried over MgSO, and evaporated to give a crude oil, which was chro-
matographed on silica gel (70 g, n-hexane : AcOEt=20: 1) to provide color-
less powder (£)-8 (2.371 g, 93% yield). Recrystallization of (*)-8 from -
hexane-AcOEt afforded colorless needles (*)-8. (+)-8: mp 86.5—87°C.
Anal. Caled for Cp,H,,0,: C, 74.55; H, 7.39. Found C, 74.42; H, 7.49. MS
(E1) m/z; 354 (M), IR (KBr): 1745 cm™". "H-NMR (CDCL,) 6:1.63 (3H, s),
1.86—1.94 (1H, m), 2.14 (3H, s), 2.19 (3H, s), 2.24 (3H, s), 2.42—2.56
(2H, m), 2.61—2.69 (2H, m), 4.70 (2H, s), 7.35 (1H, d, /=7 Hz), 7.41 (2H,
t,J=7Hz), 7.50 (2H, d, /=7 Hz).

6-Benzyloxy-2,5,7,8-tetramethylchroman-2-methanol (*)-9 A solu-
tion of (£)-8 (2.246 g, 6.34 mmol) in dry Et,0 (30 ml) was added to a sus-
pension of LiAlH, (0.36 g, 9.49 mmol) in dry Et,0 (10ml) at 0°C and the
whole mixture was stirred for 30 min. 1t was diluted with aqueous 2 m HCl
and extracted with Et,0. The organic layer was washed with saturated brine
and dried over MgSO,. Removal of organic solvent gave a crude product
which was chromatographed on silica gel (40 g, n-hexane : AcOEt=5:1) to
afford colorless powder (*)-9 (2.056¢g, 99% yield). Recrystallization of
(%£)-9 from n-hexane gave colorless prism (*)-9. (£)-9: mp 62°C. Anal.
Caled for C, H,,0,: C, 77.27; H, 8.03. Found C, 77.10; H, 8.15. MS (EI)
m/z; 326 (M™). IR (KBr): 3260cm™'. '"H-NMR (CDCIy) 6:1.23 (3H, s),
1.73—1.77 (1H, m), 1.94—2.06 (2H, m), 2.10 (3H, s), 2.17 (3H, s), 2.22
(3H, s), 2.61—2.72 (1H, m), 3.58—3.67 (2H, m), 4.70 (2H, s), 7.34 (1H, t,
J=THz), 7.40 (2H, t, J=7Hz), 7.50 (2H, d, J=7 Hz).

6-Hydroxy-2,5,7,8-tetramethylchroman-2-methanol (%)-6 A solution
of (£)-9 (235mg, 0.72mmol) in AcOEt (10 ml) was hydrogenated at ordi-
nary temperature and pressure in the presence of 20% Pd(OH),~C (0.1 g).
After hydrogen absorption had ceased, the catalyst was filtered off with the
aid of Celite and the filtrate was evaporated. The residue was chro-
matographed on silica gel (10 g, n-hexane : AcOEt=4: 1) to afford colorless
powder (*)-6 (153 mg, 90% yield). Recrystallization of (+)-6 from AcOFEt
provided colorless powder (£)-6. (%)-6: mp 106.5°C. Anal. Caled for
C,Hy05: C, 71.16; H, 8.53. Found C, 70.95; H, 8.61. MS (EI) m/z; 236
(M*). IR (KBr): 3421 cm™'. 'H-NMR (CDCLy) 8:1.22 (3H, s), 1.73 (1H,
ddd, J=4.5, 7, 14Hz), 1.99 (1H, ddd, J=7, 9.5, 17Hz), 2.11 (3H, s), 2.12
(3H, s), 2.16 (3H, 5), 2.59—2.73 (2H, m), 3.59 (1H, d, J=11 Hz), 3.64 (I1H,
d, J=11Hz). The racemate (*)-6 was analyzed to provide well separated
peaks (44.9, 57.0 min) corresponding to the enantiomers using Chiralcel OD
(4.6 mmX250mm) under the following analytical conditions (eluent, n-
hexane/EtOH=40: I; detection, UV at 254 nm; flow rate, 1 ml/l min). On
the other hand, the retention time (#,) of authentic (S)-6 was found to be
57.0 min under the same analytical conditions as (*)-6.

Enantioselective Acetylation of (%)-6 with Lipase PL-266 1) A sus-
pension of of (*£)-6 (788 mg, 3.34 mmol), lipase (0.79 g) and vinyl acetate
(0.79 g) in iso-Pr,0 (200 ml) was incubated at 33 °C for 6 h. After the reac-
tion mixture was filtered, the precipitate was washed with AcOEt. The com-
bined organic layer was dried over MgSO, and evaporated. The residue was
chromatographed on silica gel (30g) to give acetate (S)-10 (538 mg, 58%
yield, 67% ee) from n-hexane:AcOEt (10:1) eluent and alcohol (R)-6
(307 mg, 39% yield, >99% ee) from n-hexanc : AcOEt (5 : 1) eluent, respec-
tively. A part of (R)-6 was recrystallized from AcOEt to give colorless prism
(R)-6. (R)-6: mp 89—89.5°C. [l +2.0 (¢=1.0, CH,CL,). Spectral data
(IR and 'H-NMR) were identical with those of (+)-6. (S)-10: MS (El) m/z:
278 (M*). IR (KBr): 3512, 1715cm™". '"H-NMR (CDCL,) 6:1.28 (3H, s),
1.79 (1H, dt, J=7, 12.5Hz), 1.93 (1H, dt, J=7, 12.5Hz), 2.09 (3H, s), 2.11
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(3H, ), 2.15 (3H, 5), 2.63 (2H, t, J=7Hz), 4.08 (1H, d, J=11 Hz), 4.14 (1H,
d, J=11Hz). 2) A suspension of ($)-10 (67% ee, 499 mg, 1.79 mmol) and
LiAIH, (102mg, 2.69mmol) in dry Et,0 (20 ml) was stirred at 0°C for
1.5h. The reaction mixture was worked up in the same way as for the prepa-
rations of (£)-9 and (*)-6 to give (S)-6 (67% ee, 423 mg, =449 min
(16.5%), t;=57.0min (83.5%)). A suspension of (S)-6 (422mg, 67% ee,
1.79 mmol), lipase (0.42 g) and vinyl acetate (0.42 g) in iso-Pr,0O (60 ml) was
incubated at 33 °C for 4 h. After the reaction mixture was filtered, the precip-
itate was washed with AcOEt. The combined organic layer was dried over
MgSO, and evaporated. The residue was chromatographed on silica gel
(30g) to give acetate (5)-10 (383 mg, 77% yield, >99% ee) from n-
hexane : AcOEt (10 : 1) eluent and alcohol (R)-6 (76 mg, 18% yield, 74% ee)
from n-hexane: AcOEt (5:1) eluent, respectively. A part of (S)-10 was re-
crystallized from n-hexane-AcOEt to give colorless plates (5)-10. (S)-10:
mp 89 °C. 4nal. Caled for C|,H,,0,: C, 69.04; H, 7.97. Found C, 68.77; H,
7.99. []F +1.9 (¢=1.03, CHCl,).

(8)-2-Acetoxymethyl-6-benzyloxy-2,5,7,8-tetramethylchromane 11 A
mixture of (8)-10 (303 mg, 1.09 mmol), benzyl bromide (0.57 ml, 4.8 mmol)
and CsF (743 mg, 4.89 mmol) in tetrahydrofuran (THF) (5 ml) was stirred
for 12'h at 60 °C. The reaction mixture was diluted with saturated brine and
extracted with Et,0. The organic layer was dried over MgSO, and evapo-
rated to provide a crude oil which was chromatographed on silica gel (30 g,
n-hexane : AcOEt=20: 1) to afford homogeneous oil (S)-11 (371 mg, 87%
yield). Crystallization of (S)-11 from n-hexane provided colorless plates
(S)-11. ($)-11: mp 39°C. Anal. Caled for CyHyyO4: C, 74.97; H, 7.66.
Found C, 74.99; H, 7.75. [0]3 +4.0 (¢=0.94, CHCI,). MS (El) m/z; 368
(M™). IR (KBr): 1729cm™". '"H-NMR (CDCl,) §:1.30 (3H, s), 1.81 (1H, dt,
J=7,12.5Hz), 1.95 (1H, dt, J=7, 12.5 Hz), 2.09 (6H, s), 2.16 (3H, s), 2.22
(3H,'s),2.62 (2H, t, J=7Hz),4.09 (1H, d, /=11 Hz), 4.15 (1H, d, J=11 Hz),
4.69 (2H, s), 7.33 (IH, t, J=7Hz), 7.40 (2H, t, J=7Hz), 749 (2H, t,
J=7Hz).

($)-6-Benzyloxy-2,5,7,8-tetramethylchroman-2-methanol 9 A solu-
tion of (§)-11 (370 mg, 1.0l mmol) in dry Et,0 (3ml) was added to a sus-
pension of LiAlH, (60 mg, 1.56 mmol) in dry Et,0 (2ml) at 0°C and the
whole mixture was stirred for 30 min at room temperature. 1t was diluted
with aqueous 2m HCI and extracted with Et,0. The organic layer was
washed with saturated brine and dried over MgSO,. Removal of organic sol-
vent gave a crude product which was chromatographed on silica gel (12 g, n-
hexane : AcOEt=5:1) to afford (5)-9 (310mg, 94% vyield). (5)-9: [0]?
+12.6 (¢=0.99, CHCI,). Spectral data (IR and 'H-NMR) were identical
with those of (*)-9.

(8)-6-Benzyloxy-2,5,7,8-tetramethylchroman-2-carboxaldehyde 1 To
a solution of dimethyl sulfoxide (DMSO, 198 mg, 2.54 mmol) in CH,CI,
(2ml) was added oxalyl chloride (0.11 ml, 1.32 mmol) at —78 °C and the re-
action mixture was stirred for 30 min. A solution of (5)-9 (100mg, 0.31
mmol) in CH,Cl, (2ml) was added to the above reaction mixture and the
whole was stirred for 30 min. Et;N (0.7 ml) was added to the above reaction
mixture and the whole was stirred at —78°C for 30 min and at 0°C for
30 min. The reaction mixture was diluted with saturated brine and extracted
with Et,O. The organic layer was dried over MgSO, and evaporated to pro-
vide a crude oil which was chromatographed on silica gel (10g, -
hexane : AcOEt=10:1) to afford a homogeneous oil (S)-1 (95mg, 95%
yield). Crystallization of (§)-1 from n-hexane provided colorless plates (S)-
1. ($)-1: mp 56°C. Anal. Caled for C, H,,0,: C, 77.45; H, 7.46. Found C,
77.42; H, 7.54. []3 +12.6 (¢=0.99, CHCL). MS (El) m/z; 324 (M*). IR
(KBr): 1735cm™ !, 'H-NMR (CDCly) 8:1.40 (3H, s), 1.79—1.87 (1H, m),
2.12 (3H, s), 2.20 (3H, s), 2.24 (3H, s), 2.25—2.30 (1H, m), 2.49—2.64
(2H, m), 4.66 (IH, d, J=10Hz), 470 (1H, d, J=10Hz), 7.34 (IH, t,
J=THz),7.39 (2H, t, J=7Hz), 7.48 (2H, d, J=7 Hz), 9.63 (1H, s).

Methyl 2-Methyl-3-(p-methoxyphenyl)-(2E)-propenoate 16 A mix-
ture of (£)-syn-13 (269 mg, 1.20 mmol) and methanesufonic acid (141 mg,
1.47mmol) in CHCI; (4 ml) was stirred for 12h at room temperature. The
reaction mixture was diluted with saturated aqueous NaHCO, and extracted
with Et,0. The organic layer was washed with saturated brine, dried over
MgSO0, and evaporated to provide a crude oil which was chromatographed
on silica gel (10g, n-hexane : AcOEt=20: 1) to afford homogeneous oil 15
(237mg, 95% yield). 15: 4nal. Caled for C,H,,0,: C, 69.89; H, 6.84.
Found C, 69.75; H, 7.00. MS (El) m/z; 206 (M™). IR (neat): 1708 cm™". 'H-
NMR (CDCl,) 8:2.13 (3H, d, J=1.5Hz), 3.81 (3H, s), 3.83 (3H, s), 6.92
(2H, d, J=9Hz), 7.38 (2H, d, J=9 Hz), 7.60 (1H, br s).

2-Methyl-3-(p-methoxyphenyl)-(2E)-propenol 16 A solution of 15
(3.566 ¢, 1.20mmol) in THF (11 ml) was added to a suspension of LiAlH,
(0.8 g, 21.1 mmol) in THF (10 ml) at 0 °C. The whole mixture was stirred for
10 min at room temperature. The reaction mixture was diluted with H,0 and
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extracted with Et,O. The organic layer was washed with saturated brine,
dried over MgSO, and evaporated to provide a crude oil which was chro-
matographed on silica gel (105 g, n-hexane : AcOEt=4:1) to afford homo-
geneous oil 16 (2.792g, 90% yield). Crystallization of 16 from n-hexane
gave a colorless plate 16. 16: mp 62 °C. Anal. Caled for C,,H,,0,: C, 74.13;
H, 7.92. Found C, 74.04; H, 7.88. FAB-MS m/z; 178 (M"). IR (KBr): 3349
em ' '"H-NMR (CDCl,) &: 1.89 (3H, d, /=1.5Hz), 3.80 (3H, s), 4.16 (2H,
s), 6.45 (1H, brs), 6.87 (2H, d, /=8.5Hz), 7.21 (2H, d, /=8.5 Hz).
(%)-(2,3)-anti-2-Methyl-3-(p-methoxyphenyl)-1,3-propane Diol 12
Boranc—methyl sulfide complex (2 M solution in THE, 10 ml, 20 mmol) was
added to a solution of 16 (1.028 g, 5.77 mmol) in THF (3 ml) at 0°C and the
whole was stirred for 2h at room temperature. EtOH (3 ml), 2M aqueous
NaOH (1 ml) and 30% aqueous H,0, (1.5 ml) were gradually added to the
above reaction mixture and the whole was diluted with H,O and extracted
with Et,0. The organic layer was washed with saturated brine, dried over
MgSO, and evaporated to provide a crude oil which was chromatographed
on silica gel (35 g, n-hexane : AcOEt=1:1) to afford 61 : 1 mixture of (%)-
(2,3)-anti-diol 12 (1.008 g, 89% yield). The ratio of syn/anti was determined
by Chiracel OD column (250 mmX4.6 mm) under the following analytical
conditions (eluent, n-hexane/EtOH/iso-PrOH=300:10:5; detection, UV at
254 nm; flow rate, 1 ml/1 min, (£)-anti-12; 21.1 and 21.9 min, (*)-syn-12;
24.6 and 25.9 min). Crystallization of 12 from n-hexane-AcOEt gave a col-
orless plate anti-12. anti-12: mp 110°C. Anal. Caled for C;H,05: C, 67.32;
H, 8.22. Found C, 67.06; H, 8.22. MS (El) m/z; 196 (M"). IR (KBr): 3328
em™'. "H-NMR (CDCl;) &: 0.65 (3H, d, /=7 Hz), 1.97—-2.07 (1H, m), 3.17
(1H, brs), 3.28 (1H, brs), 3.66—3.74 (2H, m), 3.81 (3H, s), 4.46 (1H, d,
J=8.5Hz), 6.88 (2H, d, J=8.5Hz), 7.24 (2H, d, /=8.5 Hz).
(£)-(2,3)-anti-2-Methyl-3-(p-methoxyphenyl)-1,3-propane Diol 12 A
solution of 14 (6.261 g, 27.9 mmol) in Et,0 (20 ml) was added to a suspen-
sion of LiAIH, (1.6 g, 42.2mmol) in Et,0 (130 ml) at 0°C. The whole mix-
ture was stirred for 10 min at room temperature. The reaction mixture was
diluted with 2m aqueous HCI and extracted with Et,O. The organic layer
was washed with saturated brine, dried over MgSO, and evaporated to pro-
vide a crude oil which was chromatographed on silica gel (100g, n-
hexane : AcOEt=1: 1) to afford (£)-(2,3)-anti-diol 12 (5.252 g, 95% yield).
Crystallization of 12 from n-hexane—AcOEt gave a colorless plate anti-12.
Acetylation of (*)-(2,3)-anti-2-Methyl-3-(p-methoxyphenyl)-1,3-
propane Diol 12 A solution of (+)-12 (331 mg, 1.69mmol) and Ac,0
(177 mg, 1.73 mmol) in pyridine (5 ml) was stirred for 2 h at room tempera-
ture. The reaction mixture was diluted with H,0 and extracted with Et,0.
The organic layer was washed with aqueous 2m HCI, saturated aqueous
NaHCO,, saturated brine and dried over MgSO,. Evaporation of organic sol-
vent gave a crude oil which was chromatographed on silica gel (20 g) to af-
ford (=)-19 (67 mg, 15% yield) from n-hexane: AcOEt=10:1 eluent, (£)-
17 as a homogeneous oil (208 mg, 52% yield) and ()-18 (10 mg, 2% yicld)
from n-hexanc: AcOEt=5:1 eluent in elution order, and (£)-12 (67 mg,
20% recovery) from n-hexane : AcOEt=2:1 eluent. Crystallization of (x)-
18 from a-hexane gave a colorless powder (*)-18. Crystallization of (*)-19
from n-hexane provided colorless needles ()-19. (£)-17: MS (El) m/z 238
(M*). IR (neat) 3460, 1730cm™". '"H-NMR (CDCl,) &: 0.77 (3H, d, J=7
Hz), 2.08 3H, s), 2.11—2.19 (1H, m), 3.80 (3H, s), 4.07 (1H, dd, /=4.5, 11
Hz), 4.16 (1H, dd, J=5.5, 11 Hz), 444 (1H, dd, /=3, 8Hz), 6.88 (2H, d,
J=8.5Hz), 7.23 (2H, d, J=8.5Hz). The racemate (*)-17 was analyzed to
provide well separated peaks (28 and 31 min) corresponding to the enan-
tiomers using Chiralcel AD (250 mm 4.6 mm) under the following analyti-
cal conditions (eluent, n-hexane/EtOH=20:1; detection, UV at 254 nm;
flow rate, 1 ml/1 min). (£)-18: mp 72°C. MS (El) m/z 238 (M*). IR (KBr)
3427, 1728 em ™. 'H-NMR (CDCl,) 8: 0.80 (3H, d, J=6.5 Hz), 2.06 (3H, s),
2.08—2.17 (IH, m), 3.58 (IH, dd, J=4.5, 11 Hz), 3.62 (IH, dd, J=4.5,
11 Hz), 3.80 (3H, s), 5.63 (1H, d, /=9 Hz), 6.87 (2H, d, /=9 Hz), 7.25 (2H,
d, J=9 Hz). (£)-19: mp 66 °C. Anal. Calcd for C,sH,,05: C, 64.27; H, 7.19.
Found C, 64.17; H, 7.32. FAB-MS m/z 280 (M*). IR (KBr) 1730cm . 'H-
NMR (CDCl,) &: 0.82 (3H, d, J=7Hz), 2.04 (3H, 5), 2.07 (3H, s), 2.29—
2.37 (1H, m), 3.79 (3H, s), 4.04 (1H, dd, J=5, 11 Hz), 4.12 (1H, dd, /=6,
11 Hz), 5.60 (1H, d, J=8.5Hz), 6.87 (2H, d, J=9Hz), 7.23 (2H, d, /=9 Hz).
The racemate (=)-20 was analyzed to provide well separated peaks (11 and
13 min) corresponding to the enantiomers using Chiralcel AD (4.6 mmX
250mm) under the following analytical conditions (eluent, r-hexane/
EtOH=350: 1; detection, UV at 254 nm; flow rate, | ml/I min).
Enantioselective Acetylation of (+)-12 with Lipase Amano P 1) A
suspension of (£)-12 (ca. 6 g), lipase (3 g) and vinyl acetate (225 ml) was
incubated at 33 °C for | h. This scale experiment was carried out two times
(total amount (12.38 g) of (£)-12). After the reaction mixture was filtered,
the precipitate was washed with AcOEt. The combined organic layer was
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dried over MgSO, and evaporated. The residue was chromatographed on sil-
ica gel (300g) to give (2R,3R)-17 (7.882 g, 57% yield) as a colorless oil
from n-hexane: AcOEt=4:1 eluent, (2R,3R)-18 (405mg, 3% yield, 80%
ee) from n-hexane : AcOEt=2: 1 eluent and (25,35)-12 (4.412 g, 39% yield)
from n-hexane : AcOEt=1:1 eluent. (2R,3R)-17: Anal. Caled for Cj;H g0,
C, 65.53; H, 7.61. Found C, 65.27; H, 7.65. 65% ee, t,=31min (82.5%) and
t,=28min (17.5%). (2R,3R)-18: 80% ee. [a]} +66.3 (c=1.04, CHCLy).
(28,38)-12; >99% ee, [,=36min (>99%) and f=32min (<0%). [al}
—39.8 (¢=1.05, CHCL,). 2) A suspension of (2R,3R)-17 (65% ee, 7.882 g,
33.1 mmol) and K,CO, (5.5 g, 39.9 mmol) in MeOH (100 ml) was stirred for
1.5h at room temperature. The reaction mixture was evaporated, diluted
with saturated brine and extracted with AcOEt. The organic layer was dried
over MgSO, and evaporated to afford a crude product which was chro-
matographed on silica gel (100g) to give (2R,3R)-12 (6.19g, 95% yield)
from n-hexane: AcOEt=1:1 eluent. A suspension of (2R,3R)-12 (6.19¢g,
31.5 mmol), lipase (3.8 g) and vinyl acetate (250 ml) was incubated at 33°C
for 30 min. After the reaction mixture was filtered, the precipitate was
washed with AcOEt. The combined organic layer was dried over MgSO, and
evaporated. The residue was chromatographed on silica gel (150 g) to give
(2R,3R)-17 (5.743 g, 76% yield), (2R,3R)-18 (257 mg, 3% yield) from n-
hexane : AcOEt=4: 1 eluent in elution order and (25,35)-12 (1.020 g, 17%
yield) from n-hexane: AcOEt=1:1 eluent. (2R3R)-18: 94% ce. [afy
+77.6 (¢=1.08, CHCL,). (2R,3R)-18: 97% ee. (25,35)-12: 85% ee. 3) A sus-
pension of (2R,3R)-18 (80% ee, 60 mg, Table 2, entry 1) and K,CO; (46 mg)
in MeOH (2 ml) was stirred for 3h at room temperature. The reaction mix-
ture was diluted with saturated brine and extracted with Et,0. The organic
layer was dried over MgSO, and evaporated to afford a crude product which
was chromatographed on silica gel (10g) to give (2R,3R)-12 (40 mg) from
n-hexane : AcOEt=1: 1 eluent. The ee of the present (2R,3R)-12 was esti-
mated by HPLC analysis. 4) A suspension of (2R,3R)-18 (94% ee, 61 mg,
Table 2, entry 2) and K,CO, (46 mg) in MeOH (2 ml) was stirred for 3h at
room temperature. The reaction mixture was worked up in the same way as
for 3) to give (2R,3R)-12 (41 mg) from n-hexane : AcOEt=1:1 eluent. The
ee of the present (2R,3R)-12 was estimated by HPLC analysis.

(2R,3R)-(1,3)-Diacetoxy-2-methyl-3-p-methoxyphenylpropane 19 A
solution of (2R,3R)-17 (97% ee, 5.194 g, 21.8 mmol), Ac,0 (12.66g, 124
mmol) and 4-dimethylaminopyridine (DMAP, 133 mg, 1.1 mmol} in pyridine
(20 ml) was stirred for 30 min at room temperature. The reaction mixture
was diluted with H,O and extracted with Et,O. The organic layer was
washed with aqueous 2m HCI, saturated aqueous NaHCO,, saturated brine
and dried over MgSO,. Evaporation of the organic solvent gave crude crystal
which was recrystallized from n-hexane-AcOEt to give optically pure
(2R3R)-19 (5.27g, 83% yield). (2R3R)-19: mp 66°C. [al} +67.6
(¢=1.06, CHCI,).

(285)-1-Acetoxy-2-methyl-3-p-methoxyphenylpropane 20 A solution
of (2R,3R)-19 (1.006 g, 3.59 mmol) in MeOH (10 ml) was hydrogenated at
ordinary temperature and pressure in the presence of 20% Pd(OH),-C
(0.2 ). After hydrogen absorption had ceased, the catalyst was filtered off
with the aid of Celite and the filtrate was evaporated. The residue was chro-
matographed on silica gel (20 g, n-hexane : ACOEt=5: 1) to afford a color-
less oil (25)-20 (612 mg, 77% yield). (25)-20: Anal. Caled for C3H ;O;: C,
70.25; H, 8.16. Found C, 69.87; H, 8.38. MS (El) m/z; 222 (M™). [o]3)
+11.3 (¢=1.08, CHCL,). IR (neat): 1738cm™". 'H-NMR (CDCly) &: 0.91
(3H, d, J=7Hz), 2.06 (3H, s), 2.02—2.08 (IH, m), 2.39 (1H, dd, /=8, 13.5
Hz), 2.66 (1H, dd, J=6, 13.5Hz), 3.78 (3H, s), 3.88 (1H, dd, /=6.5, 11 Hz),
3.95 (1H, dd, J=6, 11 Hz), 6.82 (2H, d, /=8.5 Hz),. 7.06 (2H, d, /=8.5 Hz).

(25)-2-Methyl-3-p-methoxyphenylpropanol 21 A suspension of (25)-
20 (233 mg, 1.05mmol) and K,CO, (210mg, 1.5mmol) in MeOH (5 ml)
was stirred for 2h at room temperature. The reaction mixture was diluted
with saturated brine and extracted with Et,0. The organic layer was dried
over MgSO, and evaporated to afford a crude product which was chro-
matographed on silica gel (10 g) to give (25)-21 as a homogeneous oil (182
mg, 96% yield) from n-hexane : AcOEt=5:1 eluent. (25)-21: [ —11.9
(c=1.02, CHCLy). 4nal. Caled for C; H,,0,: C, 73.30; H, 8.95. Found C,
73.10; H, 9.13. Spectral data (IR and 'H-NMR) were identical with those of
reported (25)-21.7

(25)-1-Bromo-2-methyl-3-p-methoxyphenylpropanol 22 Triphenyl-
phosphine (Ph,P, 295 mg, 1.12mmol) and CBr, (372 mg, 1.12mmol) were
added to a solution of (25)-21 (126 mg, 0.7 mmol) in THF (2 ml) and the re-
sulting solution was stirred for 15min at room temperature. The reaction
mixture was diluted with saturated brine and extracted with Et,0O The or-
ganic layer was dried over MgSO, and evaporated to afford a crude product
which was chromatographed on silica gel (15 g) to give (25)-22 as a homo-
geneous oil (168 mg, 98% yield) from n-hexane : ACOEt=5:1 eluent. (25)-
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22: [0]3 +28.3 (¢=1.21, CHCl,). Spectral data (IR and 'H-NMR) were
identical with those of reported (25)-22.%

(25)-2-Methyl-3-(p-methoxyphenyl)-1-phenylsulfonylpropane 23 A
mixture of (25)-22 (1.543g, 6.34mmol) and sodium benzenesulfinate
(PhSO,Na-2H,0, 5.03 g, 25.1 mmol) in dimethylforamide (DMF, 30 ml) was
heated at 100°C for 1 h with stirring, then diluted with H,O and extracted
with Et,0. The organic layer was washed with saturated brine, dried over
MgSO, and evaporated to afford a crude product which was chro-
matographed on silica gel (30g) to give (25)-23 as a homogeneous oil
(1.548 g, 80% yield) from n-hexane : AcOEt=5:1 eluent. Spectral data (IR,
'H-NMR) were identical with those of reported (25)-23.%

Methyl (35)-3-Methyl-4-phenyisulfonylbutanoate 24 Ozone was
passed through a solution of (25)-23 (1.517 g, 4.98 mmol) in AcOEt (20 ml)
at —78°C for 2.5h, then 30% aqueous H,0, (10ml) was added to the
ozonolyzed product. The reaction mixture was stirred for 10 min at room
temperature, then diluted with H,O and extracted with Et,0. The organic
layer was washed with saturated brine, dried over MgSO, and evaporated to
afford a crude product which was treated with CH,N, in Et,O to provide an
oily product. This was subjected to chromatographic separation on silica gel
(50¢) to give (25)-24 as a homogeneous oil (1.063 g, 83% overall yield)
from n-hexane : ACOEt=5: 1 eluent. Spectral data (IR, 'H-NMR) were iden-
tical with those of reported (35)-24.Y

(35)-3-Methyl-4-phenylsulfonylbutanol 25 LiBH, (157 mg, 7.21 mmol)
was added to a solution of (25)-24 (1.063 g, 4.15mmol) in THF (20ml) at
0°C and the whole was stirred for 12h at 60 °C. The reaction mixture was
diluted with H,0 and extracted with Et,O. The organic layer was washed
with saturated brine, dried over MgSO, and evaporated to afford a crude
product which was chromatographed on silica gel (30 g) to give (35)-26 as a
homogeneous oil (812 mg, 86% yield) from n-hexane : AcOEt=1:2 eluent.
Spectral data (IR, 'H-NMR) were identical with those of reported (35)-25."

(35)-3-Methyl-4-phenylsulfonylbutyltetrahydropyranyl Ether 3 A
mixture of (25)-25 (109 mg, 0.47 mmol), 3,4-dihydropyran (DHP) (108 mg,
1.28 mmol) and pyridinium p-toluenesulfonate (PPTS, 11 mg, 0.043 mmol)
in CH,CI, (2 ml) was stirred for 12 h at room temperature. The reaction mix-
ture was washed with aqueous NaHCO, and saturated brine, and dried over
MgSO,. The organic layer was evaporated to afford a crude product which
was chromatographed on silica gel (15 g) to give (35)-3 as a homogeneous
oil (142mg, 95% yield) from n-hexane : AcOEt=4:1 eluent. Spectral data
(IR, 'TH-NMR) were identical with those of reported (35)-3.%

(3R,7R)-3,7,11-Trimethyldodecan-1-ol 27 1) »n-Butyllithium (n-BuLi,
1.6Mm in hexane,10 ml, 16 mmol) was added to a stirred solution of diiso-
propylamine (2 ml) in THF (7 ml) at —78 °C under an argon atmosphere and
the mixture was stirred for 30 min at the same temperature. The resulting
LDA-THF solution was added to a solution of (35)-3 (820 mg, 2.63 mmol)
in THF (2ml) at —78 °C and then HMPA (2 ml) was added. The whole was
stirred for 30 min at —78 °C, then a solution of (3R)-3,7-dimethyloctyl io-
dide 4 (523 mg, 1.95 mmol) in THF (3ml) was added at the same tempera-
ture. The reaction mixture was stirred for 30 min at —20°C and for 30 min
at room temperature, then diluted with H,O and extracted with Et,O. The or-
ganic layer was washed with saturated brine and dried over MgSO,. Re-
moval of the organic solvent gave an oily product, which was chro-
matographed on silica gel (50 g, n-hexane : AcCOEt=10:1) to afford 26 as a
homogeneous oil (374 mg, 42% overall yield). 2) A mixture of 26 (374 mg)
and concentrated HC1 (4 drops) in EtOH (10 ml) was stirred for 12 h at room
temperature. The reaction mixture was condensed and diluted with H,0O and
extracted with Et,O. The organic layer was washed with saturated with brine
and dried over MgSO,. Removal of the organic solvent gave an oily product,
which was chromatographed on silica gel (15 g, n-hexane : AcOEt=3:1) to
afford a homogeneous oil (292 mg, 95% yield). 3) 5% Na/Hg (1.688 ¢,
0.377 mmol) was added to a solution of the above mentioned oil (125 mg,
0.34 mmol) described in 2) in MeOH (5 ml) and the mixture was refluxed for
2.5h with stirring, then diluted with H,O and extracted with Et,O. The or-
ganic layer was washed with saturated brine and dried over MgSO,. Re-
moval of the organic solvent gave an oily product, which was chro-
matographed on silica gel (10 g, n-hexane : AcOEt=10: 1) to afford (3R,7R)-
27 as a homogeneous oil (72 mg, 93% yield). Spectral data (IR, 'H-NMR)
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were identical with those of reported (3R,7R)-27.9

(2RA'R,8'R)-1',2'-Dehydro-a-tocopheryl Benzyl Ether 28 1) Tri-
phenylphosphine (Ph,P, 352 mg, 1.35 mmol) and CBr, (445 mg, 1.34 mmol)
were added to a solution of (3R,7R)-27 (100 mg, 0.44 mmol) in THF (2 ml)
and the resulting solution was stirred for 15 min at room temperature. The
reaction mixture was diluted with saturated brine and extracted with Et,0
The organic layer was dried over MgSO, and evaporated to afford a crude
product which was chromatographed on silica gel (10g) to give (3R,7R)-
3,7,11-trimethyldodecanyl bromide ([o]3 —3.1 (¢=1.62, n-hexane)) as a
homogeneous oil (129 mg, quantitative yield) from n-hexane eluent. 2) A
mixture of (3R,7R)-3,7,1 1-trimethyldodecany! bromide (72 mg, 0.25 mmol)
and Ph,P (72 mg, 0.27 mmol) was heated at 200 °C for 6 h with stirring and
the generated phosphonium salt 2 was dissolved in THF (2 mly after cooling.
n-BuLi (1.6 M in hexane, 0.14 ml, 0.22 mmol) was added to the above THF-
solution at —78 °C under an argon atmosphere and the whole was stirred for
30min at the same temperature. A solution of chroman aldehyde (§)-1 (
81 mg, 0.25 mmol) in THF (2 ml) was added to the above phosphine-ylide at
—78°C. The whole was stirred at —78 °C for 30 min, at 0 °C for 30 min and
heated at 60°C for 2.5h. The reaction mixture was diluted with saturated
brine and extracted with Et,0. The organic layer was dried over MgSO, and
evaporated to afford a crude product which was chromatographed on silica
gel (10 g) to give a mixture of Z- and E-(2R,4'R,8'R)-28 (Z/IE=14:1) as a
homogeneous oil (45mg, 35% yield based on (3R,7R)-27)) from n-
hexane : AcOEt=100: 1 eluent. (2R.4'R,8'R)-28: MS (El) m/z 518 (M™). Z-
28: 'H-NMR (CDCl,) &: 5.32—5.48 (2H, m, olefinic H). £-28: 'H-NMR
(CDCly) &: 5.00 (1H, ddd, J=1.4, 10.7, 17.3Hz), 5.79 (IH, dd, /=10.7,
17.3 Hz).

(2R4'R,8'R)-a-Tocopherol A solution of (2R4'R,8'R)-28 (43 mg,
0.08 mmol) in AcOEt (2 ml) was hydrogenated at ordinary temperature and
pressure in the presence of 20% Pd(OH),~C (16 mg). After hydrogen ab-
sorption had ceased, the catalyst was filtered off with the aid of Celite and
the filtrate was evaporated. The residue was chromatographed on silica gel
(10 g, n-hexane: AcOEt=50:1) to afford (2R,4'R,8'R)-o-Tocopherol as a
homogeneous oil (31 mg, 86% yield). (2R,4'R.8'R)-a-tocopherol: Anal.
Caled for CpHq0,: C, 80.87; H, 11.70. Found C, 80.77; H, 11.93. [a]¥
~2.7 (¢=0.59, benzene). MS (EI) m/z; 430 (M™). IR (neat): 3460 cm ™", 'H-
NMR (CDCl,) &: 0.83—0.87 (12H, m), 1.01—1.63 (24H, m), 1.71—1.84
(2H, m), 2.11 (6H, s), 2.15 (3H, s), 2.59 (2H, t, J=THz), 4.20 (1H, br s).
BC-NMR (CDCl) 6: 11.7 (), 12.3 (q), 12.7 (q), 20.1 (g), 20.2 (g), 21.2 (1),
21.5 (1), 23.1 (q), 23.2 (q), 23.4 (q), 24.9 (1), 25.3 (1), 28.4 (d), 32.0 (t), 33.1
(d), 33.2 (d), 37.7 (1), 37.8 (1), 37.9 (1), 38.0 (1), 39.8 (t), 40.2 (t), 74.8 (s),
117.6 (s), 118.7 (s), 121.2 (s), 122.8 (s), 144.7 (s), 145.7 (s). Spectral data
(IR, MS (El), 'H-NMR and “C-NMR ) were identical with those of (*)-o-
Tocopherol.
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A novel isoxazole derivative, O-(5-isoxazolyl)-L-serine (OIS, 1), was synthesized by a Mitsunobu reaction of
isoxazolin-5-one (4) with N-Boc-L-serine zert-butyl ester (5) and subsequent deprotection of the coupling product.
Its structure was elucidated by spectroscopic analyses. The pharmacological activity of 1 was also examined with
cloned glutamate receptors and transporters using a Xenopus oocyte-expressing system showing substrate activ-
ity on an excitatory amino acid carrier 1 (EAAC 1) as a glutamate transporter.

Key words

O-(5-Isoxazolyl)-L-serine (OIS, 1) is thought to be a struc-
tural isomer of naturally occurring isoxazolinone derivatives,
B-(isoxazolin-5-on-2-yl)-L-alanine (BIA, 2) and p-(isoxa-
zolin-5-on-4-yl)-L-alanine (TAN, 3), but it has not yet been
found in nature. BIA (2) was identified in the leguminous
genus Lathyrus, Lens and Pisum, was confirmed to be the
biosynthetic precursor of the neurotoxin 3-N-oxalyl-L-2,3-
diaminopropionic acid (S-ODAP) in grass pea (Lathyrus
sativus L.),"> and was also found to have antimycotic activ-
ity.®’ BIA was synthesized from N-Boc-L-serine (9) by Bald-
win et al.” TAN (3) was isolated from Streptomyces platensis
as an antifungal antibiotic,¥ and was also synthesized by
Tsubotani et al.”’ However, OIS (1) has not yet been synthe-
sized, in spite of its stable structure.

During the pharmacological study of isoxazolinone deriva-
tives and such related compounds as neurotoxins, which
cause crippling human neurolathyrism, we reported that TAN
was a potential agonist for glutamate receptors (Glu R) and
glutamate transporters (Glu T) as well as S-ODAP, a major
causative agent of neurolathyrism, which is caused by eating
the grass pea seeds, whereas BIA had almost no activity.'*~'?

Therefore, we have focused on the synthesis of an isomer,
OIS (1), to clarify the structure—activity relationship of isox-
azolinone compounds. We now report the synthesis and phar-
macological activity of 1 in comparison with its two isomers
and other related compounds.

Results and Discussion

Synthesis of OIS (1) OIS (1) was synthesized by a Mi-
tsunobu reaction'® of isoxazolin-5-one (4) with N-Boc-L-ser-
ine fert-butyl ester (5) and subsequent deprotection of the
coupling product (6), as shown in Chart 1. Its structure was
elucidated by spectroscopic analyses. The IR spectrum of 1
showed an absorption band for carbonyl functionality (1689
cm™") of an amino acid. The "H-NMR spectrum revealed two
doublet signals of aromatic protons of the isoxazole ring at &
5.46 (d, 1H, J=2.2Hz, C,H) and 8.17 (d, 1H, J=2.2Hz,
C;H), and two multiplet signals of one methine group at the
o-position of an amino acid at § 4.10 (m, 1H) and the adja-
cent oxymethylene group at & 4.56 (m, 2H). The *C-NMR
spectrum also showed three signals (6 79.3, 154.8, 173.2)
due to an isoxazole skeleton, together with three signals (0
54.5, 71.2, 171.7) of serine moiety. A downfield shifted car-
bon signal at & 71.2, which does not appear in the spectrum

* To whom correspondence should be addressed.

synthesis; O-(5-isoxazolyl)-L-serine; pharmacological activity; excitatory amino acid carrier 1; Xenopus oocyte

of BIA (2) or TAN (3), clearly indicated that this carbon is
bonded to the isoxazole ring through an oxygen atom (Fig.
1). Information concerning the coupling position was ob-
tained from the heteronuclear multiple bond correlation
(HMBC) spectrum of protected OIS (6), in which a cross-
peak was observed between the oxymethylene proton (O
4.54) and quaternary carbon (6 172.9) of the isoxazole nu-
cleus, indicating that a serine moiety is attached to the C-5
position of the isoxazole ring. This structure was reinforced
by comparison of the previously observed NMR data for 2
and 3.” Finally, the structure of newly synthesized 1 was
concluded to be a positional isomer of 2 and 3, and is repre-
sented by the structure formula in Chart 1.

8.7 (d,2.2)
Ne= 154(.5 0 532(d, 2.7) O—H
/ sas@22 158 88.4
O Az " d \ 526(,27) 180.6, P 7.98 (s)
173.2 N\, 155.2 0) 155.5
lil 82.9

0

2.80 (dd, 4.4, 15.6)
| 53.2 CH, 4.36 (d,6.8) 208 e 210 (dd,7.3,15.8)
71.2 CH, 4.56 () ’ 2 meEE
58.5 CH 3.86(dd, 4.4, 7.3
53.9CH 4.14(d, 6.8) GH { )

54.5 CH 4.10 (m)
N COH HN - COoH
HoN CO,H 171.5
171.7
OIS (1) BIA (2) TAN(3)
solvent : D0
plain for "H-NMR
italic for 3C-NMR
Fig. 1. 'H-and *C-NMR Spectral Data of OIS (1), BIA (2) and TAN (3)
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Chart 1. Synthetic Routes of OIS (1)
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Table 1. Effects of OIS (1) and Related Compounds on the Cloned Glu R and Glu T Expressed in Xenopus Oocytes
NMDA® 5 ) b b)
Glu site? Gly site” AMPA GLAST EAAC | GLT 1
OIS (1) 0.4x0.1 9.3%x2.1 1.0£0.7 0.4*0.3 7.7+2.0 2.8x1.7
BlA (2) 1.5x09 3.9%1.0 2.0x04 0.5x0.4 43+25 23+19
TAN (3) 17.3£0.5 15.9+53 57.0x3.4 31.6%0.3 18.1£4.0 0.8+0.5
B-ODAP 1.1x£0.6 0.9x0.5 81.0+7.6 2.0%0.5 0.8x0.6 0.5x0.5

Inward currents evoked by 0.1 mm 1 and related compounds are expressed as percentage responses of @) those with 0.1 mu L-glutamate (Glu) and 0.1 mm glycine (Gly), and of
5) 0.1 mm Glu. ¢) Glu site agonist activities induced by 0.1 mm compounds and Gly. d) Gly site agonist activities induced by 0.1 mm compounds and Glu. Slight responses are ob-
served for each site without an appropriate agonist : ¢) 0.5%0.2, d) 0.3+0.05. Data are means=S.E.M. (n=3—7).

Pharmacological Activity of OIS (1) The pharmaco-
logical activity of 1 was examined for its activity on Glu R
and Glu T by using a Xenopus oocyte-expressing system in
comparison with its two isomers, 2 and 3, and the results are
summarized in Table 1. Macroscopic currents were recorded
using a two-electrode voltage-clamp method as described
previously.'"'? In the voltage-clamp experiments using
cloned rat Glu R and Glu T expressed in Xenopus oocytes, 1
at 0.1 mm showed weak substrate activity on an excitatory
amino acid carrier 1 (EAAC 1), a neuron-type Glu T, while 2
had no activity. OIS (1) also had slight agonistic activity on
the glycine site of a N-methyl-p-aspartic acid (NMDA)-sub-
type of Glu R composed of 1, and 2B subunits. However, 1
showed almost no activity on the «@-amino-3-hydroxy-5-
methyl-4-isoxazole propanoic acid (AMPA)-subtype of Glu
R composed of a1 and &2 subunits, nor on glutamate/aspar-
tate transporter (GLAST) or glutamate transporter 1 (GLT 1)
of Glu T, both being glia-type transporters. As we reported
before,'"'? 3 had a potential activity against all Glu R and
Glu T examined, and 8-ODAP also showed agonistic activity
on the AMPA receptor, while 2 showed no activity toward
Glu R or Glu T (Table 1). In summary, 1 had moderate activ-
ity toward the glycine site of the NMDA receptor as well as
toward the EAAC 1-type Glu T in sharp contrast to its iso-
mer, 3

Amino Acid Analysis of Some Lathyrus and Pisum
Species Detection of the newly synthesized 1 in the
seedlings and seeds of grass pea (Lathyrus sativus L.), sweet
pea (L. odoratus L.), perennial sweet pea (L. latifolius L.)
and pea (Pisum sativum L.) was attempted using an auto-
matic amino acid analyzer equipped with a UV detector as
described previously,' since 2 was identified in these
plants’? and 1 had not yet been found. However, 1 could not
be detected in these plants examined, under standard operat-
ing conditions.

In conclusion, a novel isoxazole compound 1 was synthe-
sized from isoxazolin-5-one (4) and N-Boc-L-serine fert-
butyl ester (5) for the first time, and was found to have sub-
strate activity on EAAC 1 as a Glu T, while 1 could not be
found in the Lathyrus or Pisum species examined. This sug-
gests that it may be a potential lead compound for the devel-
opment of new Glu T drugs.

Experimental

Melting points were measured on a Yanagimoto apparatus and are uncor-
rected. IR spectra were recorded on a JASCO FT/IR-300E spectrometer by
the diffuse reflection measurement method. NMR spectra were measured on
a JEOL GSX-500« (500 MHz for 'H and 125 MHz for "*C) in CDCl, solu-
tion and on a JEOL GSX-400c (400 MHz for 'H and 100 MHz for *C) in
D,O solution, and chemical shifts were reported in § (ppm) from tetra-

methylsilane (TMS) as an internal standard. FAB-MS were recorded on a
JEOL JMS-HX-110A spectrometer in an m-nitrobenzylalcohol (NBA) ma-
trix in the positive ion mode. The electrospray ionization-mass spectra (ES1-
MS) were obtained on a JEOL JMS-700T spectrometer in H,0:CH,CN:
CH;OH: AcOH=33:33:33:1. TLC : Kieselgel 60 F,;, 0.25mm (Merck),
Column chromatography (CC): Kieselgel 60 (70—230 mesh) or Kieselgel
60 (230—400 mesh) (Merck).

BIA (2) was obtained from plants as described previously." TAN (3) and
B-ODAP were purchased from Takeda Chemical Ind., Ltd., and from Tocris
Cookson, Ltd., respectively. All chemicals used in the pharmacological
study were dissolved in glass-distilled water.

Isoxazolin-5-one (4) 4 was synthesized from ethyl propiolate (7) via
ethyl malonaldehydate oxime (8, 400.5 mg, 3.07mM) as colorless prisms
(180.5 mg, 69.2%) in accordance with the method of Sarlo.'>

N-Boc-L-serine tert-Butyl Ester (5)'® A mixed solution of N-Boc-L-
serine (9, 1.003 g, 4.89 mm) and N,N-dimethylformamide di-zert-butylacetal
(DFBA, 6.21 ml, d=0.848, 25.9 mm) in dry benzene (8.0 ml) was refluxed
for 19 h under Ar. To the mixture, 5% aq. NaHCO, was added and stirred for
30 min, then an adequate amount of CH,OH was added to give one layer.
After extraction with AcOEt, its fraction was rinsed 3 times with H,O and
once with sat. NaCl aq., which was dried over MgSO, and filtered. The
AcOEt solution was concentrated in vacuo to give a yellow oil (1.427g),
which was purified by CC [SiO,, Kieselgel Art. 7734, n-hexane : AcOEt=2:
1 (v/v)] to give 5 and its formyl ester (5') as a by-product.

N-Boc-L-serine tert-Butyl Ester (5): Colorless prisms (837.2 mg, 65.8%) :
mp 79.0—83.5°C. IR (CHCl,) v,,, cm™':3432, 1709. 'H-NMR (500
MHz): 8 1.38 (s, 9H, tert-Bu), 1.41 (s, 9H, tert-Bu), 2.62 (s, 1H, OH), 3.82
(d, 2H, J=3.4Hz, CH,), 4.18 (br s, IH, CH), 5.41 (d, 1H, J=1.0 Hz, NH).
BC-NMR (125MHz): § 27.9 (3CH,), 28.3 (3CH,), 56.3 (CH), 63.9 (CH,),
80.1 (O-C), 82.6 (0O-C), 156.0 (C=0), 170.0 (C=0). FAB-MS m/z:262
(MH™), 206 (MH " —tert-Bu), 150 (MH™ —2-tert-Bu).

N-Boc-O-formyl-L-serine tert-Butyl Ester (5'): Colorless prisms (23.0
mg): IR (CHCLy) v, cm™':3438, 1730. '"H-NMR (500 MHz): § 1.38 (s,
9H, tert-Bu), 1.40 (s, 9H, fert-Bu), 435 (dd, 1H, J=3.0, 11.0 Hz, CH,), 4.40
(m, 1H, CH), 4.46 (dd, IH, J=3.0, 11.0Hz ,CH,), 5.23 (d, 1H, J=7.1 Hz,
NH), 7.98 (s, 1H, CHO). *C-NMR (125 MHz): § 27.9 (3CH,), 28.3 (3CH,),
53.2 (CH), 64.1 (CH,), 80.2 (0O-C), 83.0 (O-C), 155.1 (C=0), 160.3
(HC=0), 168.4 (C=0). FAB-MS m/z:290 (MH"), 234 (MH" —tert-Bu),
178 (MH" —2-tert-Bu).

Protected OIS (6) Isoxazolin-5-one (4, 25.8 mg, 0.30 mm), N-Boc-1-
serine fert-butyl ester (5, 79.2mg, 0.30mMm) and PPh, (95.5mg, 0.36 mm)
were dissolved in 1.0 ml of tetrahydrofuran (THF) at 0°C under Ar, then di-
isopropyl azodicarboxylate (DIAD, 0.045ml, d=1.027, 0.36 mm) was added
dropwise in accordance with the Mitsunobu reaction.'” The resulting mix-
ture was stirred at room temperature for 6 h. To the reaction mixture, water
was added and extracted with AcOFEt. The AcOEt solution was rinsed 3
times with water and once with sat. NaCl aq. After drying over MgSO,, the
filtrated solvent was removed in vacuo to give a yellow oil (283.5 mg). This
was purified by CC [SiO,, Kieselgel Art. 7734, n-hexane:AcOEt=2:1
(v/v)] followed by prep. TLC [n-hexane:ether=2:1 (v/v)] to give a color-
less powder (26.1 mg, 26.2%):mp 58.5—62.0°C. IR (CHCly) v, cml
1707. 'H-NMR (500 MHz): § 1.43 (s, 9H, rert-Bu), 1.44 (s, 9H, fert-Bu),
4.42 (m, IH, CH), 4.54 (m, 2H, CH,), 4.63 (m, 1H, NH), 5.20 (d, IH, J=2.0
Hz, C,-H), 8.05 (d, 1H, J=2.0Hz, C;-H). “C-NMR (125MHz): § 27.7
(3CH,), 28.3 (3CH,), 53.7 (CgH), 66.7 (CH,), 76.7 (C,H), 80.4 (O-C), 83.4
(0-C), 152.8 (C;H), 155.2 (C=0), 167.8 (C,=0), 172.9 (C;). FAB-MS m/z:
329 (MH™).

OIS (1) Protected OIS (6, 12.0mg, 0.04 mm) and CF,COOH (10.0 ml)
were stirred for 30 min as with the synthetic method of 3 by Tsubotani ef



280

al.,” then rinsed 2—3 times with ether after removing the solvent. The re-
sulting yellow oil was applied to CC [SiO,, Kieselgel, ethanol: H,0=4:1
(v/v)], and 1 was obtained as a colorless powder (7.5mg, quant.): mp
109.5—112.0°C. IR (nujol) v, cm™": 3377, 1689, 1596, 1459. 'H-NMR
(400 MHz): 6 4.10 (m, 1H, CH), 4.56 (m, 2H, CH,), 5.46 (d, 1H, J=2.2Hz,
C,H), 8.17 (d, 1H, J=2.2Hz, C;H). PC-NMR (100 MHz): § 54.5 (C4H),
71.2 (CH,), 79.3 (C,H), 154.8 (C;H), 171.7 (C,=0), 173.2 (C;-0). ESI-MS
m/z 1 173 (MH™).

Pharmacological Activity Assay This assay of newly synthesized 1 and
related compounds was performed using a Xenopus oocyte-expressing sys-
tem as previously described.''?!

Amino Acid Analysis Selected Lathyrus and Pisum seeds were germi-
nated in the dark at 25—26°C. After 6 or 7d, the seedlings were collected
and extracted in 75% EtOH. Detection of 1 in the seedlings and seeds was
attempted using an automatic amino acid analyzer (Hitachi 835-10)
equipped with a UV detector (265 nm) under standard operating conditions
as described previously:'¥ 1 was eluted at about 31 min from the column,
and 2 and 3 were cluted at about 23 and 37 min, respectively, at a flow rate
0f 0.275 ml per min.
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Three flavonol triglycosides kaempferol 3-[2¢?-(4-acetylrhamnosyl)robinobioside], kaempferol 3-(2°"-rham-
nosylrobinobioside) and quercetin 3-(2°-rhamnosylrutinoside) have been isolated from a methanolic extract of
Galega officinalis aerial parts. They are reported for the first time in the genus Galega; moreover, the acetylated

triglycoside is a new natural product.

Key words  Galega officinalis; Fabaceae; acylated flavonol triglycoside; kaempferol 3-[2%"-(4-acetylrhamnosyl)robinobioside]

Goat’s rue (Galega officinalis L.) has been used in tradi-
tional medicine for treatment of diabetes mellitus."” The plant
has been previously investigated and the rare norterpenoid
glucoside dearabinosyl pneumonanthoside was isolated.”’ We
carried out a chemical investigation of G. officinalis and iso-
lated a new acetylated flavonol triglycoside along with two
known flavonol triglycosides. This paper describes the isola-
tion and structural elucidation of these components.

The methanolic extract of the aerial parts” was suspended
in H,O and partitioned by CH,Cl, and EtOAc successively.
Compounds 1—3 were present in the EtOAc soluble part.
Compounds 2 and 3 were identified as mauritianin® and
quercetin  3-(2%-rhamnosylrutinoside),** respectively, by
comparing their 'H- and '*C-NMR spectral data with re-
ported values. Compound 1 is new, while 2 and 3 were iso-
lated for the first time from this plant.

Among the three isolated triglycosides, component 1 was
the least polar on silica gel and BAW-cellulose TLC systems
(see Experimental). Its UV spectra in the usual shift reagents
indicated a kaempferol 3-conjugated structure® as for 2. Fur-
thermore, the positive FAB mass spectrum exhibited a signal
at m/z 783 (M+H)" consistent with a molecular formula
C55H,,0,, for the glycoside. Other significant peaks visible at
m/z 637 [(M+H)—146]", m/z 595 [M+H)—146—42]"*, m/z
449 [((M+H)—146—42—146]" and finally m/z 287 [(M+
H)—146—42—146—162]" indicated the successive loss of
two branched rhamnose units of which one was acetylated as
was as an inner hexose, the base signal at m/z 287 corre-
sponding to kaempferol. The two branched ¢-L-rhamnosyl
moieties were confirmed by the 'H broad doublets at § 4.52
(/=1.4Hz) and 9 5.23 ppm (J=1.3 Hz) for anomeric protons

CH,
OH
O
OH OH
Rha
0
Ry Ry Ry
1 H OAc OH
O 2 H OH OH
CH. Rha
R, 3 oH OH H
HO OH

* To whom correspondence should be addressed.

and the doublets (J=6.2 Hz) at § 1.17 and 0.88 ppm for the
methyls, as well as the *C-NMR peaks at § 101.9 and 102.6
ppm for both anomeric carbons and & 18.0 and 17.4 for CH,
groups. The inner hexose exhibited 'H- and '*C-NMR values
characteristic of B-p-galactose at & 5.52, d (J=7.7Hz) and &
101.2 for the anomeric CH as well as those at § 3.77, brd
(J=3.3Hz) and & 70.7 for CH-4 as recorded for component
2 (Tables 1 and 2). Finally, a substituted robinobiose struc-
ture was evidenced in this compound as for 2 by all the 'H-
and "*C-NMR shifts and multiplicities relative to the osidic
part, thus locating the second rhamnosyl unit at C-2 of the
galactose as indicated by ¢ 3.92 and 6 77.9 (Tables 1 and 2).
However, the supplementary rhamnosyl group was different
from that of 2 by an acetyl function located at C-4, and was

Table 1. 'H-NMR Data of Compounds 1-—3 (400 MHz, CD,0D/TMS)®

No. 1 2 3

Kaempferol or quercetin

6.20 d (2.0) 6.18d (1.6) 6.18 d (2.0)
8 6.39d (2.0) 6.38 d (1.6) 6.37d(2.0)
2’ 8.05d(8.9) 8.06 d (8.8) 7.59 brs
3 6.89d(8.9) 6.89d (8.8) —
5’ 6.89d(8.9) 6.89d (8.8) 6.87d(8.1)
6’ 8.05d(8.9) 8.06 d (8.8) 7.60 dd (8.1,2.2)
Robinobiose or rutinose?”
1 5.52d(7.7) 5.60d (7.8) 5.59d(7.7)

3.92dd (9.5,7.7)
3.70 dd (9.5, 3.2)

3.93dd (9.5,7.8)
370 dd (9.5, 3.4)
3.77brd (3.3)

3.64 dd (9.0, 7.7)
3.54brt(9.0,8.7)
3.27brt (9.5, 8.9)

2
3
4 3.77brd (3.3)
5
6
6

3.63brt(6.1) 3.63brt(6.3) 332m
A 3.45dd (10.3,6.7) 3.44dd (10.2,6.6) 3.40brd(11.6)
B 3.71dd (10.2,5.4) 3.72dd (10.3,5.7) 3.82brd(11.6)
452brd(1.4) 4.52brd(1.2) 4.50 brd (1.3)

1

2 357dd(3.4,1.6) 3.56dd(3.3,1.6) 3.58dd (3.3, 1.6)

3 350dd (9.3,34) 3.50dd(9.3,3.3) 349dd(9.5,3.4)

4 3.27t(9.5) 3.261(9.5) 3.23t(9.5)

5 3.52dq(9.5,6.2) 3.52dq(9.5,6.2) 3.41dq(9.5,6.2)

6 1.17d(6.2) 1.17d(6.2) 1.08d (6.2)
Rhamnose

1 523 brd(1.3) 521 brd(1.0) 522brd(1.2)

2 4.04dd (3.3,1.6) 4.00brdd (3.0,1.4) 4.00dd (3.3, 1.6)

3 4.00dd (9.8,3.3) 3.80dd(9.8,3.3) 3.80dd (9.8,3.4)

4 4.891(9.8) 334 brt(9.5) 3.35brt(9.8)

5 4.26dq(9.8,6.2) 4.06dq(9.6,6.2) 4.08 dq (9.6, 6.2)

6 0.88 d (6.2) 0.98d (6.2) 1.00d (6.2)
Acetyl

CH, 2.00s — -

a) 6 ppm (J Hz).

© 2000 Pharmaceutical Society of Japan

b) Robinobiose: Gal *—' Rha; rutinose: Glc ®*—' Rha.
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Table 2.
ppm)

BC-NMR Data of Compounds 1—3 (100 MHz, CD,;OD/TMS,

No. 1 2 3

Kaempferol or quercetin

2 158.9 158.7 159.0
3 134.6 134.5 134.5
4 179.4 179.5 179.3
5 163.2 163.2 163.2
6 99.8 99.8 99.8
7 165.7 165.7 165.7
8 94.8 94.7 94.7
9 158.5 158.5 158.5
10 105.9 105.9 106.0
1 123.0 123.1 123.6
2’ 132.2 132.3 117.5
3’ 116.2 116.2 146.0
4’ 161.4 161.3 149.6
5 116.2 116.2 116.1
6 132.2 132.3 123.5
Robinobiose or rutinose
1 101.2 100.9 100.5
2 77.9 77.6 80.1
3 75.7 75.8 79.0
4 70.7 70.8 71.9
5 753 75.4 77.1
6 67.3 67.2 68.3
1 101.9 101.9 102.3
2 72.1 72.1 72.2
3 72.3 72.3 72.3
4 73.9 73.9 73.9
5 69.7 69.7 69.8
6 18.0 18.0 17.9
Rhamnose
1 102.6 102.7 102.7
2 72.5 72.5 72.5
3 70.4 72.4 724
4 75.8 74.1 74.1
5 67.7 69.9 70.0
6 17.4 17.6 17.6
Acetyl
CcO 172.9 — —
CH, 21.1 — —

responsible for the large 'H and "*C deshielding of CH-4 at §
4.89 and & 75.8 in comparison with § 3.34 and J 74.1 for 2.
This group also induced downfield shifts to vicinal protons
H-3 (6 4.00, A5 +0.20ppm) and H-5 (6 4.26, A6 +0.20
ppm) by decreasing, as expected, the electron density caused
by the conjugated 4-oxygen with the carbonyl. Inversely, up-
field shifts were recorded for the corresponding carbons C-3
(6 70.4, A5 —2.0 ppm) and C-5 (8 67.7, A0 —2.2 ppm) fol-
lowing both the anisotropic effect involving the carbonyl and
steric hindrance of the substituent.”” These results which
were completely confirmed by both 2D-NMR including 'H-
'H and 'H-'*C COSY correlation spectroscopy experiments
as well as by acid hydrolysis resulted in assignation of the
new structure kaempferol 3-0O-[4-O-acetyl-a-L-rhamnopyra-
nosyl-(1-2)-a-L-rhamnosylpyranosyl-(1-—6)]--p-galac-
topyranoside or kaempferol 3-[29#'-(4-acetylrhamnosyl)robi-
nobioside] to compound 1.

Experimental

General CC was achieved on polyamide SC-6 (Macherey-Nagel) and
Sephadex LH20 (Pharmacia). Chromatographic mobilities were recorded in
three systems: system 1 (Silica gel F,q, EtOAc-H,0-HCO,H-HOAc,
20:2:1:1), system 2 (Cellulose F,54, n-BuOH-HOAc-H,0, 4:1:5, upper
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phase), system 3 (Cellulose F,,, H,O-HOAc, 9:1). Prep. HPLC was per-
formed on a Merck model (Prep Septech) with Lichrospher 100 DIOL
(10 um, 250X 10mm). UV spectra were recorded on a Jasco V-560 spec-
trophotometer. 'H-NMR and "*C-NMR spectra were measured in CD,0D at
400 MHz for 'H-NMR and 100 MHz for >*C-NMR on a Bruker DPX Avance
spectrometer using tetramethylsilane as internal standard. The complete pro-
ton and carbon assignments were based on 1D ('H standard, *C J mod and
13C distortionless enhancement by polarization transfer (DEPT)), 2D (‘"H-H
correlation spectroscopy (COSY), 'H-"3C heteronuclear multiple quantum
coherence (HMQC) and 'H-"C heteronuclear multiple bond correlation
(HMBC)) NMR experiments. Fast atom bombardment (FAB) mass spectra
were obtained on a Nermag Sidar V 3.1 spectrometer (70 eV) in the positive
ion mode using glycerol matrix. Acid hydrolysis was performed at 110°C
for 2 h with 9mg for 1, 5 mg for 2 and 3 in 4ml of 2~ HCI. After neutraliza-
tion with NaOH, the aqueous residue was extracted twice with Et,0. Agly-
cones were detected in the organic layer whilst sugars were identified in the
aqueous phase. Glucose, galactose and rhamnose were visualized by TLC
(20 cm) on silica gel (EtOAc—H,0-MeOH-HOAc 13 :3:3 : 4) after spraying
p-anisidine phthalate reagent.

Plant Material G. officinalis was harvested during flowering by Pharma
et Plantes (Valanjou, France), and the aerial parts in powder form were de-
posited at Laboratoire de Pharmacognosie et de Phytochimie (Université de
Limoges) along with a control certificate.

Extraction and Isolation G. officinalis powdered aerial parts (9kg)
were percolated at room temperature with successive solvents of increasing
polarity: 57 | n-hexane (110g), 200 1 CH,Cl, (120g), 140 | EtOAc (52¢g)
and 100 1 MeOH (500 g). A part of the MeOH extract (150 g) was suspended
in 1.2 1 of water and then divided into 5 portions and added with 150 ml of
petrol ether, CH,Cl,, EtOAc, and #n-BuOH. After concentration, residues
were 2.3 g for the petrol ether part, 6.4 g for the CH,Cl, part, 13.9 ¢ for the
EtOAc part, 61.3 g for the n-BuOH part and, finally, 59.4 g for the aqueous
residue. The last mentioned EtOAc extract (13.9 g) was then fractionated on
a Sephadex LH20 CC (800X45 mm, MeOH) to give nine fractions (A—1I).
Compounds 1—3 issued from fraction C were separated by a Lichroprep
C18 MPLC (1525 um, 460X 15 mm, MeOH gradient in H,0) to give four
fractions (I, 11, 111, V). Fraction II (542 mg) eluted with H,O0-MeOH (1:1)
was passed through two polyamide MPLC (23015 mm, MeOH gradient in
toluene) to afford compound 2 in the toluene-MeOH (4:1) mixture and
compound 3 in toluene-MeOH (13 : 7) fractions. The final purification of 2
was carried out by centrifugal thin layer chromatography [Chromatotron,
Silica gel 60 Fys,, 1 mm thickness, n-hexane~EtOAc-MeOH (5:2:3)] af-
fording 17 mg. Finally, compound 3 was subjected to a Sephadex LH20 CC
(550x15mm, MeOH) to give [7mg . Fraction Il (430mg) eluted with
H,0-MeOH (2:3) was submitted to three successive polyamide MPLC
(230X 15 mm, MeOH gradient in toluene) and finally to a Lichrospher 100
DIOL HPLC [10 gm, 250X 10 mm, n-hexane-isoPrOH-MeOH (12:3:10)]
to yield 127 mg of pure 1.

Kaempferol 3-[29-(4-acetylrhamnosyl)robinobioside] (1): A yellow
amorphous powder, C;sH,,0,. 'H- and >C-NMR: see Tables 1 and 2. UV
AMEOH nm: 266, 298 sh, 351; (+NaOH): 274, 329, 394; (+AICL,): 275, 306,
353, 401; (+AICL,+HCl): 275, 305, 351, 398; (+NaOAc): 270, 303, 356,
(+NaOAc+H,BO,): 267, 301 sh, 350. Positive FAB-MS (glycerol): m/z 783
(M+H)*; 637 (M+H—Rha)*; 595 (M+H~AcRha)*; 449 (M+H—Rha—
AcRha)*; 287 (M+H—Rha—AcRha—Gal)*. Chromatographic mobilities:
Rf0.20 (system 1), Rf 0.44 (system 2), Rf 0.88 (system 3).
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The effects of excipients on the protein stability during lyophilization as well as the storage stability of
lyophilized bilirubin oxidase (BO) and B-galactosidase (GA) formulations were studied using four polymer excip-
ients: dextran, polyvinylalcohol (PVA), poly(acrylic acid) (PAA), and ¢, B-poly(N-hydroxyethyl)-L-aspartamide
(PHEA). Denaturation of BO and GA during lyophilization largely depended on the excipient used. Dextran ap-
peared to cause severe damage to proteins, whereas PHEA protected proteins effectively from denaturation.
Storage stability of BO and GA formulations also depended on the excipients, such that the formulations con-
taining dextran and PAA were relatively unstable. Storage stability was improved by absorption of a small
amount of water for all the formulations studied. Absorption of a larger amount of water, however, decreased
the storage stability of the formulations containing PVA, PAA or PHEA. In contrast, the storage stability of for-
mulations containing dextran did not decrease noticeably with increasing water. This may be because formula-
tions containing dextran have a higher glass transition temperature than formulations containing PVA, PAA or

PHEA when a large amount of water is absorbed.

Key words

Lyophilization is considered to be a very promising for-
mulation for proteins susceptible to chemical and physi-
cal degradation.” Protein stability during lyophilization is
largely affected by the excipients used in the formulations.
Excipients that hydrogen bond to proteins can inhibit protein
degradation during dehydration. Furthermore, excipients that
produce amorphous phase having a high collapse tempera-
ture can also prevent proteins from degradation.” On the
other hand, excipients that induce phase separation during
lyophilization generally enhance protein degradation.” Thus,
the choice of optimal excipients plays an important role in
improving protein stability during lyophilization.

The choice of excipients is also important for the storage
stability of lyophilized protein formulations. Excipients that
have a higher glass transition temperature (T ») n the dry
state can provide lyophilized formulations of higher T,
which exhibit lower molecular mobility, and consequently
tend to offer better storage stability.> > Excipients that
lower the 7, of lyophilized formulations to a temperature
close to ordinary operating temperature upon moisture ab-
sorption,on the other hand, may decrease storage stability.”

In the present study, the effects of excipients on the pro-
tein stability during lyophilization, as well as the storage
stability of lyophilized bilirubin oxidase (BO) and S-galac-
tosidase (GA) formulations were studied using four polymer
excipients: dextran, polyvinylalcohol (PVA), poly(acrylic
acid) (PAA), and o,f-poly(N-hydroxyethyl)-L-aspartamide
(PHEA).

Experimental

Materials GA from Aspergillus oryzae was purchased from Toyobo Co.
(Osaka) and used without further purification. Bovine serum 7y-globulin
(BGG, G5009) and bovine serum albumin (BSA, fraction V) was provided
by Sigma Chemical Co., Inc. (St. Louis, MO). Lyophilized BO (Myrothe-
cium verrucaria) powder containing 25% sucrose and 25% ammonium sul-
fate was kindly provided by Amano Pharmaceutical Co. (Nagoya). BO was
purified by dialysis and lyophilized as described previously.”

Dextran (D-4133, average molecular weight of 42000) was obtained from
Sigma Chemical Co., Inc. PVA (average molecular weight of 31000—
50000) and PAA (32366-7, average molecular weight of 2000) were pur-

* To whom correspondence should be addressed.

lyophilization; enzyme activity; bilirubin oxidase; B-galactosidase; protein stability

chased from Aldrich Chemical Co., Inc. (Milwaukee, WI). PAA was dis-
solved in water (80 mg/ml), titrated to pH 7.0 with 2.5~ NaOH solution, and
lyophilized. PHEA was prepared via polysuccinimide by polycondensation
of aspartic acid as reported.”’ All other chemicals were of reagent grade and
purchased from Wako Pure Chemical Industries Ltd. (Osaka).

Preparation of Lyophilized BO and GA Formulations Protein (BO,
GA) was dissolved in distilled water (0.8 mg/g), and mixed with an equiva-
lent weight of aqueous solutions of polymer excipients (PVA, PHEA, dex-
tran, PAA) (80 mg/g). The weight ratio of protein to excipient was 1:100.
Three hundred microliters of the solution was frozen in a polypropylene
sample tube (10 mm diameter) by immersion in liquid nitrogen for 10 min,
and then dried in a vacuum below 5 Pa for 23.5h in a Iyophilizer (Freezevac
C-1, Tozai Tsusho Co., Tokyo), as previously described.” The shelf temper-
ature was between —35 and —30°C for the first 1h, 20 °C for the subse-
quent 19h, and 30 °C for the last 3.5h.

Solid-State Rehydration and Storage Testing For solid-state rehydra-
tion, lyophilized samples were stored at 15 °C for 24 h in a desiccator with a
saturated solution of potassium acetate (23.4% relative humidity (RH)),
CaCl,6H,0 (35.7%RH), K,CO,2H,0 (43%RH), or NaBr 2H,0 (60.2%RH).
Then, water content was determined by the Karl Fisher method (684 KF
Coulometer, Switzerland) (Table 1). The lyophilized samples before and
after solid-state rehydration were stored at 70 °C for 5 h.

Determination of Enzyme Activity of Lyophilized BO and GA Formu-
lations Enzyme activity of BO was determined as described previously.”
Briefly, lyophilized BO formulation was reconstituted with pH 7.0 phosphate
buffer to make a 3.2 pig/ml BO solution. The solution was added to a prein-
cubated (37°C) buffer containing BSA, bilirubin and sodium cholate, and
the decrease in absorbance at 460 nm was monitored. BO activity was deter-
mined within 30 min of reconstitution.

Enzyme activity of GA was measured as described previously.
Lyophilized GA formulations were dissolved in distilled water to make |
ug/ml GA solution. The activity was determined using 2-nitrophenyl--p-
galactopyranoside as a substrate.

10)

Results

Inactivation during Lyophilization Figure 1 shows the
enzyme activity of BO and GA remaining after lyophilization
with various polymer excipients. This value is expressed as a
percentage of the enzyme activity of the solutions prior to
lyophilization. When dextran was used as the excipient,
marked inactivation during lyophilization was observed in
both BO and GA formulations. When lyophilized with PVA,
BO exhibited a marked decrease in activity, whereas GA

© 2000 Pharmaceutical Society of Japan



284 Vol. 48, No. 2
Table 1. Water Content of Lyophilized BO and GA Formulations before and after Solid-State Rehydration under Various Humidity Conditions (g/g of
Solid)
BO GA
Humidity (Y%oRH)
Dextran PVA PAA PHEA Dextran PVA PAA PHEA
None 0.012 0.003 0.012 0.003 0.010 0.010 0.018 0.007
23.4 0.054 0.020 0.101 0.035 0.056 0.020 0.105 0.037
35.7 0.085 0.042 0.172 0.061 0.082 0.038 0.166 0.059
43.0 0.124 0.075 0.282 0.091 0.124 0.070 0.273 0.092
60.2 0.168 0.101 0.413 0.136 0.165 0.101 0.409 0.140

n=3; standard error: less than 5%.

% activity remaining
% activity remaining

Fig. 1. Enzyme Activity of BO and GA Remaining after Lyophilization
with Various Polymer Excipients

Expressed as a percentage of the enzyme activity of solutions prior to lyophilization
(n=3, standard error: less than 4% for BO and less than 3% for GA).

showed no significant decrease. Lyophilization with PAA
yielded BO and GA formulations with a relatively high re-
maining activity. BO and GA formulations with the highest
remaining activity of more than 90% were obtained when
PHEA was used as the excipient.

Figure 2 shows the effect of solid-state rehydration and
subsequent storage on the enzyme activity of lyophilized BO
and GA formulations. The rear columns represent the en-
zyme activity remaining after solid-state rehydration under
various humidity conditions. For the BO formulations (upper
figures), the remaining activity decreased with increasing hu-
midity for the formulations lyophilized with dextran, whereas
an increase in remaining activity with increasing humidity
was observed for the formulations lyophilized with PVA. The
effect of humidity conditions on the remaining activity was
not significant for the formulations lyophilized with PAA and
PHEA. In contrast, the GA formulations (lower figures) ex-
hibited an increase in remaining activity with increasing hu-
midity for any formulations lyophilized with dextran, PAA or
PHEA.

Inactivation during Storage The front columns in Fig.
2 represent the enzyme activity remaining after storage (at
70°C for 5h) of the lyophilized BO and GA formulations
with water absorbed at various humidities. The remaining ac-
tivity of the lyophilized formulation without solid-state rehy-
dration is also shown. This figure shows that the formula-
tions containing dextran and PAA were relatively unstable.
All the formulations studied exhibited lower storage stability
without solid-state rehydration compared to the samples re-
hydrated at 23.4%RH. On the other hand, solid-state rehydra-
tion under higher humidity decreased the storage stability of

formulations lyophilized with PVA, PAA and PHEA, except
the GA formulation containing PHEA in which the stability
was very high. Storage stability did not decrease remarkably
with increasing humidity in the formulations lyophilized
with dextran.

Discussion

Denaturation of BO and GA during lyophilization largely
depended on the excipient used. Dextran appeared to induce
severe damage in proteins, whereas PHEA protected proteins
effectively from denaturation, as shown in Fig. 1. The en-
zyme activity of the BO formulation lyophilized with PHEA,
which was determined after rehydration in buffer, was more
than 90% of the solutions prior to lyophilization. This is
higher than the activity reported for BO formulations
lyophilized with trehalose,” which is an effective stabilizer
against protein denaturation during dehydration. It is well
known that excipients with ability to hydrogen bond to the
protein can inhibit protein denaturation during lyophiliza-
tion."” The stabilizing effect of PHEA may be due to its flexi-
ble hydrophilic groups that can interact with protein. Dex-
tran, which is considered to be too bulky to hydrogen bond to
protein," may cause substantial denaturation of BO and GA
during lyophilization.

The effect of excipients on protein denaturation during
lyophilization naturally varies with the properties of the pro-
teins. PVA inhibited GA almost completely from denatura-
tion during lyophilization, but its stabilizing effect was not as
effective for BO, as shown in Fig. 1. GA generally appears to
be more stable than BO. When dextran was used as the ex-
cipient, marked inactivation during lyophilization was ob-
served in both BO and GA formulations. Some of the activ-
ity loss in the GA formulations was recovered by solid-state
rehydration, whereas solid-state rehydration caused further
denaturation rather than activity recovery in the BO formu-
lations, as shown in Fig. 2. These findings suggest that GA
undergoes partially reversible structural damage during
lyophilization, indicating a lower degree of damage than that
which occurs in BO formulations.

The storage stability of BO and GA formulations was im-
proved by absorption of a small amount of water (Fig. 2),
suggesting that protein structure damage during lyophiliza-
tion can be repaired to provide a more stable structure by ap-
propriate solid-state rehydration. However, absorption of a
larger amount of water decreased storage stability for most
formulations. The decrease in storage stability with increas-
ing absorption of water can be ascribed to an increase in
molecular mobility with the absorption. This effect appeared
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Fig. 2. Enzyme Activity of Lyophilized BO and GA Formulations Containing Various Polymer Excipients

Remaining after solid-state rehydration under various humidity conditions (rear column) and after subsequent storage at 70 °C for 5 h (front column), expressed as a percentage
of the enzyme activity of solutions prior to lyophilization (n=3, standard error: less than 4% for BO and less than 3% for GA).

to vary according to the excipient used, such that formula-
tions containing dextran did not exhibit as clear a decrease as
formulations containing PVA, PAA or PHEA. This may be
because formulations containing dextran have a higher glass
transition temperature than formulations containing PVA,
PAA or PHEA when a large amount of water absorption oc-
curs. Although a decrease in storage stability with increasing
water was also not observed in GA formulations containing
PHEA, this may be due to the stabilizing effect of PHEA
which inhibits protein unfolding/denaturation during ly-
ophilization due to protein—excipient interaction.
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A New Oleanene Glucuronide Obtained from the Aerial Parts of Melilotus

officinalis"
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A new oleanene glucuronide called melilotus-saponin O, (1) was isolated together with three known ones
(soyasaponin I, astragaloside VIII, wistariasaponin D) from the aerial parts of Melilotus officinalis (L.) PALLAS
(Leguminosae). The structure of 1 was determined to be 3-O-0-L-rhamnopyranosyl-(1—2)-B-p-xylopyranosyl-
(1-2)-B-p-glucuronopyranosyl melilotigenin by spectroscopic and chemical methods.

Key words

Melilotus officinalis (L.) PaLLas is distributed worldwide
and is known as common yellow melilot or medicinal sweet
clover in English.? This plant is used not only as food and
forage but also as a medicine. The preventive effect of its ex-
tract of whole plant on experimental atherosclerosis in rab-
bits was reported.” The effect of a medical preparation (Es-
beriven) using its extract was also evaluated on dermatologi-
cal disease.” Earlier researchers found that an extract of the
aerial parts showed potent inhibitory activity on the migra-
tion of leucocytes, and one of the constituents responsible for
the action was azukisaponin V.> During our course of studies
on leguminous plants,” we also investigated the oleanene-
type triterpene glucuronides (oleanene glucuronides) of the
roots of Melilotus officinalis collected in Hokkaido, Japan.®
Herein, we describe the structural elucidation of oleanene
glucuronides obtained from the aerial parts of the titled plant.

The aerial parts of M. officinalis were collected in the
medicinal garden of Kumamoto University. A methanolic ex-
tract of the aerial parts of the titled plant afforded saponins
(1—4) after various chromatographic purifications. Saponins
2—4 were identified as soyasaponin I (2),” wistariasaponin
D (3),Y and astragaloside VIII (4)” by comparison with vari-
ous data.

Melilotus-saponin O, (1) was obtained as a white amor-
phous powder, [a], —45.7° (pyridine). In the negative FAB-
MS, 1 showed an [M—H] ion at m/z 939. Fragment ion
peaks at m/z 793 [M—methylpentose]” and 661 [M-—
methylpentose—pentose]~ were also observed. The exact
measurement under high resolution (HR) conditions showed
that the composition is C,;H;,,NaO,, at m/z 963.4564
[M+Na]* in the HR/positive FAB-MS. The sapogenol ob-
tained by enzymatic hydrolysis was identified with meliloti-

Melilotus officinalis; Leguminosae; triterpene saponin; oleanene glucuronide; melilotus-saponin; melilotigenin

genin (1a).>*!% The monosaccharide mixture obtained by
acid hydrolysis of 1 revealed the presence of glucuronic acid,
xylose and rhamnose by TLC. Their absolute configurations
were determined to be the p-form (glucuronic acid, xylose)
and the L-form (rhamnose), according to the procedure devel-
oped by Hara et al.'" In the sugar region of the *C-NMR
spectrum for 1, signals due to a sugar moiety were identical
with those of 3 and 4. Since the signal at C-3 of 1 was shifted
to a lower field by glycosylation,'? the structure of 1 was de-
duced to be 3-0-¢-L-thamnopyranosyl-(1—2)-B-pb-xylopyra-
nosyl-(1—2)-B-o-glucuronopyranosyl  melilotigenin. ~ Al-
though melilotigenin glycosides were already obtained from
Trifolium repens,'® melilotus-saponin O, is the first example
of a tri-glycosidic saponin having the same aglycone.

Experimental

The instruments and reagents used in this study were the same as those
previously described.®'?

Extraction and Isolation The dried aerial parts (356 g) of Melilotus of-

ficinalis collected in the medicinal garden of Kumamoto University were ex-

tracted with MeOH. The extract (40 g) was partitioned with n-hexane and
80% MeOH. Removal of the solvent from the latter phase under reduced
pressure gave an aqueous extract (35 g). The aqueous extract was subjected
to Diaion HP-20 column (6X30 cm) chromatography using H,0 and MeOH.
A part (5.2 g) of the MeOH cluate (10 g) was subjected to Sephadex LH-20
column (5X35cm) chromatography using MeOH to give a total saponin
fraction (0.73%). After silica gel column chromatography using CHCl,:
MeOH :H,0=7:3:0.5—6:4:1, the saponin fractions were separated by
silica gel (1-BuOH : AcOH :H,0=8:1:0.1—4:1:2) to provide compounds
1 (0.032%), 2 (0.019%), 3 (0.020%) and 4 (0.19%), respectively. Soya-
saponin 1” (2) and Astragaloside VIII” (4) were identified by comparison of
their 7, (HPLC)™'¥ and Rf (TLC) values with the authentic samples.
Compound 1 (Melilotus-Saponin O,) A white amorphous powder,
[o]ly —45.7° (¢=0.50, pyridine). HR positive ion FAB-MS m/z: 963.4564
(C4;sH;,,NaO 4, Caled for 963.4566). Negative ion FAB-MS m/z: 939

S1 = S =
HOO HOOC
Q
glcA /OH gicA /OH
HO HO
. S HO:
«"NCH,0H " NCH,0H HO 0 Xyl o)
R, R, R OH H
melilotus-saponin O, (1) 5, COOH soyasaponin | (2) S, gal HO
L . (@]
wistariasaponin D (3) S, CHj3 astragaloside VIll @) S, H 0 H
melilotigenin (1a) H COOH soyasapogenol B (2a) H e Me
rha rha
soyasapogenol E (3a H CH
yasapog ) d OHOH OHOH
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[M—H]", 793 [M—H-rha]", 661 [M—H-rha—xyl]”, 485 [M—H—
tha—xyl—glcA]". 'H-NMR (in pyridine-d;): 0.69, 0.85, 1.19, 1.28, 1.45,
1.46 (each 3H, s, tert-MeX6), 1.82 (3H, d, /=6.1 Hz, rha H,-6), 4.08 (1H, t,
J=84Hz, xyl H-3), 471 (1H, dd, J=3.1, 9.2 Hz, rha H-3), 493 (IH, d,
J=7.9Hz, glcA H-1), 527 (1H, s, H-12), 6.23 (1H, s, rha H-1). BC-NMR
(in pyridine-d;): 38.8, 26.3, 90.9, 44.0, 56.3, 18.5, 33.0, 39.7, 47.5, 36.4,
23.9,123.2,141.6,42.0,25.4,27.4,48.2,47.4,42.0,45.2,47.1,216.8,22.7,
62.8,15.5, 16.7, 25.4, 20.9, 181.0, 21.9 (C-1—30), 104.9, 78.2, 76.4, 73.8,
718, 175.7 (gleA C-1—6), 102.4, 78.9, 78.0, 70.6, 66.5 (xyl C-1—S5),
101.7, 72.0, 72.0, 73.9, 69.2, 18.6 (rha C-1—6).

Characterization of Sapogenol for 1 To a solution of 1 (4mg) in ac-
etate buffer (pH 5.0, 6 ml) was added glycyrrhizin hydrolase,'® and the mix-
ture was incubated at 37°C for 40h. When the hydrolysis was completed,
the hydrolysate was evaporated and suspended in MeOH. After filtration of
the suspension, the filtrate was methylated in ethereal CH,N,. The methy-
lated sample was identified to be a methylester of melilotigenin®'® by TLC.
Rfs: 0.54 [CHCly: MeOH (19: 1)], 0.83 [n-hexane : acetone (1 : 1)].

Characterization of Sugars for 1 A small amount of 1 (2 mg) was dis-
solved in 2m HCI/H,O (1 ml) and heated at 80 °C for 2 h. After neutraliza-
tion of 2m NaOH/H,0, the sugar mixture was subjected to TLC analysis
[TLC, Kieselgel 60 F,s, (Merck Art. 5554), CHCl,: MeOH :H,0=6:4:1,
Rfs: 0.09 (glucuronic acid), 0.45 (xylose), 0.61 (rhamnose).

D, L Determination of Sugars for 1 The absolute configuration of glu-
curonic acid was determined after NaBH, reduction, according to Tanaka et
al.'® A small amount of 1 (3 mg) in MeOH (0.5 ml) was methylated with
ethereal CH,N,. To a solution of the methylated sample of 1 was added
NaBH,, and the mixture was kept at room temperature for 30 min. The reac-
tion mixture was worked up with MCI gel CHP 20P. The MeOH eluate was
evaporated and heated in 2m HCI/H,0 at 90 °C for 3 h. The hydrolysate was
subjected to MCI gel CHP 20P and Amberlite IRA-400 to give a sugar frac-
tion. This fraction was dissolved in pyridine (0.1 ml), then the solution was
added to a pyridine solution (0.2 ml) of r-cysteine methyl ester hydrochlo-
ride (0.1 mol/l) and heated at 80°C for 1h. The solvent was evaporated
under a N, stream and dried in vacuo with heating. The remaining syrup was
trimethylsilylated with trimethylsilylimidazole (0.1 ml) at 60°C for 1h.
After the addition of n-hexane and H,0, the n-hexane layer was taken out
and checked by GC. The retention times of the peaks coincided with those
of p-glucose (¢, 11.6 min), p-xylose (#, 6.6 min) and L-rhamnose (¢, 8.0 min).

Wistariasaponin D (3) A white amorphous powder, [} —29.5°
(c=0.46, pyridine). Negative ion FAB-MS m/z: 910 [M—H]", 764
[M—H~-rha]™, 632 [M—H-rha—xyl]". 'H-NMR (in pyridine-ds): 0.76,
0.85, 0.88, 0.96, 1.16, 1.31, 1.53 (each 3H, s, tert-Mex7), 1.81 (3H, d,
J=6.1 Hz, rha H,-6), 4.11 (1H, t, /=84 Hz, xyl H-3), 4.69 (1H, dd, /=3.1,
9.2Hz, rha H-3), 5.02 (1H, d, /=7.9 Hz, glcA H-1), 5.25 (1H, s, H-12), 5.68
(1H, d, J=7.3 Hz, xyl H-1), 6.34 (1H, s, tha H-1). *C-NMR (in pyridine-d;):
38.7, 26.6, 90.9, 44.2, 56.2, 18.5, 33.0, 39.7, 47.8, 36.4, 23.9, 123.9, 141.7,
42.0, 25.3, 27.2, 47.7, 47.5, 46.6, 34.0, 50.8, 215.6, 22.9, 62.8, 154, 16.7,
25.1, 20.9, 32.0, 25.4 (C-1—30), 105.4, 78.6, 77.4, 73.8, 77.7, 172.4 (glcA
C-1—06), 102.5, 79.4, 78.3, 70.8, 66.7 (xyl C-1—35), 102.3, 72.3, 72.7, 74.3
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69.4, 18.8 (tha C-1—6).
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An efficient one-pot procedure for the preparation of diazadioxime was described. Treatment of ketooximes
with alkyldiamine followed by NaBH, in dry ethanol afforded the corresponding d,/-diazadioximes in 56—74%

yield without isolation of the intermediates.

Key words brain radiopharmaceutical ligand; one-pot method; diazadioxime; large-quantitative production

Single photon emission computerized tomography
(SPECT) used as a measure of regional cerebral blood
flow has received much attention in the development of
technetium-99m complexes for imaging the brain."™ Dur-
ing recent years, numerous brain imaging radiopharmaceuti-
cals have been synthesized including N-isopropyl-p-1-123-
iodoamphetamine (IMP), N,N,N’-trimethyl-N'-2-hydroxy-
3-methyl-5-1-123-iodobenzyl-1,3-propane-diamine (I-123-
HIPDM),* TI-201-dimethyl-dithiocarbamate (TI-201-
DDC),% Tc-99m-d,/-hexamethylpropylene amine (Tc-99m-
HMPAO),”™® and Tc-99m-/,/-ethylcystinatedimer (Tc-99m-
1,I-ECD).” Ligands are very important as an excellent brain
imaging agent. Although there are several synthetic methods
of preparing these ligands exist, most of them suffer from te-
dious synthetic procedures and low chemical yields. For in-
stance, the method reported by Murmann'®~'? involves the
reaction of nitrosyl chloride with the corresponding alkenes,
followed by the reaction of the chlorides with diamines. The
method results in low yields. Herein we wish to report a new,
simple and efficient one-pot preparation of diazadioxime
with NaBH, in dry enthanol.

The one-pot synthesis of diazadioxime is achieved by
treatment of ketooximes (1) with alkyldiamines, followed by
reduction of diimine-dioximes with NaBH, without isolation
of the intermediates. Various solvents, including benzene,
methanol, and tetrahydrofuran (THF), were examined in
order to achieve higher yield, but dry ethanol had the most
acceptable results. The d,/-diazadioximes were separated
from meso-isomers by fractional recrystallization. The re-
sults are summarized in Table 1. Using this method, the over-

Table 1. Reagents and Yields of Diazadioxime
L . . Yield“”
Entry R, R, Diamine Diazadioxime N

: (%)
la CH; CH, 1,2-Ethanediamine 2a 67
1b  CH; C,H; 1,2-Ethanediamine 2b 56
1lc CH, CH; 1,3-Propanediamine 2c 70
1d CH, C,H; 1,3-Propanediamine 2d Ul
le CH, CH; 2,2-Dimethyl-1,3- 2e 74

propanediamine

If CH; C,H; 2,2-Dimethyl-1,3- 2f 63

propanediamine

a) All products were identified by comparison of their physical and spectral data
with those of authentic samples. ) Recrystallized yield.

* To whom correspondence should be addressed.

all yield of dioxime (HMPAO) is 74% which is higher than
the 28% reported by Neirinckx and his colleagues.*'* The
yield of d,I-HMPAO is 70% which is also higher than the
33% by the same authors.

General Procedure To a stirred solution of ketooximes
(1) (0.23mol) in dry ethanol (300 ml) was added diamines
(0.098 mol). The reaction mixture was heated to reflux and
stirred at this temperature for 6 h. After cooling to room tem-
perature, the reaction mixture was chilled in an ice bath, then
NaBH, (0.2 mol) was added slowly in portions into the reac-
tion mixture and it was stirred until the solution turned an
ivory color. Ethanol was then removed in vacuo, and water
(100ml) was added. The solution was kept at 4°C for 2d.
Solids were filtered, washed with ice water and recrystallized
with EtOAc. All diazadioximes were found to be in accord
with known compounds by comparing their spectral data,
such as mass, 'H-NMR and '*C-NMR.

In conclusion, this method provides an efficient one-pot
synthesis of diazadioxime without isolation of intermediates
and good chemical yields. The procedure is easy to perform
and does not require tedious purification procedures. All
reagents are commercially available and inexpensive. This
method is useful for commercial mass production.

Spectroscopic Data 3,8-Dimethyl-4,7-diazadecane-2,9-
dione dioxime (2a)'*'®: Yield, 67%; white solid; mp 119—
120°C. IR (KBr) 3330cm™" (OH), 3210—3090cm ' (OH,
NH), 1685cm ' (-C=N-). "H-NMR (CD,0D) &: 1.198 (6H,
d, J=6.78 Hz, Me), 6: 1.787 (6H, s, Me), &: 2.682 (4H, q,
J=10.7Hz, CH,N), &: 3.346 (2H, q, J=6.78 Hz, CHMe).
Anal. Caled for C,(H,,N,O,: C, 52.17; H, 9.57; N, 24.38.
Found: C, 52.29; H, 9.81; N, 24.16.

Ry :
R 2 R1 ?ﬁ R,

/ 1.Alkyldiamine 2.NaBH, N
- L
e

indry C,HsOH R, R,

Ry \N——-—OH (I)H |OH
1 n=0,R,=CH,, R,=CHj, 2a
R,=C,H; 2b

n=0,R,=CH,, R,=CH, R,=H  2¢
R,=C,H,R,=H 2d
R,=CH, R,=CH, 2e
R,=C,H,, R,=CH, 2f

2
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4,9-Dimethyl-5,8-diazadodecane-3,10-dione dioxime
(2b)'*19: Yield, 56%; white solid; mp 126—128°C. IR
(KBr) 3310cm™" (OH), 3220—3050 cm™'(OH, NH), 1670
em™ ' (-C=N-). 'H-NMR (CD,0D) 6: 0.934 (6H, t, J=6.77
Hz, Me), 6: 1.199 (6H, d, J=6.80 Hz, Me), &: 1.678 (4H, q,
J=6.78 Hz, CH,Me), 0: 2.682 (4H, q, /=10.8 Hz, CH,N), &:
3361 (2H, q, J=6.80Hz, CHMe). Anal. Calcd for
C,H,\N,O,: C,55.77; H, 10.15; N, 21.68. Found: C, 55.79;
H, 10.09; N, 21.62.
3,9-Dimethyl-4,8-diazaundecane-2,10-dione dioxime
(2¢)'*'7: Yield, 70%; white solid; mp 123—125°C. Anal.
Caled for C|H,)N,O,: C, 54.10; H, 9.84; N, 22.95. Found:
C, 53.92; H, 9.80; N, 23.01.
4,10-Dimethyl-5,9-diazatridecane-3,11-dione dioxime
(2d)"*'°: Yield, 71%; white solid; mp 133—135°C. IR
(KBr) 3295cm™' (OH), 3210—3030cm ' (OH, NH),
1695cm™! (-C=N-). 'H-NMR (CD,0D) §: 0.932 (6H, t,
J=6.80Hz, Me), 6: 1.201 (6H, d, J=7.20Hz, Me), &:
1.32-——1.39 (2H, m), &: 1.67—1.79 (4H, m), &: 2.382 (4H,
q, /=10.6 Hz, CH,N), o: 3.269 (2H, q, /=6.67 Hz, CHMe).
Anal. Caled for C;H,N,0,: C, 57.35; H, 10.29; N, 20.58.
Found: C, 57.39; H, 10.53; N, 20.56.
3,6,6,9-Tetramethyl-4,8-diazaundecane-2,10-dione di-
oxime (2e): Yield, 74%; white solid; mp (mixture of d,/- and
meso-) 137—138 °C. Recrystallization from EtOAc gave d, /-
isomer in 70%, mp (d,/-) 128—130°C (Lit."*® mp (d,/-)
128——130°C) and meso-isomer in 30%, mp (meso-) 147—
149 °C.
4,7,7,10-Tetramethyl-5,9-diazatridecane-3,11-dione di-
oxime (2f): Yield, 63%; white solid; mp 141—142°C. IR
(KBr) 3313cm ™' (OH), 3210—3080cm ™' (OH, NH), 1675
cm™! (-C=N-). 'H-NMR (CD,0D) 6: 0.879 (6H, s, Me), &:
0.943 (6H, t, J=7.08 Hz, Me), 0: 1.187 (6H, d, J=7.60 Hz,
Me), 6: 1.675 (4H, q, J/=7.06 Hz, CH,Me), &: 2.678 (4H, q,
J=10.2Hz, CH,N), é: 3.296 (2H, q, J=6.78 Hz, CHMe).

289

Anal. Caled for CsH;,N,O,: C, 60.00; H, 10.67; N, 18.67.
Found: C, 60.33; H, 10.72; N, 18.62.
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Two new cardiac glycosides called cheiranthosides VI (2) and VII (3) were isolated together with a known
one, glucoerysimoside (1) from the seeds of Erysimum cheiranthoides. Based on spectroscopic data, the structures
of 2 and 3 were characterized as periplogenin 3-O-B-b-glucopyranosyl(1— 4)-B-p-fucopyranoside and periplo-
genin 3-0-B-p-glucopyranosyl(1— 4)- B-p-antiaropyranoside, respectively.

Key words  Erysimum cheiranthoides; Cruciferae; cardiac glycoside; cheiranthoside; antiarose

Erysimum cheiranthoides L. (Cruciferae) is a Chinese
crude drug used for treating cardiac diseases, weak cardio-
palmus, edema, dyspepsia, efc.” In previous papers,”” we re-
ported five new cadenolides. As a continuing study on the
constituents in the seeds, additional two new cardiac glyco-
sides, called cheiranthosides VI (2) and VII (3), respectively,
were isolated along with a known cardiac glycoside, gluco-
erysimoside (1)* and their chemical structures are here de-
scribed.

Glucoerysimoside (1) obtained as a colorless powder,
[a], +11.5° (MeOH), showed a quasimolecular ion at m/z
857 [M—H] ™ in the negative FAB-MS. Its 'H-NMR spec-
trum displayed signals due to 18-Me (3H, s) at 6 1.00, 17-H
(1H, brd, J=85Hz) at & 2.78, 21-H, (each 1H, d, J=
18.3Hz) at § 5.02, 5.28, 22-H (1H, s) at § 6.10, 19-CHO at &
10.39 on the cardiac steroidal framework and three anomeric
protons at & 4.95 (1H, d, J/=8.0Hz), 5.21 (1H, d, J=7.3 Hz)
and 5.36 (1H, brd, /=9.8 Hz), and 6-Me of one 6-deoxy-
sugar at § 1.63 (d, J=6.1 Hz) in the sugar moiety. The B3C-
NMR spectrum showed signals due to total forty one car-
bons, among which the chemical shifts of twenty three car-
bons originating from steroidal aglycone part and six carbons
due to a sugar moiety were coincident with those of stro-
phanthidin® and a terminal glucopyranosyl moiety,”” respec-
tively; the remaining twelve carbon signals were shown to be
composed of a 4-O-substituted-f-p-glucopyranosyl moiety
(8 105.7, 74.7, 76.6, 80.9, 76.3, 61.9) and a 4-O-substituted-
B-p-digitopyranosyl moiety (§ 97.5, 38.9, 67.6, 83.4, 69.0,
18.5) by comparing with those of erysimoside.>* Therefore,
1 was characterized as 3-O-f-p-glucopyranosyl(1—4)-f-p-
glucopyranosyl(1— 4)--p-digitoxopyranosyl strophanthidin
as shown in Chart 1. This compound was regarded as an
identical one with glucoerysimoside,” which appeared in the
Russian report,” however, with no available detailed NMR
data for comparison.

Cheiranthoside VI (2) obtained as a colorless powder, [a],
+4.6° (MeOH), exhibited a quasimolecular ion peak at m/z
697 [M—H]™ in the negative FAB-MS. The 'H-NMR spec-
trum showed signals due to 18-Me at & 1.04, 19-Me at &
1.09, 17-H (1H, brd, J=8.3 Hz) at 6 2.80, 21-H, (each 1H,
dd, J=1.5,17.7Hz) at § 5.05, 5.32,22-H (1H, s) at § 6.15 in
the aglycone part and two anomeric protons at 6 4.82 (1H, d,
J=8.0 Hz) and 5.20 (1H, d, J=8.0 Hz) and a methyl group at
5 1.62 (3H, d, J=6.1 Hz) of a 6-desoxyhexosyl moiety in the
sugar part. Among the sugar signals, the 'H-'H chemical

* To whom correspondence should be addressed.

shift correlation spectroscopy (COSY) revealed the sequen-
tial connectivities of H-1-—H-6 in an 3-p-fucopyranosyl moi-
ety at § 4.82 (1H, d, J/=8.0Hz), 4.34 (1H, t-like, J=7.9 Hz),
4.11 (1H, dd, J=3.7, 8.6Hz), 4.12 (1H, s), 3.80 (1H, brq,
J=6.1Hz), 1.62 (3H, d, /=6.1Hz), and of H-1—H-5, H,
-6 in an f-p-glucopyranosyl moiety at & 5.20 (IH, d,
J=8.0Hz), 4.05 (1H, t-like, /=8.0Hz), 4.21 (2H, over-
lapped), 3.92 (1H, m), 4.37 (1H, dd, J=5.5, 11.7Hz), 4.51
(1H, dd, J=2.4, 11.7Hz). The “C-NMR spectrum of 2
showed a total of thirty-five carbon signals, twenty-three
of which were assigned to an aglycone, periplogenin,® six to
a terminal glucopyranosyl moiety, and the remaining six
(6 101.8, 72.8, 75.7, 83.3, 70.8, 17.6) to a 4-O-substituted-
fucopyranosyl moiety, by comparing with those of cheiran-
thoside I'V. Therefore, the chemical structure of 2 was charac-
terized as 3-O-B-p-glucpyranosyl(1— 4)-B-p-fucopyranosyl
periplogenin as shown in Chart 1.

Cheiranthoside VII (3) obtained as a colorless powder,
o], —23.3° (MeOH), showed a quasimolecular ion peak at
m/z 697 [M—H] in the negative FAB-MS. The 'H-NMR
spectrum showed signals due to 18-Me at & 1.06, 19-Me at §
1.09, 17-H (1H, brd, J=8.5Hz) at 6 2.83 , 21-H, (each 1H,
dd, J=1.8, 16.0Hz) at § 5.07, 5.34, and 22-H (1H, s) at §
6.12, two anomeric protons at 6 5.02 (1H, d, /=7.9Hz) and
5.42 (1H, d, J=7.9 Hz). Moreover, the respective proton sig-
nals at & 542 (IH, d, J=7.9Hz), 4.60 (1H, dd, J=3.0,
7.9Hz), 5.00 (1H, t-like, /=3.0Hz), 4.36 (1H, brs), 4.60
(1H, brq, J=6.1Hz), 1.55 (3H, d, J=6.1Hz), 5.02 (1H, d,
J=7.9Hz), 4.03 (1H, dd, J=7.9, 9.2Hz), 4.23 (1H, t-like,
J=9.2Hz), 421 (1H, t-like, /=9.2Hz), 3.89 (1H, m), 4.37
(IH, dd, J=6.1, 11.6Hz), 4.55 (1H, dd, /=24, 11.6 Hz)
could be assigned to the H-1—H-5 and H,-6 of an f-p-an-
tiaropyranosyl and the H-1—H-5 and H,-6 of an f-p-glu-
copyranosyl residue. The 'H-NMR spectrum of the acetate
derivatized by methanolysis of 3 also supported the existence
of antiarose in the sugar linkage. The '*C-NMR spectrum of
2 showed thirty-five carbon signals, twenty-three of which
were assigned to the aglycone, periplogenin, six to a terminal
glucopyranosyl moiety, and the remaining six (6 99.4, 69.5,
70.0, 79.0, 69.1, 17.1) to a 4-O-substituted--p-antiaropy-
ranosyl moiety.”® Therefore, the chemical structure of 3
was characterized as 3-O-B-p-glucopyranosyl(1— 4)--p-an-
tiaropyranosyl periplogenin as shown in Chart 1.

It is worthy of note that these cardiac glycosides were iso-
lated from the Cluciferae plant and have sugar linkages in-
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cluding fucose or antiarose in 2 and 3.

Experimental

Optical rotations were determined on a JASCO DIP-1000 digital po-
larimeter. FAB-MS were obtained in a glycerol matrix in the negative ion
mode using JEOL JMS-DX 300 and JMS-DX 303 HF instruments. NMR
spectra were measured in pyridine-ds on a JEOL @-500 spectrometer and
chemical shifts were relative to tetramethylsilane (TMS). TLC was per-
formed on precoated Silica gel 60F,, (0.2mm, Merck) and detection was
achieved by spraying 10% H,SO, following by heating. Column chromatog-
raphy was carried out on polystyrene gel (75—150 um, Mitsubishikasei),
Sephadex LH-20 (25—100 um, Pharmacia Fine Chemicals), octadecyl silica
gel (ODS) (30—50 um, Fuji Silysia Chemical, Ltd.) and Silica gel 60
(230-—400 mesh, Merck).

Plant Material The seeds of £ cheiranthoides L. were harvested at
Harbin, Heilongjiang Province, in China.

Extraction and Separation These seeds (2.5kg) were extracted with
MeOH and the extract (189 g) was partitioned between hexane and water,
The aquous layer (123 g) was subjected to MCI1 gel CHP 20P column chro-
matography eluted with water, 40% MeOH, 60% MeOH, 80% MeOH and
MeOH, gradually increasing MeOH. The 40% eluate (10 g) was subjected to
Sephadex LH-20, Chromatorex ODS and Silica gel column chromatogra-
phies to provide glucoerysimoside (1, 23 mg), cheiranthoside V1 (2, 10 mg)
and cheiranthoside VII (3, 21 mg).

Glucoerysimoside (1): A colorless powder, [a]y +11.5° (¢=0.99,
MeOH). Anal. Caled for C,H,,0,,2H,0: C, 55.02; H, 7.43. Found: C,
54.98; H, 7.24. Neg. FAB-MS (m/z): 857 [M—H] ", 531 [M—2Xhexose—
H]™. 'H-NMR (pyridine-ds) §: 1.00 (3H, s, 18-Me), 1.63 (3H, d, J=6.1 Hz,
dig 6-Me), 1.90, 2.25 (each 1H, m, dig 2-H,), 2.78 (1H, br d, J=8.5Hz, 17-
H), 3.62 (1H, br d, J=9.8 Hz, dig 4-H), 3.92 (each 1H, overlapped, glc 2-H,
4-H), 4.01 (1H, m, gle’ 5-H), 4.10 (1H, br t, J=8.3 Hz, glc’ 2-H), 4.19 (1H,
overlapped, glc’ 3-H), 4.21 (1H, overlapped, glc’ 4-H), 4.25 (1H, t-like,
J=83Hz, gic 3-H), 4.30 (1H, m, glc’ 6-H), 4.34 (1H, m, dig 5-H), 441,
4.53 (each 1H, br d, /=9.8 Hz, glc H,-6), 4.53 (I1H, br d, J=9.8 Hz, gle’ 6~
H"), 4.65 (IH, br s, dig 3-H), 4.95 (1H, d, J=8.0Hz, glc 1-H), 5.21 (IH, d,
J=7.3Hz, gl¢’ 1-H), 5.02, 5.28 (each 1H, d, J=18.3 Hz, 21-H,), 5.36 (IH,
br d, J=9.8 Hz, dig 1-H), 6.10 (IH, s, 22-H), 10.39 (I1H, s, 19-H). *C-NMR
(pyridine-ds) &: 18.4, 25.5, 74.9, 36.2, 73.9, 36.9, 24.7, 41.9, 39.5, 55.3,
22.6,39.5,49.8,84.4,32.1,27.2,51.0, 15.8, 208.5, 175.7,73.7, 117.7, 174.5
(C-1—-23).97.5, 38.9, 67.6, 83.4, 69.0, 18.5 (dig C-1—6), 105.7, 74.7, 76.6,
80.9, 76.3, 61.9 (inner glc C-1—6), 104.9, 74.6, 78.2, 71.5, 78.4, 62.4 (ter-
minal glc C-1-6).

Cheiranthoside VI (2): A colorless powder, [a]f +4.60° (¢=0.59,
MeOH). Anal. Caled for C;H,,0,,-H,0: C,58.63; H, 7.88. Found: C, 58.71;
H, 7.89. Negative FAB-MS (m/z): 697 [M—H]~. 'H-NMR (pyridine-d;) §:
1.04 (3H, s, 18-Me), 1.09 (3H, s, 19-Me), 1.62 (3H, d, J=6.1 Hz, fuc 6-Me),

2.80 (1H, br d, /=83 Hz, 17-H), 3.80 (1H, br g, J=6.1 Hz, fuc 5-H), 3.92
(1H, m, gle 5-H), 4.05 (1H, t-like, J=8.0 Hz, glc 2-H), 4.11 (1H, dd, J=3.7,
8.6 Hz, fuc 3-H), 4.12 (1H, s, fuc 4-H), 4.21 (2H, overlapped, glc H-3, H-4),
4.34 (1H, t-like, J=7.9 Hz, fuc 2-H), 4.37 (1H, dd, J=5.5, 11.7 Hz, glc 6-H),
4.51 (1H, dd, J=2.4, 11.7Hz, glc 6-H’), 4.82 (1H, d, J=8.0Hz, fuc 1-H).
5.20 (1H, d, /=8.0Hz, glc 1-H), 5.05, 5.32 (each 1H, dd, J=1.5, 17.7 Hz,
21-H,), 6.15 (I1H, s, 22-H). "C-NMR (pyridine-d;) &: 26.1, 27.3, 74.2, 34.1,
73.2, 364, 24.6, 40.9, 39.2, 41.2, 21.9, 39.9, 50.0, 84.7, 33.2, 26.7, 51.3,
16.1, 17.2, 176.0, 73.7, 117.2, 174.5 (C-1—23), 101.8, 72.8, 75.7, 83.3,
70.8, 17.6 (fuc C-1—6), 106.9, 76.1, 78.6, 71.6, 78.6, 62.8 (gle C-1—96).

Cheiranthoside VII (3) A colorless powder, [a]lf —23.30° (¢=0.78,
MeOH). Anal. Caled. for C;H,0,,-H,0: C, 58.63; H, 7.88. Found: C,
58.58; H, 7.79. Negative FAB-MS (m/z): 697 [M—H]~. '"H-NMR (pyridine-
ds) 8: 1.06 (3H, s, 18-Me), 1.09 (3H, s, 19-Me), 1.55 (3H, d, J=6.1 Hz, ant
0-Me), 2.83 (IH, br d, /=8.5Hz, 17-H), 3.89 (1H, m, glc 5-H), 4.03 (1H,
dd, J=17.9, 9.2 Hz, glc 2-H), 4.21 (1H, t-like, J=9.2 Hz, glc 4-H), 4.23 (1H,
t-like, /=9.2 Hz, glc 3-H), 4.36 (1H, br s, ant 4-H), 4.37 (1H, dd, J=6.1,
11.6 Hz, glc 6-H), 4.55 (1H, dd, J=2.4, 11.6Hz, glc 6-H’), 4.60 (1H, dd,
J=3.0, 7.9 Hz, ant 2-H), 4.60 (1H, br q, J=6.1 Hz, ant 5-H), 5.00 (1H, t-like,
J=3.0Hgz, ant 3-H), 5.02 (IH, d, J=7.9Hz, glc 1-H), 5.07, 534 (each 1H,
dd, J=1.8, 16.0Hz, 21-H,), 5.42 (1H, d, J/=7.9 Hz, ant 1-H), 6.12 (1H, s, 22-
H). "C-NMR (pyridine-ds) &: 26.1, 27.3, 74.0, 34.2, 73.3, 36.2, 24.6, 40.9,
392,412,219, 399,499, 84.7, 33.1, 26.8, 51.3, 16.1, 17.2, 176.0, 73.7,
1177, 174.5 (C-1--23), 99.4, 69.5, 70.0, 79.0, 69.1, 17.1 (ant C-1—6),
103.2,74.8,78.5, 71.9, 78.65, 63.0 (glc C-1—6).

Methanolysis of 3 Compound 3 (15mg) was hydrolyzed with 2 mol/l
HCI in MeOH for 2h at 80°C. The reaction mixture was neutralized with
2mol/l NaOH-MeOH, and was evaporated to dryness; acetone was then
added and the mixture was filtered. The filtrate was evaporated to dryness,
dissolved in methanol, and this solution was passed through a Sephadex LH-
20 column. The obtained sugar fraction was further purified by silica gel
column chromatography (CH;C1:MeOH : H,0=9:2:0.1) to give methyl S-
p-antiaropyranoside (1.6 mg) and a mixture (3.2 mg) of @- and B-p-glucopy-
ranosides, the former of which was acetylated with acetic anhydride and
pyridine to give the acetate (1.6 mg).

Methyl 2,3,4-Tri-O-acetyl B-b-Antiaropyranoside: Colorless resin, [a]3
—52.90° (¢=0.16, MeOH). 'H-NMR (CDCly) 6: 1.22 (3H, d, J=6.1Hz, 6-
Me), 2.12, 2.13, 2.16 (each 3H, s, 3X OAc), 3.52 (3H, s, OMe), 4.13 (1H, m,
5-H), 4.67 (1H, d, J=8.6 Hz, 1-H), 4.85 (1H, dd, J=1.2, 3.7Hz, 4-H), 4.98
(IH, dd, /=37, 8.6 Hz, 2-H), 5.36 (1H, dd, /=3.7, 3.7 Hz, 3-H).
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Design, Synthesis, Conformational Analysis and Biological Activities of
Purine-Based 1,2-Di-substituted Carbocyclic Nucleosides
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New 1,2-di-substituted carbocyclic nucleosides with 6-chloropurine, adenine and hypoxanthine bases were
synthesized by construction of purine on the primary amino group of (*)-trans-2-aminocyclopentylmethanol.
AM1 calculations showed close correspondence between the positions of the heteroatoms in the adenine deriva-
tive and dideoxyadenosine. The most active of the new compounds in antiviral assays and antitumoral assays
against 1.1210/0, MOLT4/C8 and CEM/0 cells was the 6-chloropurine derivative.

Key words

In the past decade, a large number of nucleoside analogues
with antiviral and/or antitumoral properties have been suc-
cessfully designed and synthesized."™ Some 2',3'-di-
deoxynucleosides are currently the drugs of choice for the
treatment of certain viral infections (including human im-
munodeficiency virus (HIV) infection), these work by block-
ing viral reproduction, thus inhibiting reverse transcriptase.”
Another successful modification has been the replacement of
the endocyclic oxygen atom of the nucleoside sugar ring with
a methylene group,” which reduces phosphorylase- and hy-
drolase-catalyzed reactivity (thereby increasing the in vivo
half life)® and increases lipophilicity (thus favoring absorp-
tion and penetration of the cell membrane). The potent HIV-1
inhibitor carbovir combines both these structural modifica-
tions.”

We have recently investigated the properties of 1,2-disub-
stituted carbocyclic nucleosides (OTCs), in which the hy-
droxymethyl group of a carbocyclic sugar analogue is substi-
tuted at a position adjacent to the nitrogenated base.® Molec-
ular modeling of the cis isomers of cyclopentane-based
OTCs has shown that in the most stable conformers the gly-
coside linkage is anti (y=-—90°, where for purine aglycons
x=C4-N9-C1'-C2’) and y (C1'-C2'-C1"-02") can, as in
most active nucleosides,™'” be —60° (gg), +60° (gf) or 180°
(1g).""

In this paper we report the synthesis, theoretical conforma-
tional analysis and preliminary antiviral and antitumoral ac-
tivities of a new series of cyclopentane-based OTCs in which
the hydroxymethyl group is trans to a purine base (adenine,
6-chloropurine or hypoxanthine).

Results and Discussion
As shown in Chart 1, racemic compounds 3, 4 and 5 were
synthesized starting from (=)-trans-2-aminocyclopentyl-

o} NH,
N N
T (T Y
)\ /‘
HO \ i N( N NH, Ho‘\ﬁoj/N N
Carbovir Dideoxyadenosine (ddA)

* To whom correspondence should be addressed.

carbonucleosides; purine derivative; AM1 semiempirical method; antiviral agent; antitumor agent

methanol (1), which was separated from a mixture of cis
and trans isomers obtained in two steps from commercially
available ethyl 2-oxocyclopentylcarboxylate (overall yield
84%)."> The amine 1 was condensed with 5-amino-4,6-
dichloropyrimidine in refluxing xn-butanol containing trieth-
ylamine, affording compound 2 in 71% yield. Ring closure
with triethyl orthoformate in an acidic medium then gave an
80% yield of the 6-chloropurine 3, the trans stereochemistry
of which was shown by a proton nuclear Overhauser effect
(NOE) experiment.'” Compound 3 was treated with a solu-
tion of ammonia in methanol to obtain the adenine derivative

HO—, :NHz
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()2
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¢
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Reagents: a) 5-Amino-4,6-dichloropyrimidine, n-BuOH, Et3N, reflux;
b) CH(OEt);, HCI, r.t.; ¢) NH3, MeOH, reflux; d) 0.5 M NaOH, reflux.

Chart 1
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Fig. 1. Superimposition of the Stable Conformers of Compound 4 (non
bold) and ddA (bold)

4 in 98% yield, and with hot sodium hydroxide to obtain the
hypoxanthine derivative 5 in 94% yield.

Conformational analysis of compounds 3—5 was per-
formed by means of AM1 calculations in which the parame-
ters varied were those with the most influence on the relative
positions of the base and the hydroxyl group on C1": the di-
hedral angles y and 7y, and the pucker of the cyclopentane
ring. Great conformational freedom was shown by the find-
ing that the conformers detected for any given compound dif-
fered in energy by no more than about 4 kcal/mol. However,
in keeping with published data for similar compounds,”'”
the most stable had anti glycoside linkages (y=—90° or
—115°) and hydroxymethyl side chains with gg, gt or g con-
formations (y=—60°, +60° or 180°). In the conformer with
x=—90° and y=+60°, the cyclopentane ring adopted an N
conformation and the distances of the OH group from the ni-
trogen atoms of the base were almost identical to those found
in ddA (2',3'-dideoxyadenosine) and in most other active nu-
cleosides. This similarity is illustrated by the root mean
square (RMS) distances between corresponding heteroatoms
being just 0.2—0.35 A when this conformer was superim-
posed on the active conformer of ddA (y=-—90°, y=—60°)
in such a way as to minimize this RMS, although the attain-
ment of this minimum requires the cyclopentane ring to lie
perpendicular to the ddA sugar ring; see Fig. 1.

Compounds 3—5 achieved no significant inhibition of
replication of the following viruses in assays carried out in
the following cell cultures: HIV-1 and HIV-2 in human T-
lymphocyte (CEM) cells; Vesicular stomatitis, Coxsackie B4
and Polio-1 in human epithelial (HeLa) cells; HSV-1 (KOS),
HSV-2 (G), HSV-1 TK™ (B2006), HSV-2 TK™ (VMW1837),
Vaccinia and Vesicular stomatitis in human embryonic
skin-muscle fibroblast (E6SM) cells, or Parainfluenza-3, Re-
ovirus-1, Sindbis, Coxsackie B4 and Semliki forest in
African green monkey kidney (Vero) cells. Assays compar-
ing compounds 3—5 with Ara A showed compound 3 to
cause a 50% reduction in cell proliferation at concentrations
of 56.1x3.0 um for murine leukemia cells L1210 (Ara A:
14.2+6.4 um), 39.2+8.0 um for Molt4/C8 human T-lympho-
cytes (Ara A: 11.9%7.3 um) and 19.0=4.2 um for CEM/Q T
cells (Ara A: 24.8+1.9 um).

Experimental

Chemistry Melting points were determined in a Reichert Kofler ther-
mopan apparatus and are uncorrected. IR spectra (KBr discs) were recorded
on a Perkin-Elmer 1640FT spectrometer (v in ecm™'). 'H- and "*C-NMR
spectra were recorded on a Bruker AMX 300 NMR spectrometer, using
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tetramethylsilane (TMS) as an internal standard (& in ppm, J in Hz). Mass
spectrometry was carried out in a Hewlett Packard 5988A spectrometer. Ele-
mental analyses were performed by a Perkin-Elmer 240B microanalyzer.
Flash chromatography (FC) was performed on silica gel (Merck 60, 230—
400 mesh).

(x)-trans-5-Amino-6-chloro-4-|2-(hydroxymethyl)cyclopentylaminol-
pyrimidine (2) A mixture of the aminoalcohol 1'¥ (1 g, 8.70 mmol), 5-
amino-4,6-dichloropyrimidine (1.48 g, 9.02 mmol), Et;N (5 ml) and n-BuOH
(30ml) was refluxed for 1h under Ar. The solvent was then evaporated
under a vacuum, and the solid residue was redissolved in ethyl acetate by
stirring with TRA-420 (OH) until all turbidity had disappeared. The resin
was filtered out, the solvent was evaporated under a vacuum, and the residue
was purified by FC using 98 : 2 CH,Cl,/MeOH as an eluent, which gave pure
2 (1.5g, 71%). IR (KBr)cm™': 3250, 2923, 1650, 1581, 1484, 1475, 1444,
1012. 'H-NMR (DMSO-d,) §: 1.32—1.98 (m, 7H, (-CH,-);, -CH-C-0),
3.42 (m, 2H, -CH,-0), 4.07 (q, J=6.76, 1H, -CH-N), 4.59 (t, J=5.14, H,
aliphatic ~OH), 5.07 (br s, 2H, -NH,), 6.63 (d, /=6.86, 1H, NH-), 7.69 (s,
1H, H-2). *C-NMR (DMSO0-d,) &: 22.5 (4"),27.7 (3'), 32.3 (5'), 45.1 (2'),
54.5 (1), 61.6 (67), 124.0, 1374, 146.3, 152.3. MS m/z (%): 244 ((M+2]",
11), 242 (M*, 32), 221 (37), 169 (15), 146 ([M+2]"—CH .0, 29), 144
(M*—CH,,0. 100), 117 (13), 67 (12). 4nal. Caled for C,H,;CIN,O: C,
49.49; H, 6.23; N, 23.08. Found: C, 49.56; H, 6.30; N, 23.28.

(%)-trans-6-Chloro-9-|2-(hydroxymethyl)cyclopentyl]-9H-purine (3)
A mixture of compound 2 (150mg; 0.62 mmol), CH(OEt), (3.4ml; 0.02
mol) and conc. HCI (0.04 ml) was stirred for 12 h at room temperature. The
solvent was then evaporated under a vacuum and the solid residue was redis-
solved in tetrahydrofuran (THF) (10 ml) and 0.5m HCI (13 ml). After 2h of
stirring at room temperature, the mixture was neutralized with 0.5m NaOH,
the solvent was evaporated under vacuum (forming an azeotropic mixture
with ethanol-toluene) and the solid residue was purified by FC using 99: 1
CH,C1,/CH,OH as an eluent, which gave pure 3 (125 mg, 80%), mp 108—
110°C. IR (KBr) em™': 3292, 3065, 2953, 1593, 1565, 1394, 1337, 1220,
1063, 952, 634. 'H-NMR (CDCly) &: 1.64—2.51 (m, 7H, (-CHy),,
~CH-C-0), 2.77 (m, 1H, aliphatic ~-OH), 3.62 (m, 2H, -CH,-0), 4.85 (q,
J=8.18, IH, —CH-N), 8.21 (s, 1H, H-8), 8.73 (s, 1H, H-2). "C-NMR
(CDCLy) &: 234 (4), 27.6 (3'), 32.4 (5'), 48.7 (2'), 59.1 (1"), 63.5 (6"),
132.4 (5), 144.4 (8), 151.5 (4), 151.9 (2), 152.1 (6). MS m/z (%): 254
(IM+217, 4), 252 (M*, 11), 181 (12), 157 ((M+2]*—C,Hy0, 33), 155
(M*—CH,0, 100), 119 (12), 80 (6), 67 (11). Anal. Calcd for C, H ;CIN,O:
C,52.28; H, 5.19; N, 22.17. Found: C, 52.31; H, 5.17; N, 22.09.

(%)-trans-9-[2-(Hydroxymethyl)cyclopentyl]adenine (4) Gaseous am-
monia was bubbled for 1h through a solution of 3 (100 mg, 0.39 mmol) in
CH,OH (20ml) in a steel reactor at —80°C. The reactor was closed and
heated for 20h in an oven at 60 °C, the solvent was evaporated under a vac-
uum, and the solid residue was purified by FC using 98:2 CH,CL/CH;OH
as an eluent, which gave pure 4 (90 mg, 98%), mp 153—155°C; IR (KBr)
em™": 3300, 2950, 2871, 1687, 1610, 1567, 1477, 1419, 1303, 651. 'H-
NMR (CDCl,) &: 1.48—2.13 (m, 6H, (-CH,-);), 2.50 (m, 1H, -CH-C-0),
3.36 (m, 2H, ~CH,-0), 4.58 (m, 2H, -CH-N, aliphatic —-OH), 7.14 (br s,
2H, -NH,), 8.11, 8.17 (each s, each 1H, H-2, H-8). "C-NMR (CDCl,) &:
23.0 (4), 27.7 (3), 32.5 (5'), 47.1 (2'), 57.9(1"), 62.6 (6"), 119.6 (5), 140.3
(8), 149.8 (4), 1524 (2), 156.3 (6). MS m/z (%): 233 (M*, 23), 216
(M*—NHj, 24), 162 (27), 136 (70), 135 (M*—=CH,,0, 100), 108 (31), 81
(6), 67 (9). Anal. Calced for C; H;sNO: C, 56.64; H, 6.48; N, 30.02. Found:
C, 56.49; H, 6.60; N, 29.68.

(%)-trans-9-[2-(Hydroxymethyl)cyclopentyl]hypoxanthine (5) A mix-
ture of 3 (100 mg, 0.39 mmol) and 0.5M NaOH (5 ml) was refluxed for 5h.
The solvent was then evaporated under a vacuum and the solid residue was
purified by FC using 95:5 CH,CL,/CH,OH as an eluent, which gave pure 5
(87 mg, 94%), mp 237—238°C. IR (KBr) cm™": 3350, 3337, 2863, 1702,
1593, 1545, 1414, 1132, 643. '"H-NMR (DMSO-d,) §: 1.46—2.17 (m, 6H,
(-CHy-)3), 2.47 (m, 1H, -CH-C-0), 3.33 (m, 2H, CH,-0), 4.59 (q, /=8.10,
2H, —-CH-N), 8.01, 8.15 (each s, each 1H, H-2, H-8), 12.26 (br s, 1H, aro-
matic ~OH). *C-NMR (DMSO-d,) &: 23.0 (4'), 27.7 (3"), 32.9 (5'), 47.5
(27), 58.1 (1), 62.5 (6'), 124.7 (5), 139.6 (8), 145.5 (4), 148.6 (2), 157.1 (6).
MS miz (%): 234 (M*, 25), 204 (M*—CH,, 9), 164 (13), 163 (12), 137
(M*—=C4H,0, 100) , 136 (M*—C(H 0, 60), 109 (22), 81 (14), 67 (14).
Anal. Calced for C H ,N,O,: C, 56.40; H, 6.02; N, 23.92. Found: C, 56.45;
H, 5.83; N, 23.84.

Computational Methods Optimization of theoretical molecular geome-
tries was carried by the AM1 semiempirical quantum mechanical method'®
using the program AMPAC,'> which was run on an SGI work station. The
geometry was optimized by varying the torsion angles y [C4-N9-C1'-C2’]
and y [C1'-C2'-C10'-02"] between 0° and 360° in 10° increments.
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Biological Activity Assays
were carried out in accordance with established procedures.
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Synthesis of Peptides with a,-Dehydroamino Acids. XIII
Photoisomerization of Ac-(Z)-APhe-NHMe: Ac-(E)-APhe-NHMe'?
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Easily accessible Ac-(Z)-APhe-NHMe was photoisomerized to so far unknown Ac-(E )-APhe-NHMe. Some
parameters of the process leading to a diastereomeric mixture of ratio 90(Z): 10(E) have been tested and the
photoisomerization has been carried out on a preparative milligram scale. The isomers were separated vig crys-

tallization followed by preparative HPLC.

Key words  Ac-(E)-APhe-NHMe; (E)-dehydrophenylalanine; a,B-dehydroamino acid; photoisomerization; (Z)(E)-diastereoiso-

mer separation; HPLC

One of the natural variants of common amino acids is o, 3
dehydroamino acids, which have a double bond between the
C% and CP atoms. Thus, the chirality gets lost and (Z2)/(E)
isomerism appears. Both (Z)- and (F)-forms occur in
nature.*

The introduction of the double bond into a peptide chain
leads to a cross-conjugated system,>® which may influence
the conformation of the peptide backbone and the orientation
of the amino acid side-chain. These special features have
made @, 3-dehydroamino acids valuable modifiers of pep-
tides and consequently, ¢, -dehydropeptides became attrac-
tive targets for conformational studies.”* To these ends (Z)-
dehydrophenylalanine is used most often, mainly perhaps be-
cause of its convenient chemical synthesis and the fact that
all synthetic routes give exclusively the (Z)-isomer. On the
other hand, receptor proteins discriminate quite precisely be-
tween the (Z) and (£)-disposition of the double bond in their
o, 3-dehydropeptide bioligands, as can be observed for the
few available (Z)/(E)-APhe couples of peptide analogs.” "
In contrast to the stability of dehydrophenylalanine in the
(Z)-configuration, the (£)-configuration is quite unstable to
the usual chemical conditions of peptide synthesis, convert-
ing always into the (Z)-configuration.'*'® This synthetic lim-
itation requires a procedure to invert the configuration of the
dehydro unit from (Z) to (E) in the final stage of the synthe-
sis. An appropriate method turned out to be photoisomeriza-
tiOn.g’lO‘M)

The significance of (£)-dehydrophenylalanine in the pep-
tide modification generates a need for a deeper understanding
of this amino acid conformational profile. Investigated was
Ac-(E)-APhe-NHMe, the simple model system, which mim-
ics well the (E)-APhe residue incorporated in a peptide
chain. However, only theoretical structural study has been
undertaken,'? as the corresponding compound was unknown.
Therefore, we provide here a synthesis of Ac-(E)-APhe-
NHMe. This was achieved via photoisomerization of easily
accessible Ac-(Z)-APhe-NHMe' (Table 1). With Ac-(E)-
APhe-NHMe in hand we were able to explore its conforma-
tional preferences experimentally.'®

The photoisomerization of Ac-(Z)-APhe-NHMe was per-
formed in an ethanol solution. On an introductory testing by
HPLC of some parameters of the process (Table 1), we se-
lected for the final preparation of Ac-(E)-APhe-NHMe the
irradiation of 1073 m solution of Ac-(Z)-APhe-NHMe (Fig.

* To whom correspondence should be addressed.

la) with a 313-nm light over 16h. As expected, the post-
reaction mixture contained both isomers in a ratio of
90(Z): 10(E) (Fig. 1b). Their separation and isolation require
long-lasting operations, whereas (E)-2-phenyl-4-benzyli-
dene-5(4H)-oxazolone was reported to isomerize to a 40(Z):
60(£) equilibrium point, when left in an acetonitrile solution
at room temperature in light for a few days.'” Hence, the
preparation of an (E)-dehydrophenylalanine peptide was car-
ried out in the absence of direct light.”’ We therefore checked
the stability of Ac-(E)-APhe-NHMe under conditions of
work-up at every stage of our procedure: concentration, crys-
tallization and preparative HPLC separation.

A sample of the irradiated solution was left standing in di-
rect light over 12h and then condensed to about 5-107%m
concentration. The (Z) : (£)-isomer ratio did not change. The
separation from this concentrated solution, of the majority of
(Z)-isomer by crystallization affords a new mixture, enriched
significantly in the (E)-isomer, in a ratio of 20(Z): 80(F)
(Fig. 1c). This is also stable to direct light (when irradiated
with 313-nm light over 16 h, however, it passes to a ratio of
40(Z):60(E)). Preparative HPLC of this enriched mixture

Table 1. Photoisomerization of Ac-(Z)-APhe-NHMe: the Content of Ac-
(E)-APhe-NHMe (by HPLC) as a Function of Wavelength, Irradiation Time
and Solution Concentration

Time: 16 h; concentration: 10 > m

A (nm) 2039 3130 365Y

E (%) 8.1 10.8 5.2

Wavelength: 313 nm; concentration: 1077 v

Time (h) 0.7 5.5 6.5 10.5 12.0 16.0 220
E (%) 0.2 5.9 7.6 8.4 10.5 10.8 119
Time: 16 h; wavelength: 313 nm

Conc. (M) 107%  107° 4-10739

E (%) 10.8 10.1 35

a) Wavelength 293 nm resulted from the UV spectrum of Ac-(Z)-APhe-NHMe.
b) (Z)-Phenylalanine peptides™'® and (Z)-2-phenyl-4-benzylidene-5(4H )-oxazolone'*'
were isomerized with 313-nm and 365-nm light, respectively. ¢) Presumably, this
concentrated solution was poorly transmittable for 313-nm light and the isomerization
proceeded only near the reactor wall. On dilution to 10 3 M, the process took a normal
course.

© 2000 Pharmaceutical Society of Japan
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a)

Ac-(2)-APhe-NHCH,
Substrate

b)

Ac-(ZIE)-APhe-NHCH,
Photoisomerized
crude mixture

90:10

0

Ac-(ZIE)-APhe-NHCH,
Mixture subjected to
preparative HPLC

20:80

d)

Ac-(E)-APhe-NHCH,
Product

T T T T T T T T T T T

0t 2 3 4 5 6 7 8 9 10
ELUTION TIME (min)

Fig. 1. HPLC Separation Profile of Ac-(Z/E)-APhe-NHMe

Alltech Alltima, C,,, 5 um, 150X4.6 mm column; acetonitrile : water (15 :85); flow
rate | ml/min. ¢, of Ac-(Z)-APhe-NHMe 6.85min; ¢, of Ac-(E)-APhe-NHMe 7.35
min.

provides Ac-(E)-APhe-NHMe of 99.8% purity (Fig. 1d). The
compound was stored several months in a refrigerator with
neither stereomutation nor other change. Its '"H-NMR spec-
trum is consistent with expectations as compared with the
(Z)-isomer spectrum. For (Z)/(E) configuration assignment
of an o, B-dehydroamino acid residue, resonances C*-H and
NH-C* can be of diagnostic value. We observed in the spec-
tra of a few (Z)/(E) couples of constitutionally identical
compounds that the vinyl and enamide protons of the (Z)-
isomers resonate at lower and higher field, respectively, com-
pared with the corresponding protons of the (E)-iso-
mers."'*!® In spectra of mixtures Ac-(Z/E)-APhe-NHMe
(taken in DMSO-d,, due to the (Z)-compound solubility), the
signal CP-H(E) appears at 6.79 ppm while that of (Z)-isomer
is at 7.04ppm; in turn, the signal NH-C*(E) appears at
9.58 ppm and that of (Z)-isomer is at 9.36 ppm.

Experimental

General Experimental Procedures Ac-(Z)-APhe-NHMe, obtained ac-
cording to the reported method,'” was crystallized from ethanol to be of
100% purity by HPLC. Ethanol was distilled over NaOH and then through a
Hempel column. The solvents from reaction mixtures and from column
chromatographic separations were removed in vacuo on a rotary evaporator
at a bath temperature not exceeding 30 °C. Analytical and preparative HPLC
was performed on a Beckman “System Gold” chromatograph for Methods
Development consisting of a Model 126 programmable module, a Model
168 diode array detector (working at 210 nm), a Model 210A injection valve
and a PC386SX (Wearnes) with “System Gold” version 5.1 software for
data collection and controller function. For analytical runs the following
were used: an Alltech Alltima, Cg, 5 um, 150X4.6 mm column, a 5 ul loop,
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acctonitrile : water (15 : 85) as a mobile phase and a flow rate of 1 ml/min; #,,
of Ac-(Z)-APhe-NHMe 6.85 min, #, of Ac-(E£)-APhe-NHMe 7.35 min.

Irradiations Irradiations were performed at constant temperature of
22°C, in 250 and 1500 ml bottles made of PET and equipped with a mag-
netic stirrer. Prior to the process, the solutions were bubbled with nitrogen
for Smin and thereafter space above the surface of the liquid was filled up
with argon. The source of 293-nm and 313-nm light was a Photochemical
Reactors, Ltd. 400-W medium-pressure mercury lamp fitted with appropri-
ate filters. The source of 365-nm light was an 80-W lamp.

Ac~(E)-APhe-NHMe Two solutions each Ac-(Z)-APhe-NHMe (270
mg) in ethanol (1.2 1) were irradiated with 313-nm light over 16 h, then com-
bined and concentrated to about 50 ml. A mixture of ethyl ether: hexane
(1:1) (250 ml) was added and the whole left for crystallization. The result-
ing Ac-(Z)-APhe-NHMe was filtered off (400 mg) and the filtrate concen-
trated. Precipitation and filtration were repeated once more to furnish the
second crop of (Z)-izomer (60 mg), both of 99.8% purity by HPLC. The fil-
trate was evaporated to dryness to give a mixture of Ac-(Z/E)-APhe-NHMe
(20:80) (65mg). This was dissolved in methanol (850 i1) and water (2550
1) was added. The solution in 850 ul portions was applied with an 850 ul
loop to an Alltech Alltima, C,g, 10 gm, 250X22 mm column. The column
was cluted with water : methanol (80:20) at a flow rate of 20 ml/min and
fractions were collected using a fraction collector Gilson 202. The fractions
appropriate by analytical HPLC were combined and evaporated to dryness to
afford Ac-(£)-APhe-NHMe (15 mg) of 99.8% purity by HPLC.

'HNMR (Tesla BS 567 100 MHz; a saturated solution in CDCl, with TMS
as an internal standard) § (ppm): 2.10 (s, 3H, CH;CO), 2.67 (d, 3H,
NHCH,), 6.62 (s, I|H CA-H), 7.32 (m, 5H, Ph), 7.36 (q, 1H, NHCH,), 8.01
(s, 1H, NH-C*%).
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The surface tension of aqueous solutions of simple cyclic, heterocyclic and aromatic amines was measured
with a Du Nouy tensiometer at 25°C and the results discussed in terms of structure-aggregation relationships.
The simple compounds used in this study were piperazine, piperidine, morpholine, 3-methylpyridine, cyclohexyl-
amine and benzylamine, with carbon numbers ranging from four to seven.

Piperazine, piperidine and morpholine did not form micellar associations but cyclohexylamine, benzyl-
amine and 3-methylpyridine did, indicating that more than six carbons are necessary to form micellar associa-

tions, at least for compounds having a six-membered ring.

Key words surface tension; self-association; simple ring compound; cyclic amine; heterocyclic compound; aqueous solution

It is generally known that compounds without any distinct
hydrophobic and hydrophilic moieties do not easily form mi-
celles. In contrast to a large number of studies on the surface
activity of aliphatic compounds,” only a few” ™ have been
published on the surface activity of aromatic and/or cyclic
compounds (especially simple compounds with a ring-struc-
ture). In 1995, we reported the self-association of cyclohexyl-
amine in water.? In the same year, Glinski et al. reported”
the surface tension of dilute aqueous solutions of cyclohexyl-
amine and benzylamine, however the self-association of
those compounds was not apparent because very dilute solu-
tions were used.

On the other hand, the surface tension of some common
surfactants in methylpyridine have been measured,” " al-
though the surface active properties of methylpyridine were
not discussed.

It would be interesting to know the degree of hydrophobic-
ity necessary to form micelles, and it would also be of inter-
est to investigate the surface activity of simple cyclic, hetero-
cyclic and aromatic compounds in terms of structure-aggre-
gation relationships. For systematic study of the surface ac-
tivity of simple compounds with a ring-structure, we chose
piperazine, piperidine, morpholine, 3-methylpyridine, cyclo-
hexylamine and benzylamine, compounds with four to seven
carbon atoms.

Experimental

Materials Piperazine (hexahydropyrazine), piperidine (hexahydropyri-
dine), morpholine (tetrahydro-2H-1,4-0xazine), cyclohexylamine, 3-meth-
ylpyridine and benzylamine purchased from Wako Pure Chemical Indus-
tries, Ltd. were of guaranteed reagent grade and were used without further
purification. The structual formulas of those compounds are shown in Chart
1. Deionized and twice-distilled water were used throughout this study.

The pK, values of piperazine,® piperidine,”’ morpholine,” cyclohexyl-
amine,” 3-methylpyridine® and benzylamine® are 4.2, 2.8, 5.6, 3.34, 8.0 and
4.65, respectively. 3-Methylpyridine is a weak base and exists as ionic and
non-ionic forms in water, while the other five amines are strong bases and
exist almost entirely in ionic form in water. The solubility of piperazine in
water is about 3 M, while the other five amines are freely soluble in water.¥

Measurement of Surface Tension The surface tension was measured
with a Du Nouy tensiometer. A platinum ring with a diameter of 19 mm was
heated in an oxidizing flame before use. The thermostat temperature was
maintained at 25%0.1 °C. To calculate the surface tension of aqueous solu-
tions, the value of 71.96 mNm™' was used as the surface tension of pure
water at 25°C. The experimental determination of the surface tension was
precise to +0.1 mNm™".

= To whom correspondence should be addressed.

Results and Discussion

Surface Tension of Aqueous Solutions of Simple
Amines with a Ring-Structure The surface tension () of
aqueous solutions of piperazine, piperidine, cyclohexyl-
amine, morpholine, 3-methylpyridine and benzylamine are
presented in Figs. 1 and 2.

The surface tension of an aqueous solution of morpholine
fell continuously with increasing concentration of morpho-
line, and no inflection point in the surface tension curve was
found, even above 10M. Morpholine is unlikely to exhibit
self-association. The surface tension of an aqueous solution
of piperazine is higher than that of morpholine at the same
concentration and so piperazine is also unlikely to exhibit
self-association, although the surface tension of aqueous so-
lutions of piperazine at concentrations above 4 M could not be
measured because of the low solubility® of piperazine. The
surface activity of morpholine is slightly greater than that of
piperazine, and so the substitution of —-O— for -NH- seems to
increase the surface activity of heterocyclic compounds.

In the case of cyclohexylamine, benzylamine and 3-
methylpyridine, a marked decrease in y and inflection points
in the ¥ vs. log C curves were found, suggesting that these
compounds undergo self-association like micelles. If the crit-
ical micelle concentration (cmc) is estimated from the inflec-
tion point in the ¥ vs. log C curve, cmcs are obtained as 0.54,
0.77 and 1.8m for cyclohexylamine, benzylamine and 3-
methylpyridine, respectively. In addition, the surface tension

O 0 O

Piperazine Morpholine Piperidine
NH, CH,NH,
O O @
N
Cyclohexylamine 3-Methylpyridine Benzylamine
Chart 1. Structural Formulas of Simple Cyclic and Heterocyclic Com-
pounds
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Fig. 1. Surface Tension of Simple Cyclic and Heterocyclic Amines in
Water at 25 °C

O, cyclohexylamine; V, piperidine; 0, morpholine; A, piperazine.
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Fig. 2.
25°C
A, benzylamine; @, 3-methylpyridine.

Surface Tension of Benzylamine and 3-Methylpyridine in Water at

at the eme (7,,,) is 33.5, 41.5 and 36.7mnm™! for cyclo-
hexylamine, benzylamine, and 3-methylpyridine, respec-
tively.

The change in surface tension just below the cmc is grad-
ual. This is considered to be due to the fact'” that surface ac-
tive compounds with aromatic hydrophobic groups are gen-
erally thought to undergo association by a process in which
aggregate growth occurs by the continuous stepwise addition
of monomers. We have obtained similar results for piperi-
dolate hydrochloride,'” [N-ethyl-3-piperidyl diphenylacetate
hydrochloride] (an anti-cholinergic drug) and dibucaine hy-
drochloride,'” [2-butoxy-N-[2-(diethylamine)ethyl]-4-quino-
linecarboxamide] (a local anesthetic).

The aggregation numbers of 3-methypyridine, benzyl-
amine and cyclohexylamine are thought to be relatively small
because of the six-membered ring-structure of those com-
pounds and the large cmc value. In general, the micellar ag-
gregation number of aromatic compounds is low: about equal
to the micellar aggregation numbers of dibucaine hydrochlo-
ride' and piperidolate hydrochloride' which are 9 and 12,
respectively.

The surface tension of aqueous solutions of piperidine de-
creased with increasing concentration of piperidine but a
clear inflection point, as shown in the case of cyclohexyl-
amine, benzylamine and 3-methylpyridine, was not found al-
though the decrease in ¥ was gradual above 2 M. Therefore,
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piperidine is unlikely to form a micellar association. Even if
piperidine forms such associations, the aggregation number
of the self-association would be much smaller than that of
cyclohexylamine, benzylamine or 3-methylpyridine. The
self-association of piperidine in water may result in a dimer
or further dimerization of the dimer at the most. For a more
detailed discussion, it is necessary to know the aggregation
numbers of the self-associations of these cyclic and hetero-
cyclic amines. Further measurement by light scattering or
fluorescence quenching methods will be required to obtain
the aggregation numbers of these compounds.

Piperidine has five methylene units, while cyclohexy-
lamine and 3-methylpyridine have six carbons which sug-
gests that more than six carbons are necessary to form micel-
lar associations.

Regarding the surface activity of ortho-, meta- and para-
isomers, it has been reported? that meta-chlorobenzamide
shows greater surface activity than ortho-chlorobenzamide
under the same conditions and that the effect is related to the
dipole moment of the molecule. So, the surface activity of 3-
methylpyridine may differ from that of 2-methylpyridine and
4-methylpyridine. We intend to examine the surface active
properties of 2-methylpyridine and 4-methylpyridine in the
subsequent study.

The surface activity of cyclohexylamine with 6 carbons is
greater than that of benzylamine with 7 carbons. This is be-
cause of the presence of unsaturated bonds in benzylamine.
Regarding the effect of double-bonds, it has been report-
ed'>'® that incorporation of a double-bond near the center of
the hydrocarbon chain in long-chain surfactants has an effect
on the cmc, equivalent to the removal of 1 to 1.5 CH, groups
from a saturated chain. We have reported that the cmc of
icosapolyenoic acid increased twofold on increasing the
number of double-bonds.'” In the case of benzylamine,
which has a benzene-ring, the surface activity of benzy-
lamine is nearly equal to that of saturated cyclic compounds
with a carbon number of 5.5.

In conclusion, piperidine did not form micellar associa-
tions but cyclohexylamine, benzylamine and 3-methylpyri-
dine did (although the aggregation numbers of those associa-
tions are still unknown), indicating that more than six car-
bons in a molecule are needed to form micellar associations
of compounds with a six-membered ring. Further measure-
ment by light scattering or fluorescence quenching methods
is necessary to obtain the aggregation numbers of these com-
pounds. Nevertheless, the concentration of 3-methylpyridine,
cyclohexylamine and benzylamine, when these compounds
are used as a medium for synthesis or as a solvent, may be
important.

References

1) Fendler J. H., Fendler E. J.,, “Catalysis in Micellar and Macromolecular
Systems,” Academic Press, New York, 1975.

2) Yokoyama S., Fujino Y., Kondo M., Fujie T., Chem. Pharm. Bull., 43,
1055—1056 (1995).

3) Glinski J., Chavepeyer G., Platten J. K., New J Chem., 19, 1165—
1170 (1995).

4) Kamienski B., Mlodnicka T., Bull. Acad. Polon. Sci., Ser. Sci. Chim.,
14, 389—394 (1966).

5) Sharma V. K., Singh J., Yadav O. P, Indian J. Chem., Sect. A, 37A,
498—506 (1998).

6) Sharma V. K., Singh J,, Yadav O. P, Indian J Chem., Sect. A, 35A,
1056—1061 (1996).



300
7)
8)
9)

10)
1)

Sharma V. K., Yadav O. P, Singh J., Colloid Surf., A, 110, 23—35
(1996).

“The Merck Index X,” Merck and Co., Inc., U.S.A., pp. 899, 1076,
1077 (1983).

“Kagaku Binran,” 4th ed., Nippon Kagakukai, Maruzen, Tokyo, p. II-
321 (1993).

Mukerjee P, J. Pharm. Sci., 63, 972—975 (1974).

Yokoyama S., Fujino Y., Kawamoto Y., Kaneko A., Fujie T., Chem.
Pharm. Bull., 42, 1351—1353 (1994).

12)

13)
14)
15)

16)
17)

Vol. 48, No. 2

Yokoyama S., Fujino Y., Fujie T., Prog. Anesthetic Mechanism, 3,
392—397 (1995).

Attwood D., Fletcher P, J. Pharm. Pharmacol., 38, 494—497 (1986).
Attwood D., J. Pharm. Pharmacol., 28, 407—409 (1976).

Tanford C., “The Hydrophobic Effect,” 2nd ed., John Wiley and Sons,
Inc., New York, pp. 8—9, 16, 71, 97 (1980).

Klevens H. B., J Am. Oil Chem. Soc., 30, 74—76 (1953).

Yokoyama S., Nakagaki M., Colloid Polym. Sci., 271, 512—518
(1993).



February 2000 Notes

Chem. Pharm. Bull. 48(2) 301—303 (2000) 301

Two New Meliacarpinins from the Roots of Melia azedarach
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Two new azadirachtin-type limonoids, 1-methacrylyl-3-acetyl-11-methoxymeliacarpinin (1) and 1-(2-meth-
ylpropanoyl)-3-acetyl-11-methoxymeliacarpinin (2), together with the known compounds, meliacarpinin D (3),
melianin B (4) and 2,3 B-dihydroxy-5a-pregn-17(20)-(Z)-en-16-one (5), were isolated from the roots of Melia
azedarach. The structures of 1 and 2 were elucidated by analysis of spectroscopic data and comparison of their
NMR data with those of 3. Compounds 1 and 5 exhibited significant activity in the brine shrimp lethality test

(BST).

Key words  Melia azedarach; limonoid; meliacarpinin; azadirachtin; brine shrimp lethality; brine shrimp test

J. L. McLaughlin and colleagues" have developed “the
brine shrimp (Artemia salina) lethality test (BST)” as a con-
venient bioassay for screening and fractionation in the dis-
covery and monitoring of biologically active natural prod-
ucts. Particularly, it attracts our attention that brine shrimp
lethality has often a positive correlation to 9 KB cytotoxicity
and pesticidal activity.>® Hence, BST has the advantage of
being rapid, inexpensive, and simple enough to carry out
screening a number of plant extracts. During our preliminary
screening of plant extracts by using the BST, the methanol
extract of the roots of Melia azedarach*> exhibited signifi-
cant lethal activity. The bioassay-guided fractionation of the
methanol extract has resulted in the isolation of the two new
meliacarpinins 1 and 2 along with the previously reported
meliacarpinin D (3),>® melianin B (4)”Y and a pregnane
(5).%

In this paper, we describe the structural elucidation of the
two new meliacarpinins 1 and 2 isolated from an active frac-
tion of the root of M. azedarach.

The methanol extract of the root of M. azedarach was frac-
tionated by silica gel chromatography. One of the active frac-
tions eluted with CH,Cl,~AcOEt (2 :3) was subjected to re-

* To whom correspondence should be addressed.

peated silica gel and octadecyl silica gel (ODS) column chro-
matography, and finally purified by HPLC using an ODS col-
umn to yield the new compounds 1, 2 along with the known
compounds, meliacarpinin D (3), melianin B (4) and 23,3 3-
dihydroxy-5 a-pregn-17(20)-(Z)-en-16-one (5). Identification
of 3—S5 was performed by spectral comparison with those re-
ported in the literatures.””

Compound 1, with the molecular formula C,,H,,0,, deter-
mined by its high-resolution (HR) FAB-MS at m/z 699 [M+
Na]', showed IR absorption at 3409, 1739 and 1626 cm ' at-
tributable to a hydroxyl, ester and ketone groups, respec-
tively. The '"H-NMR and '*C- NMR data (Table 1) of 1 indi-
cated the presence of the meliacarpinin skeleton with three
singlet methyls (8, 1.01, 1.56, 1.61), one methoxyl (Jy, 3.38;
Oc 52.5), one methyl ester (8§ 3.74; Jc 169.3, 53.2), one
acetyl (8 2.00; 8. 170.1, 21.0) and one methacrylyl group
[6y 1.95 (3H, br s), 5.63 (1H, m), 6.15 (1H, m); . 166.0,
136.1, 126.1, 11.9] and were similar to those of meli-
acarpinin D (3)>® (1-tigloyl-3-acetyl-11-methoxymeliacar-
pinin). All the structural units obtained from the 'H-'H cor-
relation spectroscopy (COSY) and 'H detected multiple
quantum coherence (HMQC) spectra, as shown by the bold
lines in Fig. 1, and seven quaternary carbons resonated at &
106.9 (C-11), 94.9 (C-13), 93.3 (C-14), 86.2 (C-20), 51.2 (C-
8), 49.6 (C-10) and 42.6 (C-4) corresponded well to those
existing in the known meliacarpinin D (3). Additionally, the
heteronuclear multi-bond correlation (HMBC) experiment,
as summarized in Fig. 1, could assemble the partial units and
seven quaternary carbons into the assumed meliacarpinin

HMBC Correlations of 1

Fig. 1.

Bold lines indicate the partial structures inferred from COSY and HMQC, and ar-
rows denote the correlation between protons (tail) and carbons (head) in the HMBC.

© 2000 Pharmaceutical Society of Japan
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structure. The HMBC correlation of H-1 resonated at ;,4.98
with the C-1" ester carbonyl at 6. 166.0 placed the methac-
rylyl group on the C-1 position. The HMBC correlation be-
tween H-3 at 8 4.60 and CH,COO at o, 170.1 proved the
sole acetyl group to be linked at the C-3 position. Having
the same stereochemistry with 1 as that of 3 was also sup-
ported by phase-sensitive nuclear Overhauser and exchange

@)

Vol. 48, No. 2

spectroscopy (NOESY) spectrum as shown in Fig. 2 as well
as by small .J values for H-1 and H-3 (Table 1). Thus com-
pound 1 was assigned as l-methacrylyl-3-acetyl-11-me-
thoxymeliacarpinin.

Compound 2 had the molecular formula C,,H,H,, deter-
mined from HR-FAB-MS at m/z 701.2925 [M+Na] ™. Its 'H-
and *C-NMR spectra (Table 1) were similar to those of 1 ex-
cept for the presence of a newly appeared 2-methylpropanoyl
group [0, 1.16 (3H, d, J/=6.7Hz), 1.20 (3H, d, /=6.7Hz),
2.51 (1H, qq, J=6.7, 6.7Hz; O, 18.1, 18.6, 34.2, 175.8) in-
stead of the methacrylyl group existing in 1. The HMBC of 2
showed a cross peak between H-1 (6, 4.91) and the ester car-
bonyl (. 175.8) involved in the 2-methylpropanoyl group,
thereby confirming that the 2-methylpropanoyl group was lo-
cated at the C-1 position. The relative stereochemistry for 2
was identical with that of 1 from the analysis of its NOESY.
Thus the structure of compound 2 was determined as 1-(2-
methylpropanoyl)-3-acetyl-1 1-methoxymeliacarpinin.

Compound 1 exhibited significant lethal activity (LCs,=

Fig. 2. Relative Configuration of 1 Based on NOEs Indicated by Arrows 19 pg/ml) in the BST. The other meliacarpinins 2 and 3,
Table 1. 'H- (600 MHz) and *C- (150 MHz) NMR (in CDCl,) Data for Compounds 1—3
1 2 3
H C H C H C

1 4.98(dd, 2.7,2.7) 70.7 4.91(dd, 2.7,2.7) 70.3 4.98 (dd, 2.7, 27) 70.3
20 2.07 (dt, 16.7,2.7) 27.9 2.27(dt, 17.0, 2.7) 27.8 2.34(dt, 16.7,2.7) 279
2B 2.37(dt, 16.7,2.7) 2.07 (dt, 17.0, 2.7) 2.06 (dt, 16.7,2.7)
3 4.60(dd, 2.7, 2.7) 71.0 4.57(dd, 2.7,2.7) 71.0 4.54(dd, 2.7,2.7) 71.07
4 42.6 42.5 42.6
5 3.08 (d, 12.9) 35.1 2.99(d, 12.9) 349 3.07(d, 12.6) 35.1
6 3.97(dd, 12.9,3.0) 71.1 3.94(dd, 12.9,2.7) 71.01 3.96 (dd, 12.6,3.0) 71.05
7 4.53(d,3.0) 83.8 4.52(d, 2.7) 83.7 4.89 (d, 3.0) 83.8
8 51.2 51.2 51.2
9 3.67(3H,s) 479 3.67(3H,s) 47.8 3.67 (3H,s) 479
10 49.6 49.6 49.6
11 106.9 106.91 106.9
12 169.3 169.4 169.4
13 94.9 94.9 94.8
14 933 93.2 93.3
15 4.14(d, 2.5) 81.1 4.13(d,2.5) 81.1 4.14 (d, s) 81.1
163 2.22(ddd, 13.4,6.3,2.5) 29.7 2.24 (ddd, 13.4, 6.0, 2.5) 29.7 2.24(ddd, 134,6.3,2.5) 297
l6a 1.87(dd, 13.4,1.4) 1.86 (dd, 13.4, 1.4) 1.87 (dd, 13.4, 1.4)
17 2.17(dd, 6.3, 1.4) 50.8 2.17 (dd, 6.0, 1.4) 50.7 2.17 (dd, 6.3, 1.4) 50.8
18 1.61 (3H, s) 25.9 1.61 BH, s) 259 1.59 (3H, s) 259
19¢ 3.86(d, 9.3) 70.6 3.85(d,9.3) 70.5 3.86(d, 9.3) 70.6
198 4.16 (d,9.3) 4.15(d,9.3) 4.16 (4, 9.3)
20 86.2 86.2 86.2
21 5.64 (s) 109.3 5.64 (s) 109.3 5.64 (s) 109.3
22 ©489(d,3.0) 107.9 4.89(d,3.0) 107.9 4.59 (d, 3.0 107.9
23 6.39(d,3.0) 145.8 6.38(d, 3.0) 145.8 6.39 (d, 3.0) 145.8
28a 3.62(3H, s) 76.5 3.46(d,7.7) 76.5 3.55(d, 8.0) 76.4
28 3.57(d, 8.6) 3.56(d,7.7) 3.59 (d, 8.0)
29 1.01 3H, s) 18.0 0.98 (3H, s) 18.1 0.99 (3H, s) 18.0
30 1.56 (3H, s) 17.8 1.58 GH, s) 17.7 1.56 (3H, s) 17.8
20-OH 6.14 (s) 6.16 (s)
11-OMe 3.38 (3H, s) 525 3.39(3H,s) 52.5 3.39(s) 52.5
12-OMe 3.74 (3H, s) 532 3.75(3H, s) 53.2 3.74 (3H, s) 532
3-AcO 2.00 (3H, s) 170.1 2.08 (3H, s) 170.2 1.99 3H, s) 170.1

21.0 21.2 21.1
I 166.0 175.8 166.6
2 136.1 2.51(qq, 6.7, 6.7) 342 128.3
3 5.63 (m) 126.1 1.20 (d, 6.7) 18.1 6.99 (qq, 7.0, 1.3) 138.2

6.15 (m)

4’ 1.95 (3H, s) 11.9 1.16 (d, 6.7) 18.6 1.82 (dq, 7.0, 1.3) 11.9
5/ 1.83 (dq, 1.3, 1.0) 145
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however, had no lethal activity at 100 pg/ml. This result pre-
sumes that the methacrylyl group attached to the C-1 posi-
tion would play an important role in having toxicity against
the brine shrimp. Of all the compounds isolated from one of
the active fractions the pregnane 5 was most active (LCs,=
2.1 ug/ml) in the BST. A number of the potent antifeedants
and cytotoxic active compounds, however, have been isolated
from M. azedarach L."” Most of the active principles belong
to the azadiracthin-type tetranortriterpenoids and the sen-
danin-type limonoids. Therefore, our further search for other
BST-active substances in the root of M. azedarach is in
progress.

Experimental

Optical rotations were measured with a Jasco DIP-1000 digital polarime-
ter. IR spectra were recorded on a Jasco FT-IR 5300 IR spectrophotometer.
One dimensional (ID) and two dimensional (2D)-NMR spectra were
recorded on a Varian Unity 600 instrument in CDCl;. Chemical shifts were
given as & (ppm) with tetramethylsilane (TMS) as an internal standard. MS
were recorded on a JEOL AX-500 instrument.

Plant Materials The roots of Melia azedarach Linn. var. Japonica
Makino were collected in Tokushima, Japan and a voucher specimen
(1428RT) has been deposited in this institute of Tokushima Bunri University.

Extraction and Purification The MeOH extract (91 g) of the dried
powdered root of M. azedarach was chromatographed on silica gel (Merck,
70-—230 mesh) eluting with a CH,Cl,~EtOAc gradient and eluant were sep-
arated into 1—6 fractions. The BST-active (100% death at 200 yug/ml) frac-
tion 2 (3.8 g) was fractionated into 7-—12 fractions by Sephadex LH-20
chromatography with MeOH. The BST-active fraction 9 (3.2g) was sub-
Jected to a reverse phase column chromatography on Cosmosil 40C,-OPN
eluting with MeOH-H,0O (9:1) to give 13—19 fractions. The BST-active
fraction 17 (11.6 mg) was purified by HPLC [Cosmosil 5C ;-AR (¢10X250
mm); MeOH-H,0 (7:3; 2.0mImin~"); UV 220nm] to give compounds 1
(4.6 mg) and 2 (5.2 mg), and meliacarpinin D (3) (6.2 mg). The BST-active
fraction 14 (127mg) was purified by silica gel chromatography
[CHC1;-MeOH (97:3)] and finally by HPLC [Cosmosil 5C;¢-AR (¢10X
250 mm); MeOH-H,0 (8:2; 2.0mlmin™"); UV 220 nm] to give melianin B
(4) (9 mg) and 23,3 5-dihydroxy-5a-pregn-17(20)-(Z)-en-16-one (5) (3 mg).

1-Methacrylyl-3-acetyl-11-methoxymeliacarpinin (1): Amorphous pow-
der. [0} +2.5° (¢=0.19, CHCL,). IR cm™": 3409 (OH), 1739 (C=0), 1626
(C=0). FAB-MS m/z: 699 [M+Na] ", 659 [M+H—18]", 617 [M+H—60]".
HR-FAB-MS m/2:699.2673 [M+Na]* (Calcd for C,,H,,0,,Na: 699.2629),
'"H-NMR and “C-NMR : Table 1.

1-(2-Methylpropanoyl-3-acetyl-1 1-methoxymeliacarpinin (2): Amorphous
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powder. [@]3—169.8° (¢=0.21, CHCL,). IR cm™': 3402 (OH), 1738 (C=0),
1624 (C=0). FAB-MS m/z: 701 [M+Na]*, 661 [M+H~18]", 619 [M+
H—60]". HR-FAB-MS m/z:701.2925[M+Na]" (Calcd for C;,H,0,,Na:
701.2911). 'H-NMR and *C-NMR: Table 1.

Brine Shrimp Bioassay The bioassay was carried out according to es-
sentially the same literature procedure.” A half spoon of brine shrimp eggs
(Nihon Animal Pharmaceutical Inc., Tokyo, Japan) were hatched in a con-
tainer filled with air-bubbled artificial sea water which was prepared with 10
g of a commercial salt mixture (GEX Inc., Osaka, Japan) and 500 ml of dis-
tilled water. After 48 h, the phototropic shrimps were collected by pipette for
bioassay. Ten shrimps were transferred to each vial, and artificial water was
added to make 5ml. To this vial each sample which was dissolved in 0.025
ml of dimethyl sulfoxide (DMSO), whereas the vial containing 0.025 ml of
DMSO was regarded as a control. The surviving shrimps were counted mi-
croscopically in the stem of the pipette against a lightened background after
24h. The percent deaths at each dose was counted as the following formula:
% deaths=(the number of death shrimps—the number of half death shrimps
X0.7)/10X100.
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Lipase-catalyzed transesterification of racemic 4-substituted
4-hydroxybutyramides with succinic anhydride proceeded enan-
tioselectively to afford (S)-succinic acid monoester and unre-
acted (R)-4-hydroxybutyramide derivative, which were sepa-
rated easily by treatment with an alkaline solution. Both enan-
tiomers were converted easily to optically active Y-substituted y-
butyrolactones.

Key words y-butyrolactone; lipase; resolution; succinic anhydride
y-Butyrolactones are widespread in nature; some are fla-
vor compounds existing in plants" and others are significant
in insect behavior.”) Many naturally occurring y-butyrolac-
tones are optically active compounds. It is well established
that chiral discrimination is an important principle in odor
perception and insect sex pheromones. Therefore develop-
ment of a convenient synthetic method for chiral y-butyro-
lactones has attracted the attention of synthetic chemists.

Recently, several chemists have reported the syntheses of
chiral y-butyrolactones with sufficient optical purity by li-
pase-catalyzed resolution of 4-substituted 4-hydroxybutyric
acid esters.” In these cases, however, a mixture of the reac-
tion product and unreacted substrate was separated by a chro-
matographic method, which is a barrier to industrial-scale
preparation. Previously, racemic alcohols were found to be
enantioselectively acylated with succinic anhydride using a
lipase catalyst in organic solvents, leading to the formation
of succinic acid monoester which was easily separable by
treatment with an alkaline solution.” For the application of
this method to the synthesis of chiral y-lactones via lipase-
catalyzed resolution, ordinary esters did not appear to be the
best substrate because of their lability to alkaline treatment.
Our strategy includes the choice of a substrate stable in an al-
kaline solution, as well as appropriately enantioselective li-
pases.

We employed 4-substituted 4-hydroxybutyramides as sub-
strates for lipase-catalyzed transesterification with succinic
anhydride in organic solvents. A variety of 4-substituted 4-
hydroxy-N-benzylbutyramides were prepared by aminolysis
of racemic y-lactone derivatives.” Several preliminary exper-
iments using various types of lipase indicated that lipase PL
(Alcaligenes sp.) and lipase PS-C (Pseudomonas sp.)” were
well suited for enantioselective transesterification. Therefore
we mainly used those two lipases for resolution of 4-substi-
tuted 4-hydroxy-N-benzyibutyramides.

The general procedure is as follows: A mixture of 4-sub-
stituted 4-hydroxy-~N-benzylbutyramide 2 mmol, succinic an-

* To whom correspondence should be addressed.
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hydride 2 mmol, and lipase 50 mg in tert-butyl methyl ether
(MTBE) 25ml was stirred at 25°C. After consumption of
half the substrate had been confirmed by HPLC analysis, the
lipase was removed by filtration and washed with MTBE.
The combined organic layer was shaken with sodium carbon-
ate 0.2M (100mlXx2). The reacted enantiomer passed over
into an aqueous layer as a succinic acid monoester, and the
unreacted enantiomer remained in the organic layer. The
aqueous layer was treated with 10% sodium hydroxide and
extracted with MTBE. Both enantiomers isolated were con-
verted into optically active y-lactones in almost quantitative
yields without racemization (Chart 1).

Table 1 shows the results of reactions of six 4-substituted
4-hydroxybutyramides. The results in entries 1—10 demon-
strate that these lipases react preferentially with the S-enan-
tiomer, and that the chain length of the substrate has little in-
fluence on the reaction rate and enantioselectivity. On the
other hand, the reaction with lipase PS-C is faster than that
with lipase PL, regardless of the alkyl chain length. It is of
interest that an unsaturated alkyl group of the substrate is
more effective on the enantioselectivity than a saturated one
(compare entries 11 and 12 with 5 and 6, respectively). In
general, these reactions proceed faster, especially with lipase
PS-C, than the reported lactonization or acylation of the 4-
hydroxybutyric acid esters with lipases,” although the optical
yields are comparable.

We successfully converted the resultant chiral 4-hydroxy-
butyramides to the corresponding 7y-butyrolactones, all of
which are used as flavors (R-1a—f) or a naturally occurring
pheromone (R-1e),” by hydrolysis with diluted hydrochloric
acid without racemization.® In addition, the inversion of an
enantiomer to a y-lactone with the opposite configuration
was also examined. As shown in Chart 2, the y-lactonization
of mesylated S-2¢ and S-2f, which were prepared from §-3¢
and §-3f purified by recrystallization, gave the corresponding
(R)-y-butyrolactones with high optical purity in moderate
yields.” Optimal conditions for this reaction are under inves-
tigation.

Thus the present procedure provides a facile method for
the conversion of racemic y-lactones to only the required
enantiomer via lipase-catalyzed resolution of 4-hydroxybu-
tyramide derivatives and inversion of the enantiomer not re-
quired.

OH
N A\
BnNH, N o o0
T / S
Bn’ R
0" "o” "R

lipase

1 © 2 organic solvent
H OCOCH,CH,COOH
aq. Jager N 1) NaOH / MeOH f \
B
Bn R 2)diLHO oo
aq. Na,CO4 ¢} 53 o1
A s X i
OH
H H
N N dil. HCI
org. layer Bn/ R T oo n
o}
R-2 R-1
Chart 1
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Table 1. Lipase-Catalyzed Transesterification of 4-Substituted 4-Hydroxy-N-benzylbutyramides

@\/HMH Ol}o
R :

0 lipase
in t-butyl methy! ether

SN

OCOCH,CH,COOH QH H
Ol + My ~n
0o

o

O

2 S-3 R-2
Substrate Product S-3 Unreacted R-2
Entry — Lipase Time (h)
No. R C.Y. (%)™ Q.Y. (%ee)> C.Y. (%)? 0.Y. (Y%ee)*
1 2a n-C,H, PS-C 5 50 89.7 43 922
2 2a n-C,H, PL 24 49 91.7 46 86.4
3 2b n-C,H,, PS-C 4.5 47 88.9 47 90.5
4 2b n-C,H,, PL 28.5 46 82.6 44 79.3
5 2 n-CH,, PS-C 3 44 85.5 44 86.7
6 2¢ n-CeH,, PL 17 46 84.5 46 86.0
7 2d n-CH,q PS-C 3.5 47 87.5 43 86.7
8 2d n-C,H, PL 17.5 46 88.2 46 88.7
9 2e n-CgH,, PS-C 5.5 49 80.7 44 85.5
10 2¢ n-CeH,, PL 23 46 88.6 46 85.9
3 2 Nt PS-C 9 47 96.9 48 95.1
12 2f N oy PL 29 47 91.2 47 90.0

a) Isolated yield. b) Optical yields were determined by HPLC analyses (using Chiralcel OD in entries 1—10, and Chiralcel OD-R in entries 11 and 12) after the hydrolysis.

¢) Absolute configurations were determined by comparison of the optical rotations with those reported, after the lactonization.

53— J N wa AL [)\
Bn’ NH pyridine | B NR 0”0 R
o !
S-2 > 98%ee R-1

R-lc (R= CgHys): C.Y. 42%, O.Y. 91%ee
R (R = A\ ): CY. 60%, 0.Y. >98%ee
Chart 2
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Preparation of 4-substituted 4-hydroxy-N-benzylamides: Racemic y-
substituted y-lactone 1 10mmol and benzylamine 11 mmol were
placed in an autoclave, and stirred at 80—90° for 4—12 h to afford the
product in 85—95% yield. The structures of products were determined
by 'H-NMR, IR, and MS spectral analyses.

Lipase PL and lipase PS-C were supplied by Meito Sangyo Co., Ltd.,
and Amano Pharmaceutical Co., Ltd., respectively.

The 'H-NMR spectra of all of chiral y-alkyl y-lactones (la—g) agreed
with those of the starting racemates. The specific rotations of chiral y-
alkyl y-lactones (1a—g) were reported previously.'” 1f was deter-
mined after conversion to 1¢ by catalytic reduction.

Recently, a few chiral y-lactones have been obtained in kilogram
amounts using this method in our company.

Mesyl chloride 2 mmol was added dropwise to a solution of $-2¢ or S-
2f 1.8 mmol in pyridine 5ml at 0°C with stirring. The mixture was
stirred overnight at room temperature and poured into ice water. The
mixture was extracted with hexane. The organic layer was washed
with diluted HCI and brine, and dried over MgSO,. Removal of the
solvent gave an oily residue, which was chromatographed on a silica
gel column using an AcOEt-hexane system to afford an oily product.
The optical purity was determined by comparison of the specific rota-
tion of the product with that described in Reference 1a).
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A one-pot, convenient method for the preparation of optically
active homoallylic alcohols from allyl halides was developed. Al-
lyltrichlorosilanes were generated in situ from allyl halides and
trichlorosilane in the presence of cuprous chloride and tertiary
amine. Without isolation of the allyltrichlorosilanes, benzalde-
hyde and chiral biquinoline N,N’-dioxide were introduced into
the same flask, producing the corresponding homoallylic alco-
hols with good to high enantioselectivities.

Key words one-pot synthesis; homoallylic alcohol; N-oxide; enantiose-
lective allylation; chiral catalyst

The asymmetric allylation of aldehydes to generate two
successive stereogenic centers has been the subject of investi-
gation in recent years."” While high enantioselectivities have
been achieved with allyltin or allylsilane reagents in the pres-
ence of chiral Lewis acids as catalysts,” these processes af-
ford preferentially syn homoallylic alcohols from both
stereoisomers of allyl metals via an acyclic transition state.
On the other hand, Lewis base-catalyzed allylations with al-
lyltrichlorosilanes as allylating reagents developed recently
by Kobayashi® are presumed to proceed via chair-like transi-
tion states involving hypervalent silicates,*” in which the
stereochemical information present in the allyltrichlorosi-
lanes is transmitted to an anti (from (E)-alkene precursors)
or a syn (from (Z)-alkene precursors) relationship about the
new C—C bond of the product. Asymmetric versions of the
Lewis base-catalyzed allylations using chiral HMPA or DMF
derivatives as catalysts reported by Denmark® and Iseki” af-
forded the homoallylic alcohols with moderate to good enan-
tioselectivities with rather modest catalytic activities. Re-
cently, we have developed an amine N-oxide-catalyzed allyla-
tion, which has been extended to enantioselective allylation
with high chemical and optical yield using a chiral bipyridine
N,N’-dioxide derivative ((S)-1) (Eq. 1).*”

7NN
od
1
R (51 OH R® v
(10 mol %) H
ArCHO + R")ﬁ/\‘SiCIa - Ar \
B ProEIN N\,
CH,Cl,, -78 °C R' R

The most common procedure for the preparation of allyl-
trichlorosilanes which are often utilized in the Lewis base-
catalyzed allylation involves the silylation of the correspond-
ing allyl chloride with trichlorosilane followed by distil-
lation.'” Although the silylation in the presence of cuprous
chloride and tertiary amine proceeds almost quantitatively,
the distillation of the product often proves to be troublesome.
Since allyltrichlorosilanes are easily hydrolyzed to produce

= To whom correspondence should be addressed.
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polymeric gum and hydrogen chloride, special care is re-
quired throughout the distillation, especially when labile
substrates are employed. From a synthetic point of view,
Kobayashi has developed a one-pot process for the prepara-
tion of homoallylic alcohols from allyl halides and aldehydes
wherein aldehyde and excess DMF as a Lewis base were
added to a solution of the allyltrichlorosilane generated in
situ from allyl halide and trichlorosilane in ether.’” However,
no one-pot process employing a catalytic amount of Lewis
base has been reported to date. Herein we describe the first
one-pot synthesis of optically active homoallylic alcohols
from allyl halides exploiting a catalytic amount of chiral N-
oxide as a Lewis base.

The major problem in one-pot synthesis is the reduction of
the Lewis base by excess trichlorosilane. To avoid the reduc-
tion of N-oxide, we removed the trichlorosilane from the re-
action mixture with a rotary evaporator before adding alde-
hyde and N-oxide to the same flask. As expected, the allyla-
tion proceeded smoothly without the reduction of N-oxide,
affording the homoallylic alcohol in good chemical and opti-
cal yields (95%, 87%ee), comparable to those obtained by
our original allylation procedure employing the isolated allyl-
trichlorosilane (89%, 88%ee).”

Some representative results under optimized conditions
are summarized in Table 1. Not only allyl chloride but allyl
bromide (entry 2) or allyl tosylate (entry 3) could be used as
precursors of allylating reagents without any loss of chemical
and optical yields. E-Crotyl- (66%, 86%ee vs. 68%, 86%ee
in the original allylation) and methallyl chloride (62%,
52%ee vs. 70%, 49%ee in the original allylation) also gave
almost the same results as in our original allylation proce-
dure (entries 4, 5). More noteworthy is that halides (entries
6—9), of which trichlorosilane derivatives are prone to iso-
merize or decompose during distillation, produce the corre-
sponding homoallylic alcohols in good yields. As expected,
anti- and syn-homoallylic alcohols were obtained from £-
and Z-cinnamy! chlorides (entries 6, 7), respectively, which
shows that the one-pot allylation in the presence of copper
salt proceeds via the same mechanism as the allylation in the
original method. Modest enantioselectivity with a-bro-
momethylstyrene (entry 8) as well as methallyl chloride
(entry 5) can be explained by the 1,3-diaxial-type steric re-
pulsion between the [-substituents (R®) of the allyl-
trichlorosilanes and the wall of the biaryl unit in the pro-
posed transition state involving hypervalent silicate (Fig. )Y

The representative procedure for one-pot enantioselec-
tive allylation is as follows: To a solution of E-cinnamyl
chloride (80 mg, 0.52 mmol), diisopropylethylamine (0.30 ml,
1.7mmol) and cuprous chloride (6.0mg, 0.061 mmol) in
ether (5 ml) was added trichlorosilane (0.1 ml, 0.99 mmol) at
room temperature and the mixture was stirred for 1 h under
an Ar atmosphere. Disappearance of the chloride was
checked by 'H-NMR of an aliquot of the reaction mixture.
Excess trichlorosilane and ether were evaporated in vacuo
with a rotary evaporator and the residue was dissolved
in dichloromethane (2ml). The solution of benzaldehyde
(50mg, 0.46mmol) and (S)-1 (15mg, 0.046 mmol) in
dichloromethane (1 ml) was added to the mixture at —78°C
and the whole was stirred at the same temperature for 6 h.
Aqueous work-up followed by silica gel column chromatog-
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Table 1. One-pot Enantioselective Synthesis of Homoallylic Alcohols from Benzaldehyde and Allyl Halides Catalyzed by (S)-1
‘ HSICly, Pr,EN R PhCHO, ()1 o
ng/g(\x Rz)\(\smla ; PR
A3 CuCl, Et,0, 1t R PryEtN, CH,Cly, -78 'C R R
Entry Allyl halide Yield, % ee, % (Confgn)® Entry Ally! halide Yield, % ee, % (Confgn)”
1 xg 95 87 (S) 6 P 76" 91 (1R,2S)
2 A N 92 87 (S) Ph )
o 70 Sg 70" 77—
3 N"ors 90 86 (S)
N 52 43 (S
4 AN 66" 86 (1R,25) e )
AcO.

5 s 62 52(S) 9 k/\m 68" 86—

a) Isolated yield. b) Determined by HPLC analysis employing a Daicel Chiralcel OD, OJ, or Chiralpak AD. Configuration assignment by comparison with the values of op-

tical rotations in Reference 8, 11, 12. ¢) £:Z2=97:3. d) syn:anti=3:97.

e) E:Z=>99:<1. f) syn:anti=<1:>99. g) E:Z=5:95. Reference 13.

h) syn:anti=

95:5. Relative stereochemical assignment by comparison with chemical shift values of NMR in Reference 14. i) [a]fj =184 (¢ 1.3 CHCL). j) E:Z=<1:>99. k)

syn :anti=>99: <1, Relative stereochemical assignment by comparison with chemical shift values of NMR in Reference 15.

raphy gave the homoallylic alcohol (76 mg, 76%) of 91%ee
on the basis of chiral HPLC analysis. Stereochemistry of the
alcohol was assigned by comparison with data in the litera-
ture.'!)

The present modification of the N-oxide-catalyzed enan-
tioselective allylation provides a simple and versatile method
for the preparation of optically active homoallylic alcohols.
Further studies for the application of the present protocol to
the enantioselective synthesis of biologically active com-
pounds are under investigation in our laboratory.
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Peptides mimicking chemokine receptor CCRS were synthe-
sized and their anti-HIV-1 activities evaluated. Prepared com-
pounds, especially a sulfated derivatives, showed significant
anti-HIV-1 activities. Furthermore, a hybrid molecule linked to
an N-carbomethoxycarbonyl-prolyl-phenylalanine (CPF) moiety
had a greater effect.

Key words mimicking peptide; anti-HIV-1 activity; CPF; sulfation;
chemokine receptor; hybrid molecule

CD4 is the primary cellular receptor for human immuno-
deficiency virus type 1 (HIV-1), but CD4 alone is not suffi-
cient to allow the entry of HIV-1 into cells. In 1996, the cel-
lular coreceptors that HIV-1 requires in conjunction with
CD4 were identified as members of the chemokine receptor
family of seven-transmembrane G protein-coupled recep-
tors.” This discovery of distinct chemokine receptors ex-
plains the differences in cell tropism between viral strains.
Thus CXCR4 supports entry of T cell (T)-tropic HIV-1
strains, whereas CCRS5 supports macrophage (M)-tropic
HIV-1 strains. Recently, these chemokine receptors have re-
ceived much attention as attractive targets for new antiviral
therapies.” The mechanism of entry of HIV-1 into cells is
thought to be: first, gp120-CD4 conjugation induces confor-
mational changes in the gpi120 subunit, including exposure
of the V3 loop, and then conjugation with the coreceptor oc-
curs.” It is known that these coreceptors are rich in tyrosines
and acidic amino acids at their N-terminal region, and this
contributes to the ability of HIV-1 to fuse with and enter into
target cells.” A strongly positive region of the V3 loop has

Chem. Pharm. Bull. 48(2) 308—309 (2000) Vol. 48, No. 2

been shown to be important for the association with CCRS.
Consequently, it can be considered that some of these posi-
tively charged residues may directly and complementarily in-
teract with a sequence of highly negatively charged acidic
amino acids. It is known that N-carbomethoxycarbonyl-pro-
lyl-phenylalanine (CPF)” mimics CD4 and binds selectively
to gp120. We previously reported the synthesis of the hybrid
compounds linked to the CPF moiety as HIV protease in-
hibitors® and showed that these compounds bind selectively
to infected cells, probably based on an interaction between
CPF and gp120. Therefore we focused on the synthesis of
peptides mimicking CCR5 with a CPF moiety. As a part of a
program aimed at the development of new HIV-1 inhibitors,
we would like to report the design and synthesis of peptides
mimicking CCRS5 for prevention of HIV-1 infection based on
a strategy of binding to gp120.

Results and Discussion

In the amino acid sequences of the N-terminal domain of
CCRS, we first chose the region of Tyr'’-Glu'® including ty-
rosines, glutamic acid, and aspartic acid as a target peptide
moiety. The peptide of natural type 2a from 1 and its mim-
icking peptides 2b—e consisting of acidic amino acids as
well as unnatural-type amino acids as the spacer unit were
prepared (Chart 1).” Resistance to the action of protease was
expected from the latter compounds.

Compounds 2a—e had no expected anti-HIV-1 activities®
against M-tropic strains of HIV-1; on the other hand, these
compounds showed significant anti-HIV-1 activities against
T-tropic strains. Thus the percentage of HIV-1 antigen-posi-
tive cells with 2a—e was 23.3—28.3%, whereas that with
CPF was 27.7%. Furthermore, the anti-HIV-1 activities of
2a—e were increased by the addition of CPF as an additive
(11.0—26.7%).

To enhance the selectivity of binding to HIV-1 and hence
the anti-HIV-1 activity, a hybrid compound 3” of 2a and CPF
was designed and prepared (Chart 2). The synthesis of the
hybrid molecule was straightforward and the construction of
the covalent linkage between the CPF moiety and the peptide
moiety was carried out using spacers derived from o-
aminophenol. However, compound 3 prepared in this way ex-
hibited the same level of anti-HIV-1 activity as that of 2a.

Recently, it was suggested that the hydroxyl groups of ty-

Met-Asp-Tyr-Gin-Val-Ser-Ser-Pro-lle-Tyr '°-Asp-lle-Asn-Tyr-Tyr-Thr-Ser-Glu'8-Pro-Cys-
| ]

(Amino Acid Sequences of N-Terminal Region of CCR5)

Boc-Tyr(OBn)-Asp(OBn)-lie-Asn-Tyr(OBn)-Tyr(OBn)-Thr(OBn)-Ser(OBn)-Glu(OBn),

NH-
‘ et
CO-

X :96%
Y :98%
. 53% XX :98%
H-Glu(OBn)-OBneTosOH ab ¢ : ?%o XY : 90% XX : 40% spacer
Boc-spacer X or Y-OH ab  Yioe% XYis2% b o Wochsco-
CEP®YX 1 63% XX 92% |2 € .
Boc-Tyr(OBn)-OH YY : 60% XY : 43% | (78%in2 steps) Y:
§ y a,b YX : 80%
Boc-spacer X or Y-OH YY - 83% Comni s y B
Boc-Asp(OBn)-OH abc BC.
B OBN)-OH Sk a lle-Asn-Tyr(OH) Thr(OH)-Ser(OH)
oc-Tyr(OBn)- b X X
c X Y
(HoN)Tyr(OH)-Asp(OH) - A - Tyr(OH)- B - Glu(OH), d Y X
2a-e e Y Y

Reagents : a) WSC*HCI, HOBt, NMM, DMF; b) TFA-CH,Cly; ¢) Pd(OH),/C, H,, MeOH

Chart 1

# To whom correspondence should be addressed.
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H-Tyr(OR)-Asp(OH)-lle-Asn-Tyr(OR)-Tyr(OR)-Thr(OR)-Ser(OR)-Glu(OH),

4¢ (R=SO4H-NE3)

T a (78%), b, ¢, d (49% in 3 steps)

o 1

J c, e (51%in 2 steps), a (57%)

[0}
NH-Tyr(OR)-Asp(OH)-lie-Asn-Tyr(OR)-Tyr(OR)-Thr(OR)-Ser(OR)-Glu(OH),
{ ]

o}
oo
OCH;

CPF(LD)

spacer

3 (R=H)
b (65%)

Tyr'%-GIu'® of CCRS

5 (R=SO3HeNEt3)
Reagents : a) Pd(OH),/C, Hy, MeOH; b) SO3-pyridine, then NEt3: ¢) 4N HCI, 1,4-dioxane; d) NEty; ¢) CPF-spacer, WSC+HCI,

HOBt, NMM, DMF

Chart 2

Table 1. The Anti-HIV-1 Activities of 4a—¢ and 59
Drug concentration (ug/ml)
Compd. -S0,X

1000” 200 50 0
4a H 232 258 225 219
4b Na 207 236 255 251
4c NEt, 57 138 245 n.to
5 NEt, 2 40 223 nt,

a) C8166/GUNIWT syncytium assay. b) No significant cytotoxicity of the com-
pounds at 1000 pg/ml was observed. ¢) Not tested.

rosines in the N-terminal region of CCRS5 are modified in the
form of sulfates.'” For the purpose of achieving increased
anti-HIV-1 activity, some sulfated analogues were prepared.
The sulfates'” 4a—¢ and 5 were derived from 1 and 3, re-
spectively, and these transformations are also shown in Chart
2.'2 The results of biological assay for sulfated compounds
4a—c and 5 are listed in Table 1. As can been seen from the
table, in spite of the low activity of 4a and b, compounds 4e¢
and 5, especially 5, showed significantly higher anti-HIV-1
activity.

Conclusions

In this study, it was confirmed that enhancement of anti-
HIV-1 activities with mimicking peptides was achieved by
the addition of CPF. Additionally, the sulfation of the parent
peptide, and more effectively, the conjugation of the sulfated
peptide with CPF, caused an increase in anti-HIV-1 activity.
These results suggest that highly negatively charged sulfated
groups interact strongly with a positively charged region of
the V3 loop. The observations in this study will be helpful
for a better understanding of the mechanism of HIV-1 infec-

tion, and hence development of new types of drugs against
AIDS.
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Synthesis of J-111,347 (1)," a new 1-methylcarbapenem with
broad-spectrum antibacterial activity including that against
methicillin-resistant  Staphylococcus aureus (MRSA) and
Pseudomonas aeruginosa, was achieved via diastereoselective
preparation of a side-chain thiol 3 from an optically active (R)-
3,4-dihydroxybutanal 4.

Key words J-111,347; carbapenem; MRSA; P. aeruginosa; diastereose-
lective preparation

Several 1f-methylcarbapenems possessing antibacterial
activities against MRSA have been reported, although these
did not show any appreciable anti-pseudomonal activity.?
Carbapenems with activity against MRSA and P. aeruginosa
would be useful for monotherapy in immunocompromised
patients with a high risk of polymicrobial infections and
would also offer cost-benefit advantages considering the rela-
tively high costs of combination therapy that includes broad-
spectrum antibiotics plus vancomycin.

Recently, we identified J-111,347 (1) as a new class of 13-
methylcarbapenems since 1 exhibited a broad antibacterial
spectrum against MRSA and P. aeruginosa.” 1 and van-
comycin had MIC (ug/ml) values of 0.78 and 0.78 against S.
aureus pMS/Smith (an MRSA strain), respectively. Also
1 and imipenem had MIC (ug/ml) values of 0.39 and
1.56 against P. aeruginosa AK109, respectively. The trans-
(35,5R) pyrrolidinylthio structure of the C-2 side chain of 1
is unique, since the known pyrrolidinylthio-1j-methylcar-
bapenems such as meropenem, BO-2727, and S-4661 pos-
sess cis-(35,55) pyrrolidinylthio side chains, which were
thought to be indispensable for potent antibacterial activ-
ity.>* An aminomethylphenyl group directly attached to the
pyrrolidine ring in the frans-configuration might play an im-
portant role in the remarkable antibacterial activities of 1
against both MRSA and P. aeruginosa. In this paper, we de-
scribe diastercoselective synthesis of the side-chain thiol 3,
followed by conversion to 1 (Fig. 1).

Aldol reaction of optically active (R)-3,4-dihydroxybu-
tanal 4> with substituted phenyllithium yiclded an insepara-

NH, NH-Alloc
HOy g g
g™ —G‘IH HO HS—</\Il\IAlloc
CO,H  -HCI HH
1-111,347 (1) N/ OPO(OPh), 3

COOL~y
2
Alloc: allyloxycarbonyl

Fig. 1

* To whom correspondence should be addressed.
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ble diastereomeric mixture of alcohols (5(S):5(R)=4:3) in
88% yield. To obtain the desired isomer 5(S), we performed
diastereoselective reduction of ketone 6 which was formed
by the oxidation of 5 with tetrapropylammonium perruthen-
ate (TPAP)-4-methylmorpholine N-oxide (NMO) combina-
tion in good yield. It is well known that hydride reduction of
B-hydroxy- or f-alkoxy-ketones proceeds diastereoselec-
tively in the presence of Lewis acid to provide a 1,3-syn-diol
system via chelating intermediates.”’ Based on this informa-
tion, ketone 6 was reduced under various conditions with or
without Lewis acids, as shown in Table 1. Reduction with
NaBH, did not provide acceptable diastereoselectivity, re-
gardless of the temperature and the presence of Lewis acids
such as Lil, CeCl;, MgCl,, and SmCl;. Reduction with
Zn(BH,), at low temperature (—78°C) resulted in good se-
lectivity with moderate yield (entry 2, 76%de, 60% yield).
Under the conditions of the LiAIH,~Lil system,” good selec-
tivity and acceptable yield (entry 5, 90%de, 76% yield) were
obtained by using 10mol of Lil at —=78°C. When less Lil
was used, both selectivity and yield were decreased (entry 3,
4). Subsequently, the optically active alcohol 5(S) was con-
verted to a carbapenem 1, as shown in Chart 2. The sec-
ondary hydroxyl group of 5(S) was substituted with sodium
azide via its mesylate. Subsequent phosphine reduction of
azide and protection of the resulting amino group with ally-
loxycarbonyl (Alloc) chloride afforded an Alloc-amine 7.
Removal of the tert-butyldimethylsilyl (TBS) group of 7 with
tetra-n-butylammonium fluoride (TBAF) and subsequent in-
troduction of the azide group gave 8 in 91% yield. The azide
8 was transformed to a diol 9 in 78% yield by reduction of
the azide, Alloc-protection of the resulting primary amine,
and deprotection of the acetonide group under acidic condi-
tions (p-TsOH, MeOH).'"” Selective tosylation of the pri-
mary hydroxyl group of the 1,2-diol 9 proceeded in good
yield (TsCl, triethylamine [TEA], 4-{dimethylamino]pyridine
[DMAP], [80%]) to give a tosylate 10. When 10 was treated
under basic conditions, pyrrolidine ring formation did not

Table 1. Diastereoselective Reduction of 6
Additive Temp. Yield®” Ratio of
Entry Reagent (equiv.) Solvent ©C) (%) 5(S)and SR

1 NaBH, None MeOH 0 47 48:52
2 Zn(BH,), None Et,0 -78 60 88:12
3 LiAlH, LilI(2) Et0 -78 44 76:24
4 LiAlH, Lil(5) Et0 ~78 St 90: 10
5 LiAlH, Li(10) EtO -78 76 95:5

a) lsolated yield as a mixture of 5(R) and 5(S).
CEL CHIRALPAK AS).¥

b} Determined by HPLC (DAI-

L Fe e g

\/\/Hij\/OTBS AA@OTBS

4 5 6
o o —q oH
_c . OAA + O
W\©\/OTBS OTBS

5(5) 5(R)

a) 4-(rert-butyldimethylsilyloxymethyl)bromobenzene, n-BuLi, THF,
-70°C, 88%; b) TPAP, NMO, CH,Cl,, 88%; c) Reducing agents (see Table 1).

Q
O_A~_CHO

Chart 1
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R NH-Alloc
, [~ T:R=0TBS 9
8: R=N;

R,Q NH-Alloc RO,

R0~ e QQ\/ f
NH-Alloc Allo NH-Alloc
10: R; =Ts,R,=H 13: R =TBS
11: R, =Ts, R, = TBS 14: R=Ms

12: Ry =Ms, Ry =Ms

AcS.
& .
e
All NH-Alloc

15

J-111,347 (1)

a) i) TEA, MsCl, CHyCly, 0°C; ii) NaN;, DMF, 50°C; iii) PPhs, THF-H,0, room
temperature; vi) TEA, Alloc-Cl, THF, 0°C, 61%; b) i} n-BuyNF, THF , 0°C; ii) TEA,
MsCl, CH,Cl,, 0°C; iii) NaN3, DMF, room temperature, 91%; c) i) PPhs, THF-H,0,
room temperature; ii) TEA, Alloc-Cl, THF, 0°C; iii) p-TsOH, MeOH, room temperature,
78%; d) TEA, MsCl, CH,Cl,, 0°C; ) +-BuOK, THF, -20°C, 97%; f) AcSK, DMF, 65°C,
87%; g) i) NaOH, MeOH, 0°C; ii) i-Pr,NEt, 2, CH;CN, 0°C, 65%; iii) (PPh3),PdCl,,
n-BuzSnH, H,0, CH,Cly, 72%.

Chart 2

take place to recover 10, probably due to inactivation of
the carbamate group by intramolecular hydrogen bonding.
Therefore the secondary hydroxyl group of 10 was protected
with a TBS group (TBS-Cl, imidazole, room temperature,
60%), giving 11 prior to the cyclization reaction. The desired
pyrrolidine 13 was obtained in quantitative yield by treat-
ment of 11 with fert-BuOK at —20 °C. Next, pyrrolidine ring
formation was carried out using a dimesylate of the diol 9.
As expected, the dimesylate 12 was easily cyclized under the
same conditions to afford 4-mesyloxypyrrolidine 14 (97%
yield), which was then treated with potassium thioacetate in
DMF at 70°C to produce the thioacetate 15 (87% yield).
Coupling reaction of the carbapenem enolphosphate 2'" and
the thiol 3 derived by alkaline hydrolysis of the thioacetate
15 followed by deprotection of the coupling product'? in the
usual manner' afforded the carbapenem 1 in 72% yield.

In summary, an efficient method for the synthesis of J-
111,347 (1), a new carbapenem showing broad-spectrum an-
timicrobial activity, was established via diastereoselective re-
duction of the ketone 6 and intramolecular cyclization of the
dimesylate 12.
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We have designed and synthesized estrogen antagonists bear-
ing dicarba-closo-dodecaborane (carborane) as a hydrophobic
pharmacophore based on the structure of 1-(4-hydroxyphenyl)-
1,12-dicarba-closo-dodecaborane, a potent estrogen agonist that
we reported previously. Compounds with a long alkyl chain
bearing an amide moiety on the carborane skeleton (6, 7)
showed estrogen antagonistic activity in a luciferase reporter
gene assay using COS-1 cells transfected with a rat ERo-expres-
sion plasmid and as an appropriate reporter plasmid.

Key words carborane; dicarba-closo-dodecaborane; estrogen; antago-
nist; hydrophobic moiety

The carborane (dicarba-closo-dodecaborane)” skeleton is
stabilized by 26 delocalized skeletal electrons and exhibits
remarkable thermal and chemical stability. The icosahedral
geometry, in which the carbon and boron atoms are hexaco-
ordinated, accounts for these unusual properties, which make
such molecules uniquely suitable for several specialized ap-
plications, including materials chemistry? and medicinal
chemistry.”> We have focused on the possibility of using
carboranes as a hydrophobic component in biologically ac-
tive molecules which interact hydrophobically with recep-
tors. We reasoned that the remarkable thermal and chemical
stability, the exceptionally hydrophobic character and the
spherical geometry of carboranes made them interesting can-
didates for use as a hydrophobic pharmacophore. Recently,
we have reported a potent estrogen agonist bearing a carbo-
rane, 1-hydroxymethyl-12-(4-hydroxyphenyl)-1,12-dicarba-
closo-dodecaborane (Chart 1, 1),¥ which exhibits greater ac-
tivity than that of 17B-estradiol (3). We also designed and
synthesized novel estrogen antagonists based on the structure
of tamoxifen.” In the present article, we describe the synthe-
sis and biological evaluation of new estrogen antagonists
based on the phenylcarborane skeleton.

Since the discovery of the estrogen antagonist tamoxifen,”

HOo O 2

=(CHy);gCON( CH3 (CHy)3CHy
5 R =(CHa)g SO(CH,)3CF>CFy

Chart 1. Structures of Potent Estrogen Agonists Bearing a Carborane
Skeleton, and Conventional Steroidal Estrogen Agonist and Antagonists

# To whom correspondence should be addressed.
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many stilbene derivatives and triarylethylenes have been syn-
thesized and shown to possess activity, and some have been
developed for clinical use.” Steroidal estrogen antagonists
have also been developed, and although substitutions at vari-
ous carbon atoms of estradiol have been tried, one of the
most potent classes of antagonists consists of compounds
that are 7o-substituted with an alkyl chain bearing an amide
(ICI 164,384, 4)® or sulfoxide moiety (ICI 182,780, 5).”

The high agonistic activity of compound 1 suggested that
the carborane cage works as a hydrophobic group binding to
the hydrophobic cavity of the estrogen receptor (ER), and the
hydrophobic and van der Waals contacts along the spherical
carborane cage produce a stronger interaction than that in the
case of 17B-estradiol. Further, 1-(4-hydroxyphenyl)-1,12-di-
carba-closo-dodecaborane (2), which lacks a hydroxymethyl
group on the carborane cage, also exhibits potent estrogenic
activity. Therefore, we set out to design new estrogen antago-
nists based on the carborane skeleton. Substitution of an
alkyl group at the 2-position of the carborane cage might
correspond to substitution at the 7-position of the steroidal
skeleton. Therefore, we synthesized and biologically evalu-
ated compounds having an o- or m-carborane skeleton with
an alkyl chain bearing an amide and a hydroxyl group at the
para-position of the aromatic nucleus (6—9), as shown in
Chart 2. In icosahedral cage structures throughout this paper,
closed circles (o) represent carbon atoms and other vertices
represent BH units.

The syntheses of the designed molecules are summarized
in Chart 3. Compounds 6 and 7 were prepared from 1-(4-
methoxyphenyl)-1,2-dicarba-closo-dodecaborane (10), which
was prepared by construction of the o-carborane cage from
4-ethynylanisole and nido-decaborane. Compound 10 was
converted to 11 by reaction of the lithiate of 10 with 2-(11-
bromoundecyloxy)tetrahydro-2 H-pyran (50%). Deprotection
of the THP group of 11 with p-toluenesulfonic acid gave the
alcohol 12 (92%). Oxidation of 12 with chromium trioxide
gave the acid 13 (15%) and the ester 14 (48%). The ester 14
was hydrolyzed with sulfuric acid-1,4-dioxane to give the
acid 13 (70%). Demethylation of the methoxy group of 13
with boron tribromide followed by coupling with n-buty-
lamine or N-n-butyl-N-methylamine afforded 6 (38%) or 7
(26%), respectively. Compounds 8 and 9 were prepared from
1-(4-methoxyphenyl)-1,7-dicarba-closo-dodecaborane'” by
means of the same procedures as used in the synthesis of 6
and 7. The structures of the carborane-containing molecules
(6—9) were confirmed by spectroscopic data including 'H-
NMR and HRMS.'"

(CH3)10CON(CH3)3CH3
6R=H
7R = CHj

PN
AW i

|
O NN (CH,)19CON(CHy)5CHs
HO

8R=H
9R=CH,

now

Chart 2. The Designed Carborane-containing Molecules (6—9)
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¢ (MR=THP
12R=H

a) decaborane(14), acetonitrile/ benzene; b) 1) n-BuLi/ DME 2) CuCi 3) 2-(1 1-bromo-n-undecyloxy)
tetrahydro-2H-pyran, pyridine; c) p-toluenesulfonic acid/ CHzOH; d) CrOg/ 20% H,SO,, acetone;
e) HpSO,/ dioxane-H,0; f) BBry/CH,Cly; g) n-butylamine or N-n-butyl-N-methylamine, DCC/ acetonitrile.

Chart 3

Test Compounds
g 10°M™
108 M

8 B 10'M

Relative Luciferase Response

L]

ethanol iCl-

182,780  © 7 8 9

Sstradiol
10°M

Fig. 1. Inhibition of Transcriptional Activation of 178-Estradiol by the
Test Compounds

COS-1 cells were transfected with EREX5-pGL-TK and pCI-rER e (see text) and in-
cubated with no agonist (ethanol), with 17-estradiol (107" m) or with a test compound
(107°—107"m) plus 17 B-estradiol (10" m). Results are shown as means*S.D. for trip-
licate transfections.

The estrogenic activities of the synthesized compounds
were examined by luciferase reporter gene assay,'? in which
a rat ERo-expression plasmid® and a reporter plasmid,
which contains 5 copies of an estrogen response element, are
transiently transfected into COS-1 cells. 178-Estradiol at
1X107"%—1Xx10"*m induced the expression of luciferase in
a dose-dependent manner. The results of inhibition of tran-
scriptional activity of 17f-estradiol at a concentration of
10™"m by our carborane-containing molecules (6—9) are
summarized in Fig. 1. Compounds based on ortho-carborane
(6 and 7) inhibited the activity of 17 S-estradiol in the con-
centration range of 1X107*—10""m. The potency of 6 is
less than that of ICI 182,780, which is the most potent full
estrogen agonist currently known. However, compound 6 at
1X10" "™ inhibited 85% of the transcriptional response to
10~ m 17B-estradiol. Compounds based on meta-carborane
(8 and 9) did not exhibit antagonistic activity.

Recently, studies on the three-dimensional structures of
the complexes formed by raloxifene and the human estrogen
receptor-& ligand binding domain (hERaLBD),'¥ and by 4-
hydroxytamoxifen and hERaLBD have been reported.'> The
structural studies suggest that an agonist-induced conforma-

Chart 4. Core Structures of 6 and 8

tional change involving helix 12, the most C-terminal helix
of LBD, is essential for activation function (AF-2) activity
and the appearance of estrogenic action.'® Although the
binding mode of 7-substituted steroidal antagonists to ER
has not been clarified, the role of a linear alkyl substituent
seems to be similar to that in the case of 4-hydroxytamox-
ifen. The alkyl group is considered to fit in a narrow corridor
in the receptor cavity. Although the linear alkyl substituents
of these antagonists are flexible, the direction of the sub-
stituents plays a critical role in the antagonistic activity.
Chart 4 shows the core structures of compounds bearing an
o- or m-carborane skeleton. The great difference in activity
between 6 and 8 may be interpreted in terms of the direction
of the alkyl substituent. The antagonistic activity of these
carborane-containing molecules is moderate, but optimiza-
tion of the structure may afford more potent and selective
antagonists.

In summary, we have developed novel carborane-contain-
ing molecules with antagonistic activity for estrogen. These
carborane-containing estrogen antagonists, having a new
skeletal structure and unique characteristics, should provide a
basis for the design of further compounds as potential thera-
peutic agents.
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