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Fig. 5 Plots of absorbance at A, of the CHCl; solutions of
compound 8e (A« = 678 nm) under illumination (solid circles)
and in dark (open circles), compound 3 (Ay.x = 676 nm) under
illumination (solid triangle) and in dark (open triangles), and
ZntBPc (A = 678 nm) under illumination (solid squares) and
in dark (open squares)

compound 8e, and ZnBPc were stored in the dark, the
absorption properties of both solutions remained
almost the same, even after 48 h. Following 48 h
under the illumination conditions, however, the
absorption of the ZnfBPc solution was reduced from
1.27 t0 0.06 (rate of decline: 95 %). The absorptions at
612 and 348 nm were also reduced significantly
(Fig. S2c¢ in supporting information). In contrast, the
absorption of the compound 8e solution was only
reduced from 1.23 to 1.08 (rate of decline: 12 %). The
other bands also behaved in a similar manner (Fig. S2a
in Supporting Information). The absorption at 676 nm
of compound 3 solution was reduced from 1.26 to 0.74
(rate of decline: 41 %) and the other bands also
decayed (Fig. S2b in supporting information). The
rates of decline of Q bands and Soret bands of
phthalocyanine in the cellulose derivatives 8e and 3
solutions were much smaller than those of ZntBPc
solution, suggesting that the cellulose backbone was
contributing to the photostability of the phthalocya-
nine moieties in compound 8e. Furthermore, the
photostability of phthalocyanine moieties in com-
pound 8e was improved from that in compound 3
although further investigation for understanding the
mechanism for the photostability is required.

Preparation of LB monolayer films of cellulose
derivative 8e

Figure 6 shows the surface pressure (m)-area (A) iso-
therms of compounds 8e and 1 at the air-water
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Fig. 6 Surface pressure ()-area (A) isotherms of compound 8e
(solid line) and compound 1 (dotted line)

interface at 20 °C. The limiting molecular areas of
compounds 8¢ and 1 were 1.11 and 0.602 nm* per
anhydroglucose unit (AGU), respectively. These val-
ues were obtained from the extrapolation of the
steepest part of the isotherm to zero surface pressure.
Because compounds 8e and 1 can be considered as
cellulose derivatives with and without the phthalocy-
anine moieties, respectively, the limiting molecular
area of the phthalocyanine moieties of compound 8e
was calculated to 0.508 nm? when the phthalocyanine
units were assumed to have no influence on the
arrangement of the cellulose backbone. Matsuura et al.
(2000) estimated the limiting molecular area of
tetrakis(tert-butyl)phthalocyanine to be approxi-
mately 0.60 nm? on the basis that the phthalocyanine
rings were perpendicular to the surface of the water.
With this in mind, it was suggested that the phthalo-
cyanine units of compound 8e were oriented almost
perpendicular to the surface of the water.

In a recently published paper (Saito et al. 2012), LB
monolayer films of compound 3 were successfully
deposited on a series of different substrates at a surface
pressure of 10 mN/m using the vertical dipping
method. Interestingly, the total area of the monolayer
of compound 3 decreased gradually when the surface
pressure was maintained at 10 mN/m. The annealing
time (maintaining a constant surface pressure until the
deposition process) was determined to be one of the
most important factors for obtaining homogeneous LB
monolayer films, with 90 min found to be the optimum
time for the construction of LB monolayers of
compound 3. In the current paper, LB monolayer
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Table 3 Preparation of LB
monolayer films of compound
8e

Film Transfer method

Substrate Annealing time* (min) Transfer ratio

down up

A Vertical dipping
A Vertical dipping
A" Vertical dipping
B Vertical dipping
# Keeping time at the constant C
surface pressure (10 mN/m) till

Vertical dipping
Horizontal lifting

Quartz 5 0.09 1.00
Mica 5 0.00 1.15
ITO electrode 5 0.13 1.02
Quartz 10 0.10 1.01
Quartz 30 0.09 1.11
Quartz 5 - -

deposition

films of compound 8e were prepared on quartz using
the vertical dipping method and a variety of different
annealing times, including 5, 10, and 30 min (films
A-C, respectively) (Table 3). The monolayers of
compound 8e were transferred only partially by the
first downward stroke, and then thoroughly by the
upward stroke. The transfer ratios of the latter were
almost 1.0. Figure 7a shows the UV—vis spectra of the
LB monolayer films A-C. The representative bands
from the phthalocyanine moieties, especially the Q
bands, were significantly reduced in the spectra of
films B and C, whereas they were still clearly present
in the spectrum of film A. The results of these
experiments suggested that application of a long
annealing time was not suitable for the preparation
of LB monolayer films of compound 8e, contrary to
the report concerning the formation of LB monolayers
of compound 3. It might be that the rate of arrange-
ment of compound 8e at the air/water interface was
faster than that of compound 3 because compound 8e
contained only phthalocyanine moieties at 0-6 posi-
tion whereas compound 3 contained not only phtha-
locyanine moieties but also unreacted dicyanophenyl
groups and groups derived from the dicyanophenyl
groups that had reacted with O-phthalodinitriles but
did not form phthalocyanin-ring. An LB monolayer
film of compound 8e (film D) was also prepared using
the horizontal lifting method with an annealing time of
5 min. The characteristic bands of the phthalocyanine
moieties, however, were only barely visible. LB
monolayer films of compound 8e were also prepared
on a variety of different substrates (films A: on quartz,
A’: on mica, A”: on an indium tin oxide (ITO)
electrode) using the vertical dipping method with an
annealing time of 5 min (Table 3), and subjected to the
characterization and evaluation processes described
below.

0.008 [ ()

0.004 F |

Absorbance

0.004

Absorbance

230 400 600 800
Wavelength (nm)

Fig. 7 UV-vis spectra of LB monolayer films A (solid line), B
(long dashed line), C (long dashed dotted line), and D (dotted
line) of compound 8e: (a), UV—vis spectra of LB monolayer film
A (solid line) and the CHCl, solution (dotted line) of compound
8e (normalized at 682 nm) : (b)

Characterization of the LB monolayer films
of cellulose derivative 8e

Figure 7b shows the UV-vis spectra of the LB
monolayer film A of compound 8e on quartz (solid
state) and the chloroform solution of compound 8e
(solution state). The latter is the same spectrum in
Fig. 4a. The strong and weak bands at 682 and
615 nm, respectively, in the Q bands were present in
the spectrum of film A, whereas the strong bands at
678 and 643 nm were present in the spectrum of the
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solution. There are two important points to be
discussed with regard to the differences between these
spectra. The first of these points pertains to the band at
643 nm, which is known to be derived from the Q
bands of a dimeric complex formed from the phtha-
locyanine units (Allcock and Neenpan 1986). The
intensity of this band was reduced in the spectrum of
film A, suggesting that the cellulose backbone effec-
tively suppressed the aggregation of the phthalocya-
nine moieties as a scaffold in film A. The second point
pertains to the maximum band in the Q bands of
compound 8e, which was red-shifted from 678 nm in
the solution to 682 nm in film A. Qiu et al. (2008)
reported that the red- and blue-shifts of the Q bands of
zinc phthalocyanine that were caused by the chromo-
phoric packing corresponded to the edge-to-edge
packing (J-aggregates) and face-to-face packing (H-
aggregates) properties, respectively. The packing of
phthalocyanine moieties in film A could be J-aggre-
gates. To confirm the type of packaging within the
films, film A was subjected to polarized UV-vis
measurements. The tilt angle 0, which refers to the
angle between the phthalocyanine plane and the
substrate plane was calculated for film A from the
maximum absorbance of the Q band in the polarized
UV-vis spectra of film A with different incident
angles (Fig. S3 of the Supporting Information),
according to the method reported by Yoneyama

| 1235
[nm]

s

0.00
10.00 x 10.00 pym

5.00 ym
Fig. 8 AFM image of the LB monolayer film A’ of compound

8e deposited on freshly cleaved mica at a surface pressure of
10 mN/m at 20 °C
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et al. (1986). The tilt angle was estimated to be
23.7°. Since packing with a tilt angle in the range of
0-54.7% is defined as J-aggregate packing (Qiu et al.
2008), the current result indicated that a J-aggregated
stacked structure of the phthalocyanine moieties of
compound 8e had formed along the cellulose back-
bone of the LB monolayer film A. In other words, the
phthalocyanine moieties were densely packed in the
LB monolayer film A.

The LB monolayer film of compound 8e on mica
(film A’; transfer ratio: downward stroke: 0.00, upward
stroke: 1.15) was analyzed by AFM. The AFM image
of film A’ is shown in Fig. 8. Several aggregates and
holes were observed on the image of film A/, suggest-
ing that LB monolayer film A’ was not homogeneous,
although it was suggested from the UV—-vis spectrum of
film A (Fig. 7b) that the aggregation of the phthalo-
cyanine moieties of film A was suppressed.

The photocurrent density (photocurrent per unit
area of a working electrode) of the LB monolayer of
compound 8e on an ITO electrode (film A”; transfer
ratio: downward stroke: 0.13, upward stroke: 1.02)
was evaluated as photocurrent generation perfor-
mance. Figure 9 shows the action spectrum of film
A" (closed circle) as well as the UV-vis spectrum of
film A. The previously reported action spectrum of the
LB monolayer film of compound 3 (open circle) is also
shown in Fig. 9. The pattern of the action spectrum of
film A” was similar to that observed for the UV-vis
spectrum of film A in the region of 600-700 nm. This
result suggested that the phthalocyanine moieties were
effectively behaving as photoactive species for the
generation of the photocurrent in that region. This
suggestion was confirmed by the photocurrent values
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Fig. 9 Action spectra of the LB monolayer film A" of
compound 8e (closed circle) and of compound 3 (open circle).
Solid line shows UV-vis spectrum of LB monolayer film A of
compound 8e
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Fig. 10 Cyclic voltommogram of LB monolayer film A” of
compound 8e in acetonitrile solution containing 0.1 M
(n-Bu)4NPFj as supporting electrolyte. Scan rate: 100 mV/s

for film A” which were higher than those of the film
constructed from compound 3. In other words, the
photocurrent density for the film composed of com-
pound 3 at 680 nm (0.45 nA/cm?) was improved
relative to that of film A” (2.16 nA/cm?), although the
performance of this material remained far from
satisfactory.

One of the reasons for unsatisfactory photocurrent
performance of film A” could be related to the
unsuitable energy diagram of the evaluation system,
because the system was established for a LB film of
porphyirn-containing cellulose derivatives (Sakaki-
bara et al. 2007). To reconfirm the suitability of the
energy diagram of the system for films composed of
phthalocyanine-bearing cellulose derivatives, film A”
was analyzed by CV. The CV curve of film A” was in
good agreement with that of the LB monolayer film
reported by Yang et al. (2003) for [2,3,9,10,16,17,23,
24-octakis(octyloxy)phthalocyaninato]zinc(Il), and
the first oxidation peak of film A” was clearly present
at 0.36 V versus the saturated calomel electrode (SCE)
(Fig. 10). On the basis of data from the literature data,
including the HOMO-LUMO energy gap of zinc
phthalocyanine, which was reported to be 1.60 eV by
Yang et al. (2003), and the oxidation potential of
hydroquinone, which was reported to be 0.12 V (vs.
SCE) by Sereno et al. (1996), we were able to
construct an energy diagram for the system as shown
in Fig. 11. This diagram was found to be satisfactory
for the evaluation of the photocurrent of LB films of
phtalocyanine-containing cellulose derivatives.

1895
ZnfBPc¢* /| InBPc*
o -124V
3
“ ITO
> hv
Z
= H,Q/Q
E ZnBPc / ZnBPe & 4 012y
= +0.36V
\ 4
+

Fig. 11 Energy diagram of the present evaluation system
(H»Q hydroquinone, Q™ semiquinone)

Conclusion

2,3-Di-O-myristyl-6-0-[p-(9(10),16(17),23(24)-tri-
tert-butyl-2-phthalocyaninyl)-benzoyl] cellulose
(8e) with a DS, natocyanine 0f 0.33 has been synthe-
sized in a high yield via the esterification of ZntBPc-
COOH (7) with 2,3-di-O-myristyl cellulose (1),
although the preparation ZntBPc-COOH (7) was time
consuming and laborious. A chloroform solution of
compound 8e was found to be more stable under
illumination than that of ZnfBPC. The LB monolayer
films of compound 8e on a variety of different
substrates were constructed using the vertical dipping
method with an annealing time of 5 min. The results of
the current study revealed that J-aggregated stacked
structures of the phthalocyanine moieties of com-
pound 8e had formed along the cellulose backbone in
the LB monolayer film. The LB monolayer film of
8e on an ITO electrode showed photocurrent gen-
eration properties in the range of 600-700 nm,
which corresponded to the Q bands of the phthalo-
cyanine moieties as expected. The photocurrent
generation performance of the LB monolayer film of
compound 8e was greater than that of compound 3,
although it was not still satisfactory. To enable
further improvements in the photocurrent genera-
tion properties of the LB monolayer films con-
structed from compound 8e, we are currently
investigating changes to the chemical structure of
the phthalocyanine-containing cellulose derivatives
with the aim of enhancing the homogeneity of these
materials during the preparation of the LB films.
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Preparation and Evaluation of the Oxidation Ability
of Hematin-Appended 6-Amino-6-Deoxycellulose
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HIROSHI KAMITAKAHARA, AND TOSHIYUKI TAKANO
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Kyoto University, Kyoto, Japan

Abstract: The reaction of 6-amino-6-deoxycelluloe (1) with hematin in the pres-
ence of N,N'-carbonyldiimidazole and 1,8-diazabicyclo[5.4.0Jundec-7-ene in N,N-
dimethylformamide at 50°C for four days afforded hematin-appended 6-aminocellulose
(2). Compound 2 was more stable than hematin, and retained the oxidation activity of
hematin, even after being treated at 100°C for 3 h. Compound 2 showed good guaiacol
oxidation activity in an aqueous 80% AcOH solution (pH 1.5), whereas hematin and
horseradish peroxidase showed very low oxidation activities under the same conditions,
suggesting that compound 2 is a useful biomimetic catalyst. However, no asymmetric in-
duction was achieved in the catalytic oxidation of sinapyl alcohol (3 ) using compound 2.

Keywords Biomimetic catalyst, cellulose derivative ferriprotoporphyrin, porphyrin,
sinapyl alcohol

Introduction

Porphyrin-containing cellulose materials are representative of several recent proposals
for the high-value-added utilization of cellulose, with examples reported in the litera-
ture, including 6-O-porphyriny! cellulose derivatives for electrochromism-based switching
materials,! hematoporphyrin immobilized cellulose microfibers for oxygen sensors,?! 6-
O-porphyniyl cellulose derivatives for photocurrent generation systems,”®) and porphyrin
(Hemin)-grafting cellulose nanometric films for the protection of inorganic materials.!*!
Hematin is a hydroxy ferriprotoporphyrin with a structure similar to that of the pros-
thetic iron protoporphyrin IX in horseradish peroxidase (HRP), which is a well-known
enzyme for the oxidation of phenols, and is expected to become an alternative biomimetic
catalyst to HRP.®®! Unfortunately, however, there are several disadvantages associated
with hematin, including low oxidation activity because of self-aggregation in solution, and
low solubility in acidic (low pH) solutions. Polyethylene glycol (PEG)-supported hematin
has been reported to improve the solubility and self-aggregation properties of hematin.[”-8]
In contrast, 6-amino-6-deoxycellulose (1) has been suggested as a promising scaffold for
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hematin because it possesses a regular structure and is soluble in acidic aqueous solutions.
Furthermore, this material is a chiral polymer, and an asymmetric synthesis involving a
chiral water-soluble iron porphyrin has recently been reported in the literature.' Hematin-
appended 6-amino-6-deoxycellulose (6-ADC/Hem) (2) has also been identified as an at-
tractive new biomimetic catalyst. It has also been interesting as an oxidation catalyst for the
polymerization of monolignol to investigate the influence of cellulose to lignin structare.
To the best of our knowledge, there has only been one report in the literature to date con-
cerning a hematin-containing polysaccharide, which was a hematin-containing agarose.!'%!
The focus of this particular report, however, was limited to affinity chromatography. In the
current article, we have therefore described the preparation and evaluation of the oxidation
activity of 6-ADC/Hem (2).

Materials and Methods

Materials

6-Amino-6-deoxycellulose (1) with a DSnpp value of 0.90 was prepared according to the
method previously described by Matsui et al.l''l Hematin and HRP (100 U mg~') were
purchased from Sigma-Aldrich (Tokyo, Japan) and Wako Chemical Co. (Osaka, Japan),
respectively. (<+)-Syringaresinol and (—)-syringaresinol were prepared by enzymatic hy-
drolysis of (&)-syringaresinol di-B-D-glucopyranoside!'? with cellulase (Wako). All of the
other chemicals used in the current study were purchased from commercial sources and
uscd without further purification.

Measurements

Fourier transform infrared (FT-IR) spectra were recorded as KBr pellets on a Shimadzu
FTIR-8600 spectrophotometer (Shimadzu, Kyoto, Japan). '"H-NMR spectra were recorded
on a Varian500 FT-NMR (500 MHz) spectrometer (Agilent Technologies, Santa Clara,
CA, USA) with tetramethylsilane used as an internal standard in a 4:1 (v/v) mixture of
CD3COOD/D,0. Chemical shifts (§) have been reported in § values (ppm). UV-Vis spectra
were recorded on a Jasco V-560 UV-vis spectrophotometer (Jasco, Tokyo, Japan). High-
performance liquid chromatography (HPLC) analyses were performed on a Shimadzu
LC-10 system equipped with a Shimadzu UV-Vis detector (SPD-10Avp) (Shimadzu) and
a CHIRALCEL OD-3 column (Daicel, Osaka, Japan). CH;OH was used an eluent with a
flow rate of 0.5 mL min!. The cyclic voltammetry (CV) measurements were performed
with an ALS electrochemical analyzer (ALS 650B, BAS, Tokyo, Japan) in an undivided cell
(5 mL) [working electrode: 1.6 mm diameter platinum disk, reference electrode: Ag/Ag+
reference electrode, counter electrode: platinum wire, electrolyte: 5 mM sodium acetate in
an aqueous 80% AcOH solution].

Preparation of Hematin-Appended 6-Amino-6-Deoxycellulose (6-ADC/Hem) (2)

N,N’-Carbonyldiimidazole (CDI) (101 mg, 0.62 mmol) and 1,8-diazabicyclo[5,4,0jundec-
7-ene (DBU) (92.7 uL, 0.62 mmol) were added sequentially to a stirred solution of hematin
(393.2 mg, 0.62 mmol) in N,N-dimethylformamide (DMF) (10 mL) at room temperature
under an atmosphere of nitrogen, and the resulting solution was stirred at room temperature
for 30 min. 6-Amino-6-deoxycellulose (1) powder (100 mg, 0.62 mmol) was then added to
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the solution, and the resulting suspension was stirred at 50°C for four days. The mixture was
then cooled to ambient temperature and filtered. The filter-cake was washed 10 times with
DMF before being collected to afford the crude product, which was stirred in DMF (300 mL)
at room temperature for 24 h. The mixture was then filtered and the filter-cake was washed
three times with MeOH before being dried under vacuum to give compound 2 (88.3 mg).
FT-IR (KBr): v 3350, 2916, 1709, 1643, 1568, 1385, 1069, 937, 839, 718 cm™!; 'H NMR
(CD3COOD/D,0 = 4/1 (v/v)): é 8.80, 8.20, 7.53 (Hematin-H), 5.0-3.0 (AGU-H) ppm.

Stability Testing of 6-ADC/Hem (2) in an Aqueous 80% AcOH Solution

An aqueous 80% AcOH solution (0.01 mg mL~!) of compound 2 with its maximum
absorbance at the Soret band of 0.496 was prepared and subjected to UV-Vis measurements
within 30 minutes of its preparation. Following the measurements, half of the solution
was heated at 100°C for 3 h, whereas the other half was kept at ambient temperature for
three days. The solutions were then subjected to UV-Vis measurements. An aqueous 80%
AcOH solution of hematin (concentration: 2.76 pg/mL) was also prepared with the same
maximum absorbance at the Soret band (0.497) and tested in the same manner as the
reference material.

The aqueous 80% AcOH solutions of compound 2 and hematin described above were
prepared a second time in the same way and subjected to UV-Vis measurements over a
25-min period at 5 min intervals following the addition of an 18 mM aqueous H,O, solution
(50 uL, 0.9 pmol).

Guaiacol Oxidation Activity Assay of 6-ADC/Hem (2) in an Aqueous 80%
AcOH Solution

An aqueous 80% AcOH solution of compound 2 was prepared and divided between the
sample and reference cells, with the amount of compound 2 in each cell being set at
0.03 mg. Guaiacol (9.0 wmol) was added to the solutions in the sample cells, and the cells
were then placed in the UV-Vis spectrophotometer. Following the addition of a 180 mM
aqueous H,O, solution (50 L, 9.0 umol) to each of the sample cells, the cells were kept at
25°C under stirring, and their absorbance at 470 nm, which was derived from the guaiacol
oxidation products, was monitored. The solutions of hematin, HRP, and compound 2 that
had been subjected to the different treatments described above (i.e., ambient temperature
for three days or 100°C for 3 h) with the same maximum absorbance at the Soret band in
an aqueous 80% AcOH solution were prepared and tested in the same manner. A guaiacol
oxidation assay of compound 2 was also performed with different concentrations of H,O,
(the amounts of H, O, in the sample cells were 0.9, 1.8, 9.0, and 18.0 pmol).

6-ADC/Hem (2)-Catalyzed Oxidation of Sinapyl Alcohol in an Aqueous 60%
AcOH Solution

Compound 2 (1 mg) was added to a solution of sinapyl alcobol (3, 30 mg, 0.15 mmol) in
an aqueous 60% AcOH solution (0.2 mL), followed by an 18 mM aqueous H,O, solution
(2 ul., 0.037 mmol), and the resulting reaction solution was kept at room temperature for
7 min. The mixture was then diluted with EtOAc before being washed sequentially with
distilled water, a saturated aqueous NaHCQj; solution, and brine. The solution was then
dried over anhydrous Na,SO4 and concentrated in vacuo to give the crude product, which
was purified by preparative TLC using a mixture of 3:2 (v/v) of EtOAc and n-hexane to
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Figure 1. Preparation of hematin-appended 6-amino-6-deoxycellulose (6-ADC/Hem) (2).

give (&)-syringaresinol (4, 24.8 mg). The synthetic (4=)-syringaresinol was then subjected
to HPL.C analysis.

Results and Discussion

Preparation of Hematin-Appended 6-Amino-6-Deoxycellulose (6-ADC/Hem)(2)

The reaction involving the addition of hematin to 6-amino-6-deoxycellulose (1) in the
presence of CDI and DBU in DMF at 50°C over four days was ultimately carried out in a
heterogeneous system to afford 6-ADC/Hem (2) (Figure 1), because our initial attempts to
conduct the reaction in a homogeneous reaction system with LiCl and dimethylacetamide
were limited by difficulties associated with the purification of compound 2 from the reaction
mixture. Compound 2 was soluble in aqueous AcOH solutions containing 60-90% (v/v)
AcOH. Compound 2 was subjected to 'H-NMR, FT-IR, and UV-Vis analyses. The high
paramagnetic resonance field of the Fe (IIT) present in hematin had been reported to restrict
the unambiguous assignment of the peaks in the NMR spectrum of related compounds.®!
Indeed, the signals in the 'H-NMR spectrum of compound 2 were very broad (data not
shown). Pleasingly, however, the broad signals in the range of 3.0 to 5.0 ppm, which were
derived from the 6-aminodeoxycellulose, as well as the small characteristic signals at 7.53,
8.20, and 8.80 ppm, which were assigned to the hydroxy ferriprotoporphyrin (HFePP)
groups, were all observed in the NMR spectrum of compound 2. The FT-IR spectrum
of compound 2 revealed characteristic bands at 3356 (OH), 2916 (CH), and 1069 (C-O)
cm! derived from the 6-aminocellulose,!'?! as well as bands at 1707 (-COOH), 1571, 1384
(CH3), 1228 (-C-OH), 937, 839, and 715 cm™! (pyrrole-ring) derived from the HFePP groups
(Figure 2).['" There are two possibilities for the linkage between hematin and compound 1:
amide linkage and ester linkage. The model reaction of hematin with D-glucosamine was
performed by the modified method for compound 2 to give a model compound (hematin-di-
glucosamine) (Figure 3) in 85% yield. The band at 1649 cm’! assignable to amide groups™
clearly appeared in the FT-IR spectrum of the model compound (Figure 2). These results
showed that amino groups of D-glucosamine reacted with hematin preferentially in the
presence of hydroxyl groups. Furthermore, a shoulder peak was observed at 1648 cm™!
that was assigned to amide groups in the FT-IR spectrum of compound 2 (Figure 2). These
results suggested that hematin may be bonded to compound 1 through amide linkages,
although further investigation for the confirming of amide linkages was required. The UV-
vis spectrum of compound 2 in an aqueous 80% AcOH solution revealed a characteristic
band at 398 nm, which is known as the Soret band, as well as satellite bands at 627 and
502 nm, which were derived from the Q bands (Figure 4). These spectroscopic data clearly
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Figure 2. FT-IR spectra of compound 1 (A); 6-ADC/Hem (2) (B); Hematin (C); glucosamine
hydrochloride (D); Hematin-di-glucosamine (E).

demonstrated that compound 2 was the expected HFePP-bearing cellulose derivative. The
value for the average degree of substitution of the HFePP groups (DSggepp) in compound
2 was roughly estimated using a UV-vis spectroscopic method (UV detection: 398 nm)
with the calibration curves from hematin, although the distribution of HFePP groups was
generally believed to be remarkably heterogeneous. The value was found to be 0.11. Another
preliminary experiment revealed that the DSygepp value of compound 2 increased initially
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Figure 3. Model compound (Hematin-di-glucosamine).

with increasing reaction time, and then leveled off following three days under the standard
reaction conditions described above.

Stability Testing of 6-ADC/Hem (2) in an Aqueous 80% AcOH Solution

Two solutions of compound 2 in an aqueous 80% AcOH solution (pH 1.5) were prepared
to evaluate the stability of the HFePP groups of compound 2 under acidic conditions at
different temperatures. Thus, one solution was kept at ambient temperature for three days,
whereas the other solution was kept at 100°C for 3 h. The maximum absorbance values
for the Soret bands (absorbance at 398 nm (Asgg) for compound 2, absorbance at 399 nm
(Asg9) for hematin) of the solutions have been listed in Table 1. The Asog value of the
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Figure 4. UV-vis spectra of 6-ADC/Hem (2) (A); and Hematin (B).
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Table 1
Changing of maximum absorbance of 6-ADC/Hem (2) and hematin in an aqueous 80%
AcOH solution

Initial After 3days at r.t. After 3hat 100 °C
6-ADC/Hem (2) 0.496 0.490 0.478
(398 nm) (100) (98.8) (96.3)
Hematin 0.497 0.399 0.327
(399 nm) (100) (80.3) (65.7)

The data in parentheses are percenatage of maximum absorbance based on the initial absorbance

compound 2 solution was practically unchanged by either of the treatments, whereas the
Asgg value of the hematin solution had been reduced, indicating that the cellulose backbone
attributed to the stability of the HFePP groups in an aqueous 80% AcOH solution. The CV
measurements of compound 2 and hematin in 5 mM sodium acetate in an aqueous 80%
AcOH solution were performed (Figure 5). The first oxidation peaks of compound 2 and
hematin were found at 0.92 V and 0.81 V, respectively, but the corresponding reduction
peaks were not found, although the CV of the electrolyte seemed to contribute to the CV
of compound 2 considerably. Higher oxidation potential of compound 2 might be one of
the reasons for the stability of HFePP groups of compound 2.

Compared with HRP, hematin is known to be highly resistant to a range of different
H,0, concentrations in the polymerization of phenol.['! With this in mind, the stability
of the compound 2 solution in the system in the absence of a substrate but in the presence
of H,O, (0.9 pumol) was investigated (Figure 6). The Asgg value of the compound 2
solution decreased more rapidly than the corresponding Asgg value of the hematin solution,
suggesting that a reaction had occurred between the HFePP groups (or hematin) and the
H,0,. Similar behavior has been reported for hematin in the absence of a substrate in a
buffer solution (pH 7.0) but in the presence of H,O, by Akkara et al.®! Approximately
30 min after the addition of H,O,, guaiacol was added to the compound 2 and hematin
solutions. Unfortunately, however, the oxidation products of guaiacol were not detected in
either of the solutions, suggesting that compound 2 and hematin had been deactivated by
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Figure 5. Cyclic voltammograms in an aqueous 80% AcOH solution; background; (a) 6-ADC/Hem
(2); (b) Hematin; (c) (scan rate: 0.01Vs™).
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Figure 6. Stability test in the presence of H,O,: 6-ADC/Hem (2) (A); Hematin (B).

the treatment process. These results revealed that the cellulose backbone did not improve
the durability of the HFePP groups towards H,O; in the absence of a substrate.

Guaiacol Oxidation Activity Assay of 6-ADC/Hem (2)

The oxidation of guaiacol is often used as an assay for HRP activity.'® Figure 5 shows

the changes in absorbance at 470 nm (A47¢) that occurred as a consequence of the guaiacol
oxidation products formed during the initial 60 min of the oxidation of guaiacol in an
aqueous 80% AcOH solution.

Compound 2 was deactivated in the system described above that did not contain a
substrate in the presence of HyO, (0.9 pmol), whereas compound 2 effectively catalyzed
the oxidation in the presence of H,O, (9.0 pmol) in the system that contained a substrate
(guaiacol). Thus, the A47g value increased with increasing reaction time in the case of com-
pound 2, whereas no discernible changes were observed in the cases of hematin and HRP
(Figure 7). These results indicated that compound 2 retained guaiacol oxidation activity
even under the strongly acidic conditions, whereas hematin and HRP were deactivated by
the conditions. To confirm the stability of compound 2, the samples were collected after
they had been subjected to the treatments described above (i.e., room temperature for three
days or 100°C for 3 h) and subjected to the oxidation activity assay. No significant changes
were observed in the guaiacol oxidation activity of compound 2 following its treatment at
room temperature for three days. Furthermore, the material still provided significant oxida-
tion activity following its treatment at 100°C for 3 h (Figure 7). Based on these results, it is
clear that the oxidation activity of compound 2 was retained, as expected from the results
of the stability test described above. The rate of the reaction for the compound 2-catalyzed
oxidation at 25°C was found to increase with increasing H, O, concentration (Figure 7).

It was reported that hematin has a propensity to aggregate spontaneously at low pH.!”)
One of the reasons for higher oxidation activity and stability of compound 2 might be that the
cellulose backbone of compound 2 plays an important role in inhibiting the self-aggregation
of the hematin moieties, although further investigation is required.

6-ADC/Hem (2)-Catalyzed Oxidation of Sinapyl Alcohol

It is well known that the oxidative polymerization of sinapyl alcohol (3) with HRP prefer-
entially affords the B- 8 coupling products such as (=)-syringaresinol (4), which exists as
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Figure 7. Guaiacol oxidation assay: [i] with H,O, (9 pumol): 6-ADC/Hem (2): (A) Hematin; (B)
HRP; (C) [ii] with HO, (9umol): 6-ADC/Hem (2) without treatment; (A) 6-ADC/Hem (2) after
three days at room temperature; (D) 6-ADC/Hem (2) after 3 h at 100°C; (E) [iii] 6-ADC/Hem (2)
with Hy,O,; 0.9 umol (F); 1.8 umol (G); 9 umol (A); 18 pmol (H).

a racemic mixture.!'8 To investigate the influence of the chirality of the cellulose backbone
on the reaction, the compound 2-catalyzed oxidation of sinapyl alcohol (3) was performed.
An aqueous 60% AcOH solution was selected as a solvent to obtain enough 8-  coupling
products, because it was found from a preliminary experiment that the yield of a soluble
fraction of the product which might be a low-molecular product in the oxidative poly-
merization in an aqueous 60% AcOH solution was higher than that in the polymerization
in an aqueous 80% AcOH solution. As the result, the corresponding dimer products (+)-
syringaresinol (4) was obtained in 82.6% yield. A HPLC chromatogram of the products is
shown in Figure 8. The ratio of (++)-syringaresinol (4a) to (-)-syringaresinol (4b) was found
to be 51.3:48.7, indicating that compound 2 had not provided any asymmetric induction.
This lack of asymmetric induction was attributed to the HFePP groups being distributed on
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Figure 8. 6-ADC/Hem (2)-catalyzed polymerization of sinapyl alcohol (3).

compound 2 in a heterogeneous manner together with the general flexibility of compound
2 under the reaction conditions. We are currently investigating further modifications to
the structure of compound 2 including, for example, the uniform distribution of HFePP
groups and the introduction of other substituents to the C-2 and C-3 hydroxy groups in our
laboratory with a view to developing a catalyst capable of asymmetric induction.

Conclusion

We have prepared 6-ADC/Hem (2) by the reaction of 6-aminocellulose (1) with hematin
in the presence of CDI and DBU. Although compound 2 was found to be more stable than
hematin under acidic conditions, it was less stable than hematin in the presence of HyO,.
Compound 2 exhibited good oxidation activity in an aqueous 80% AcOH solution, whereas
hematin and HRP were poorly active under these conditions, suggesting that compound
2 would be a useful biomimetic catalyst. Unfortunately, no asymmetric induction was
observed in the oxidation of sinapyl alcohol (3) with compound 2.
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The design and evaluation of a novel decahydroisoquinolin scaffold as an inhibitor for severe acute respi-
ratory syndrome (SARS) chymotrypsin-like protease (3CLP™) are described. Focusing on hydrophobic
interactions at the S, site, the decahydroisoquinolin scaffold was designed by connecting the P, site
cyclohexyl group of the substrate-based inhibitor to the main-chain at the a-nitrogen atom of the P, posi-

tion via a methylene linker. Starting from a cyclohexene enantiomer obtained by salt resolution, trans-

Keywords:

SARS 3CL protease
Inhibitor
Decahydroisoquinolin
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decahydroisoquinolin derivatives were synthesized. All decahydroisoquinolin inhibitors synthesized
showed moderate but clear inhibitory activities for SARS 3CLP™, which confirmed the fused ring structure
of the decahydroisoquinolin functions as a novel scaffold for SARS 3CLP™ inhibitor. X-ray crystallographic
analyses of the SARS 3CLP™ in a complex with the decahydroisoquinolin inhibitor revealed the expected
interactions at the S; and S, sites, as well as additional interactions at the N-substituent of the inhibitor.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Although the primary epidemic of SARS (Severe Acute Respira-
tory Syndrome)*~* affecting about 8500 patients and 800 dead was
eventually brought under control, the recent identification of a
SARS CoV (coronavirus)-like virus in Chinese bats** and of a novel
coronavirus MERS-CoV (Middle East Respiratory Syndrome Corona
Virus, previously known as human CoV-EMC) raise the possibility
of a reemergence of SARS or related diseases.*’ Since no effective
therapy exists for these viral infections, developing anti-SARS
agents against future outbreaks remains a formidable challenge.

SARS is a positive-sense, single-stranded RNA virus featuring
the largest known viral RNA which produces two large proteins
with overlapping sequences, polyproteins 1a (~450 kDa) and 1ab
(~750 kDa).5"'¥ SARS 3CL (chymotrypsin like) protease (3CLP™) is
a key enzyme to cleave the polyproteins to yield functional poly-
peptides.’**? The 3CLP™ is a cysteine protease containing a Cys-~
His catalytic dyad and it exists as a homodimer; each monomer
contains the catalytic dyad at each active site. Due to its functional
importance in the viral life cycle, 3CLP™ is considered an attractive
target for the structure-based design of drugs against SARS. Thus,

* Corresponding author. Tel./fax: +81 75 595 4635.
E-mail address: akaji@mb.kyoto-phuacip (K Akaji).

hitpf/dxdolorg/10.1016/1bme.2014.12.028
0968-0896/© 2014 Elsevier Ltd. All rights reserved.

numerous inhibitors of 3CLP™ have been reported including pep-
tide-mimics**~'? and small molecules derived from natural prod-
ucts,’®**® anti-viral agents,”*** anti-malaria agents,”*> or high
throughput screening, %7

In the course of our own studies on the SARS 3CLP™ and its
inhibitors,” we found that the addition of an extra sequence to
the N- or C-terminus of the mature SARS 3CLP™ lowered the cata-
lytic activity and that the mature SARS 3CLP™ is sensitive to degra-
dation at the 188Arg/189GIn site, which causes a loss of catalytic
activity. The stability of 3CLP™ is dramatically increased by mutat-
ing the Arg at the 188 position to Ile. The enzymatic efficiency of
the R1881 mutant was increased by a factor of more than
1 x 10°, The potency of the mutant protease makes it possible to
quantitatively evaluate substrate-based peptide-mimetic inhibi-
tors easily by conventional HPLC using a substrate peptide contain-
ing no fluorescence derivatives. The evaluations revealed that a
peptide aldehyde covering the P-site sequence of substrate, Ac-
Ser-Ala-Val-Leu-NHCH(CH,CH,CON(CHj3),)-CHO, inhibits the SARS
3CLP™ with an ICsq value of 37 pM. Systematic modification guided
by the X-ray crystal structure of a series of peptide-mimics in a
complex with R1881 SARS 3CLP™ resulted in 1 with an ICsy value
of 98 nM (Fig. 1)."® All of the side-chain structures of 1 differed
from the substrate sequence except at the P; site, where the
side-chain was directed outward. Kinetic inhibition data for 1
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Figure 1. Design of a decahydroisoquinolin scaffold.

obtained from Lineweaver-Burk plots suggested that inhibitors
containing an aldehyde at the C-terminus can be expected to func-
tion as competitive inhibitors.

In the present study, we designed a novel non-peptide inhibitor
focusing on the interactions at the Sy and S; sites of the 3CLP™ Con-
firmed to be critical to make the 1 potent competitive inhibitor.
Among the key interactions clarified by X-ray crystallographic
study, we focused on hydrophobic interactions at the cyclohexyl
side-chain to design a novel inhibitor scaffold. Thus, the cyclohexyl
ring is connected to the main-chain at an a-nitrogen atom of the P,
position Cha (cyclohexylalanine) via a methylene linker to yield
compound 2 (Fig. 1). The resulting decahydroisoquinolin scaffold
of 2 is expected to keep the hydrophobic interactions at the cyclo-
hexy! ring of the substrate-based inhibitor at the S, pocket. In addi-
tion, the resulting decahydroisoquinolin scaffold arranges the Py
site imidazole and active site functional aldehyde at each required
position, giving the fused-ring structure of decahydroisoquinolin
as a scaffold for a novel inhibitor. The acy! substituent on the nitro-
gen in the decahydroisoquinolin scaffold may add an extra position
for the interactions with the 3CLP™.

2. Results and discussion
2.1. Chemistry

The retro synthetic route for the desired decahydroisoquinolin
derivative 2 is shown in Scheme 1. The Py site His derivative could
be introduced by a reductive amination reaction using an aldehyde
derivative prepared by oxidative cleavage of the olefin bond of 3.
The trans-decahydroisoquinolin scaffold of 3 could be constructed
via Pd-mediated stereoselective intra-molecular cyclization®® by
nucleophilic attack of a nitrogen atom to the Pd-activated olefin
moiety of an allyl alcohol of 4. The olefin structure of 4 could be
constructed by a Horner-Emmons reaction utilizing an aldehyde
of precursor 5, and the amino group of 4 could be introduced by
a Mitsunobu reaction to the alcohol of 5. The six-membered ring
structure of 5 could be constructed by a Diels—-Alder reaction of
known ester 6°° with butadiene.

Thus, the key intermediates 12 and 13, a precursor of the Pd-
mediated cyclization, were prepared according to the route shown
in Scheme 2. The known ester 6 was first reacted with butadiene to
construct the six-membered ring structure to yield 7 as an enantio-
mer mixture of 1,6-trans-substituted cyclohexene. The product
was reduced with LAH and the resulting alcohol was then

protected as tert-butyldiphenylsilyl ether to give 8. The benzyl
group was removed by catalytic hydrogenation, which reduced
the cyclohexene to cyclohexane at the same time. The resulting
hydroxy! group was then oxidized with PCC and the resulting alde-
hyde was then reacted with (EtO),P(O)CH,COOEt to yield 9. The
ethyl ester of 9 was reduced with DIBALH and the resulting alcohol
was protected as acetyl ester to give 10. After treatment with TBAF,
the resulting alcohol was converted to the azide derivative 11 by a
Mitsunobu reaction. Since the product 11 was rather unstable, 11
was immediately reduced to the corresponding amine. Without
further purification, the amine derivative was coupled with p-phe-
nylbenzoic acid using HBTU to yield 12 as an enantiomer mixture.
Coupling with p-bromobenzoic acid was similarly conducted to
yield a related derivative 13.

Construction of the decahydroisoquinolin scaffold was achieved
as shown in Scheme 3. (CH3CN),PdCl,-mediated cyclization of 12/
13 gave the desired trans-decahydroisoquinolin derivative 14/15 as
a major product. The product was an enantiomer mixture which
was thought to have the relative configuration of 14/15 due to
the cyclization through a less hindered Pd-chelated intermediate.
Thus, the vinyl substituent of the product 14/15 was thought to
be axial, which was clearly confirmed by X-ray crystallographic
studies of the inhibitor in a complex with the R188] mutant SARS
3CLP™ as discussed below. The olefin bond of 14/15 was oxidatively
cleaved by the treatment with K;0,0,(0OH), followed by NalO4 to
yield aldehyde 16/17. Reductive amination by H-His(Trt)-N(OCHj3)-
CH; gave the coupling products 18 and 20 or 19 and 21 as a 1:1
diastereomer mixture which was separable on a reversed-phase
column (YMC Pack ODS) by analytical HPLC (Fig. $1). The diaste-
reomers could also be separated by conventional silica-gel column
chromatography to yield diastereomers 18 and 20 or 19 and 21,
each having single peak on the above reversed-phase column. Each
separated diastereomer was then treated with TFA to cleave the Trt
group at the imidazole ring, and the product was reduced with
DIBALH to yield the desired aldehyde 22/23 or 24/25. Although
the absolute configuration of each product was not determined
at this stage, the purity of each product was confirmed by analyt-
ical HPLC. Since moderate but clear inhibitory activities were
observed in a preliminary evaluation on the inhibitory potency of
22 and 24, the identification of the stereo-structure was then
conducted.

To separately prepare the above diastereomers and estimate the
absolute configurations, cyclohexene carboxylic acid obtained by a
Diels-Alder reaction was converted to a salt with (R)- or (S)-o-
methylbenzylamine and resolved according to the literature
procedure for (1R/6S,15/6R)-6-(2-bromophenyl)cyclohex-3-ene-
1-carboxylic acid 26*" (5cheme 4). Resolution of a carboxylic acid
derived from compound 7 and compound 29 having the
corresponding p-bromobenzyl group gave compounds showing
the same polarimetric characters as the literature compounds.*'
(—) Carboxylic acid 27 or 30 was obtained by salt formation with
(R)-oi-methylbenzylamine and following salt-liberation with HC,
whereas the salt with (S)-a-methylbenzylamine gave (+) carbox-
ylic acid 28 or 31. Compared with the literature values, these
results strongly suggest that 27 and 30 would have (1R,6S) and
28 and 31 would have (1S,6R) absolute configurations. Optical
purity of each enantiomer was further confirmed using a chiral
column (YMC CHIRAL Amylose-C) by HPLC (Fig. 52). Since the chem-
ical yield from the p-bromobenzyl derivative 29 was superior to the
benzyl derivative 7, enantiomer 30 or 31 was used as the starting
compound for the separate synthesis of decahydroisoquinolin
diastereomers.

The separated (1S,6R) enantiomer 31 was then used to synthe-
size the corresponding decahydroisoquinolin diastereomer 40 or
41 using basically the same route as above (3cheme 5i). (1R,6S)
Enantiomer 30 was also employed for the syntheses of diastereo-
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Scheme 1. Retro synthetic route for the decahydroisoquinolin derivative.
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Scheme 2. Synthesis of intermediate 12 or 13. Configurations in the racemic compounds 7-13 indicate the relative 1,6-trans configurations. Reagents: (a) 1,3-butadiene; (b)
(1) LAH, (2) TBDPS-Cl/imidazole; (c) (1) Ha/Pd(OH),-C (2) PCC (3) (EtO),P(0)CH,COOEt/NaH; (d) (1) DIBALH (2) Ac,0/pyridine/DMAP; (e) (1) TBAF, (2) (EtO);P(O)N3/DIAD/

PPhs; (f) (1) LAH, (2) 4-phenylbenzoic acid or 4-bromobenzoic acid/HBTU/DIPEA.

mer 44 or 45 (Scheme 5ii). The protected intermediate 38 (R=p-
phenylphenyl) from 31 and the diastereomer 42 (R = p-phenylphe-
nyl) from (1R,6S) enantiomer 30 were co-eluted with a previously
synthesized diastereomixture of 18 and 20 on a reversed-phase
column (YMC Pack ODS). Intermediate 38 had the same retention
time as 18, whereas intermediate 42 had the same retention time
as 20 (Fig. $3). The comparison was also conducted on 39 and 43
having a p-bromophenyl N-substituent with the corresponding
diastereomers 19 and 21, and the same results as above were
obtained (Fig. $4). These results clearly demonstrated that the
two diastereomers 18 and 20 were derived from the trans-decahy-
droisoquinolin structure constructed from enantiomer 7. Each pro-
tected diastereomer 38/39 and 42/43 thus synthesized was
converted to the desired derivatives 40/41 and 44/45 without dif-
ficulty. Several analogs shown in Table 1 containing different N-
acyl substituents of the decahydroisoquinolin scaffold were also
prepared using the same synthetic route (Fig. 55).

2.2. Inhibitory activity

Digestion of the substrate peptide with R1881 SARS 3CLP™ in the
presence of decahydroisoquinolin derivatives of different concen-
trations was conducted according to the published procedure.’*
The inhibitory activities were evaluated based on ICsq values calcu-
lated from the decrease in the substrate digested by R188I SARS

3CLP™; a typical sigmoidal curve used for estimation of the ICsq
value is shown in Figure $6. As summarized in Table 1, synthesized
decahydroisoquinolin derivatives all showed inhibitory activities
for the mutant 3CLP™, The results strongly suggest that the decahy-
droisoquinolin fused-ring can function as an inhibitor scaffold.
Comparison of ICsq values of trans-decahydroisoquinolin diastereo-
mers in N-4-phenylbenzoyl derivatives (40 vs 44) or N-4-bromo-
benzoyl derivative (41 vs 45) clearly showed that the (4aR,8aS)
isomer is more potent than (4aS,8aR) isomer. The results suggest
the importance of the interaction at the S, pocket of the mutant
3CLP™, It was also demonstrated that a series of the N-benzoyl
derivative was more potent than N-4-phenylbenzoyl derivatives.
Substitution at the 4-position of the benzoyl substituent in 48 with
halogen showed no significant effect on the inhibitory activity (41
and 49), whereas substitution at the 4-position of the phenyl group
in the N-biphenylacyl derivative 40 gave a slightly more potent
inhibitor than 2- or 3-substituted biphenyl derivatives (46 and
47). The results suggest that the substituent on the nitrogen atom
of the decahydroisoquinolin scaffold may have some interactions
with R188I SARS 3CLP™,

2.3. Evaluation of the interactions

To clarify the interactions of a newly synthesized decahydroiso-
quinolin inhibitor with R1881 SARS 3CLP™, the structure of
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Scheme 3. Construction of the decahydroisoquinolin scaffold. Reagents: (a) (CH3CN),PdCly; (b) K;050,(0H)a/NalOy; (¢) (1) H-His(Trt)-N(OCH3)CH3/NaBH3CN; (d) (1) TFA, (2)

DIBALH.

the protease in a complex with the inhibitor was revealed by X-ray
crystallography. Subsequently, a co-crystal of the inhibitor with
3CLP™ was prepared and analyzed. Structures of the 3CLP™ in a
complex with inhibitors 40, 41, and 44 were refined to resolutions
of 1.60 A, 2.42 A, and 1.89 A, respectively (PDB code 4TWY, 4TWW,
and 4WY3). The data obtained are summarized in Table 2.

The overall structure of the 3CLP™ in complex with inhibitor 41
(ICsp = 63 uM) was first compared with the substrate-based inhib-
itor 1 (PDB code 3ATW) (Fig. 2). Basically, the decahydroisoquino-
lin inhibitor 41 was at the active site cleft of the 3CLP™ as observed
in the highly potent inhibitor 1. The aldehyde group and imidazole
ring of His-al, as well as the decahydroisoquinolin structure of 41,
had an almost identical conformation with 1 and similarly inter-
acted with 3CLP™, In contrast, the direction of the p-bromobenzoyl
group was outward from 3CLP™ and opposite to the P; to Py sites of
1. The N-p-bromobenzoyl group, however, was at the surface of
3CLP™, where additional hydrophobic interaction with Met of the
3CLP™ may be possible (Fig. 7).

The carbonyl! carbon of the aldehyde group in 41 was detected
at a distance of 2.43 A from the active center thiol of Cys-145,
and its electron density could be fitted to an sp? carbonyl carbon
as in 1 (Fig. 3i). The results suggest that the decahydroisoquinolin
inhibitor would function as a competitive inhibitor as do the pep-
tide-aldehyde inhibitor 1."* It was clearly confirmed that the deca-
hydroisoquinolin scaffold of 41 took a trans-fused (4aR,8aS)
configuration, as expected from the salt-resolution of enantiomix-
ture 29. It was also confirmed that the P; His-al substituent on the
decahydroisoquinolin scaffold took an axial-configuration, as
expected from the Pd(II)-mediated cyclization. The decahydroiso-

quinolin scaffold of 41 was inserted into a large S, pocket created
by His-41, Met-49, Met-165, and Asp-187, as in the case of a parent
peptide aldehyde inhibitor, and most of the S, pocket was occupied
by the fused-ring structure of decahydroisoquinolin (Fig. 3i). The
nitrogen atom of the Py site imidazole of 41 formed a hydrogen
bond with the imidazole nitrogen of His-163, resulting in close fit-
ting at the other side of the S; pocket formed from the Phe-140,
Leu-141, and Glu-166 side chains of the protease (Fig. 3ii). These
interactions, especially of the decahydroisoquinolin scaffold in
the S, pocket, function to hold the P, site imidazole and terminal
aldehyde tightly inside the active site cleft, which resulted in the
compact fitting of the novel scaffold to the 3CLP™,

To evaluate the effects of absolute configuration of the decahy-
droisoquinolin scaffold, structures of the 3CLP™ in complex with
(4aR,8aS)-N-4-phenylbenzoyl decahydroisoquinolin inhibitor 40
and (4aS,8aR)-N-4-phenylbenzoy! decahydroisoquinolin inhibitor
44 were compared (Fig. 4i). In both inhibitors, the P, site imidazole
ring and the terminal aldehyde group had nearly the same interac-
tions as in the (4aR,8aS)-N-bromobenzoyl decahydroisoquinolin
inhibitor 41 described above. Due to the configuration change at
the decahydroisoquinolin moiety, however, the (4aS,8aR) decahy-
droisoquinolin scaffold was clearly twisted compared to the
(4aR,8aS) decahydroisoquinolin in the S, pocket (Fig. 4ii). This con-
formation change of the decahydroisoquinolin scaffold transferred
to the direction of the N-substituent. Thus, the substituent of
(4aR,8aS) decahydroisoquinolin 40 took nearly the same conforma-
tion as the N-p-bromobenzoy! inhibitor 41 located on the surface
of the 3CLP™, whereas the substituent of (4aS,8aR) decahydroiso-
quinolin directed outside from the protease surface. These
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