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新規構造をもつ二次元および三次元π共役系の創製
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（1）骨格にセレンを含んだ開口フラーレンの合成
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（2）開口フラーレンの開口部サイズの微調整
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Fig. 1   X-ray structure of 
compound 2
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29.4 kcal/mol

（3）末端にビシクロ炭素骨格をもつターチオフェンラジカルカチオンの合成と性質
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Fig. 2  X-ray structure of (5 •+)2 • 2SbF6
–.

 

Fig. 3   Calculated KS-HOMO of (5 • +)2 •
2SbF6

–.
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Research on creation of two-dimensional and three-dimensional
π-conjugated systems having novel structures

Koichi Komatsu

Born in 1942. He received his Ph.D. degree from Kyoto University. He was a postdoctoral fellow in USA (1975-1976), a 
research associate (1971-1984), a lecturor (1984-1989), and an associate professor at the Department of Hydrocarbon 
Chemistry, Faculty of Engineering, and at the Institute for Chemical Research, both in Kyoto University (1989-1995), and a 
Professor at the same Institute (1995-). He was also a visiting professor at University of Heidelberg (2003). He is a Fellow 
of Royal Society of Chemistry (1997-). He received The Divisional Award of the Chemical Society of Japan, Alexander von 
Humboldt Research Award and the Chemical Society of Japan Award for 2005. He has been working in the fi led of structural 
organic chemistry to create novel -conjugated systems having - conjugation or three-dimensional -conjugation.  

(1) First synthesis of an open-cage fullerene incorporating a selenium atom in its cage: In order 
to develop a new method to enlarge the 12-membered-ring opening of an open-cage fullerene 1, two-
electron reduction was conducted upon 1 followed by addition of elemental selenium. This operation 
was found to give a new open-cage fullerene having a selenium atom at the rim of the 13-membered-
ring orifi ce. The X-ray crystallography indicated that the orifi ce was enlarged so that the longer axis 
and shorter axis of the opening are elongated by 0.075 Å and by 0.124 Å, respectively, as compared 
with the corresponding sulfur analogue.

(2) Fine tuning of the orifi ce size of open-cage fullerenes: During the process of enlargement of the 
8-membered-ring opening by oxidative cleavage of the double bond at the orifi ce, there were formed 
two isomers of an open-cage fullerene with a 12-membered-ring orifi ce. The orifi ce of each isomer 
was enlarged into a 13-membered ring by insertion of sulfur and of selenium by the method described 
above. The resulting four open-cage fullerenes were filled with molecular hydrogen in 100%. The 
rate of the release of hydrogen was measured at the temperature range of 130 to 160 . It was shown 
that the rate is faster for the compounds having selenium at the rim of the orifi ce indicating that the 
opening is enlarged by incorporation of selenium, the C-Se bond being longer than the C-S bond.

(3) Synthesis and intermolecular interaction of terthiophene radical cations end-capped with 
bicyclo[2.2.2]octene: A terthiophene end-capped with two bicyclo[2.2.2]octene units was synthesized 
and was oxidized to the radical-cation salt, which was air-stable dark blue crystals. The X-ray 
crystallography indicated that the two units of radical cations are paired with their central part (which 
is free from steric repulsion) mutually attracted to give two considerably bent structures. This is 
apparently due to the strong -  interaction at the central position, and is supported by theoretical 
calculations. 

Selected Publications
Presentation & Lectures

1.  K. Komatsu, Organic Synthesis of Endohedral Fullerenes Encapsulating Hydrogen Molecule(s) and 
Their Properties , Forum for Molecular Science, 2006. 6.30-7.1, Xi an Jiaotong University, China 
(Plenary).

2.  K. Komatsu, Organic Synthesis of Endohedral Fullerenes by Molecular Surgery , The 10th 
International Kyoto Conference on New Aspects of Organic Chemistry, 2006. 11. 13-17, Kyoto, Japan 
(Invited).
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Articles
1.  "Synthesis and Properties of Endohedral C60 Encapsulating Molecular Hydrogen", M. Murata, Y. 

Murata, K. Komatsu, J. Am. Chem. Soc., 128, 8024-8033 (2006).
2.  Thiophene Radical Cations End-Capped by Bicyclo[2.2.2]octane Units: Formation of Bent -Dimers 

Mutually Attracted at the Central Position , D. Yamazaki, T. Nishinaga, N. Tanino, K. Komatsu, J. 
Am. Chem. Soc., 128, 11470-11471 (2006).

3.  "Nuclear Relaxation of H2 and H2@C60 in Organic Solvents", E. Sartori, M. Ruzzi, N. J. Turro, J. D. 
Decatur, D. C. Doetschman, R. G. Lawler, A. L. Buchachenko, Y. Murata, K. Komatsu, J. Am. Chem. 
Soc., 128, in press (2006).

4.  "Photoinduced Charge Separation and Charge Recombination in Terthiophene-Acetylene-Fullerene 
Linked Dyads", T. Nakamura, Y. Araki, O. Ito, Y. Murata, K. Komatsu, J. Photochem. Photobiol. A: 
Chem., 178, 242-250 (2006). 

5.  "Rigid Molecular Tripod with an Adamantane Framework and Thiol Legs.  Synthesis and Observation 
of an Ordered Monolayer on Au(111)", T. Kitagawa, Y. Idomoto, H. Matsubara, D. Hobara, T. 
Kakiuchi, T. Okazaki, K. Komatsu, J. Org. Chem., 71, 1362-1369 (2006).

6.  "Synthesis, X-ray, and DFT Study of the Double-Bond Pyramidalization in 1,7,8,9-Tetraphenyl-
4,10,10-trimethyl-4-aza-10-silatricyclo[5.2.1.02,6]deca-8-ene-3,5-dione and Its Germanium Analogue", 
D. Margetic, Y. Murata, K. Komatsu, M. Eckert-Maksic, Organometallics, 25, 111-118 (2006).

7.  "Alkyl Chain Length Dependent Mobility of Organic Field-Effect Transistors Based on Thienyl-Furan 
Oligomers Determined by Transfer Line Method", T. Minari, Y. Miyta, M. Terayama, T. Nemoto. T. 
Nishinaga, K. Komatsu, S. Isoda, Appl. Phys. Lett., 88, 083514-083520 (2006).

8.  "Cryogenic NMR Spectroscopy of Endohedral Hydrogen–Fullerene Complexes", M. Carravetta, O. G. 
Johannessen, M. H. Levitt, I. Heinmaa, R. Stern, A. Samoson, A. J. Horsewill, Y. Murata, K. Komatsu, 
J. Chem. Phys., 124, 104507 (2006).

9.  "Fine Tuning of the Orifi ce Size of an Open-Cage Fullerene by Placing Selenium in the Rim: Insertion/
Release of Molecular Hydrogen", S-C. Chuang, Y. Murata, M. Murata, S. Mori, S. Maeda, F. Tanabe, K. 
Komatsu, Chem. Commun., in press (2007).

10.  "Fullerene Reactivity  Fullerene Cations and Open-Cage Fullerenes", T. Kitagawa, Y. Murata, 
K. Komatsu, Carbon-Rich Compounds  From Molecules to Materials, M. M. Haley and R. R. 
Tykwinski Ed, Wiley-VCH Verlag, Weinheim, 383-420 (2006). 

11.  "Novel Aromatics Blended with a -Flavor", K. Komatsu, Pure & Appl. Chem., 78, 685-697 (2006).
12.  "Super-Stabilization of -Conjugated Cations by Bicycloannelation", K. Komatsu, ACS Symposium 

Series, K. Laali, Ed., in press (2007).
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精密分子変換法の開発

30 58 58-60
Indiana 60

16 Associate Editor 
of Chemistry Letters 17 7 Tetrahedron 
Letters Most Cited Paper 2003-2006 Award 18

（1）ポリオール類の位置選択的官能基化：

-

1

2 L- C2-
1 mol% 1.1

R=i-Pr 1.5 2,4,6- CHCl3 -20 4-
98% 99% 6
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（2）動的キラリティーを持つ官能基アニオン種を用いる不斉分子変換：N-t-
Boc -N- MOM - -

A N-Boc-N-MOM-
X- Figure 2 C-N

A
99% ee

Fig. 1   Regioselective Acylation of Sugars 
by Nucleophilic Catalysis.
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N-Boc-N- -
1 DMF KHMDS

2
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Li+
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1 Met, Ala, Phe, n=2,3 LiTMP/THF
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Fig. 2   X-ray structure of a lithium enolate 
generated fromN-Boc-N-MOM valine 
ethyl ester and LiHMDS. An enolate 
unit of the tetrameric enolate is colored.  
Three Li atoms directly connected to 
an oxygen atom of the colored enolate 
unit are colored orange. (b) Schematic 
view of an enolate unit, indicating axial 
chirality. 
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Development of Fine Molecular Transformation Processes
Takeo Kawabata

Born in 1955. He received his Ph.D. degree from Kyoto University. He was a postdoctoral fellow at Indiana University in 
USA (1983-1985), a research associate in Sagami Chemical Research Center (1985-1989), an assistant professor in Institute 
for Chemical Research of Kyoto University (1989), associate professor (1998), and currently is professor (2004-). He was 
awarded the Pharmaceutical Society of Japan award for Young Scientists (1995) and Tetrahedron Letters Most Cited Paper 
2003-2006 Award (2006). He is an associate editor of Chemistry Letters. His current research interests include asymmetric 
synthesis based on memory of chirality , nucleophilic catalysis for fi ne organic synthesis, and the structural and functional 
investigation of heterochiral oligomers 

(1) Regioselective Functionalization of Polyols by Nucleophilic Catalysis: Direct regioselective 
functionalization of multi-functionalized substrates is one of the goals of current research toward 
the development of advanced molecular transformation for the next generation. Here, we report a 
highly regioselective acylation of sugars with chiral nucleophilic catalysts.  Treatment of a glucose 
derivative with 1 mol% of a catalyst and 1.1 mol eq. of isobutyric anhydride in chloroform at –20  
gave the 4-acylated glucose derivative and the 3-acylated surrogate in a 99:1 ratio in 98% yield. 
The corresponding 6-isomer, 2-isomer, and the di-acylated isomers were not detected at all. The 
corresponding reaction with 10 mol% of DMAP proceeded in a random way, giving 6-, 4-, 3-, and 
2-isomer in a ratio of 38:23:38:1 in a combined yield of 69% together with 19% of the di-acylated 
isomers and 10% recovery. Thus, discrimination of four hydroxyl groups of the glucose derivative has 
been achieved by the catalyst via fi ne dynamic molecular recognition. 

(2) Asymmetric Molecular Transformation via Functionalized Enolate Intermediates with 
Dymanic Chirality: We have studied asymmetric synthesis via functionalized chiral enolate 
intermediates generated from N-t-butoxycarbonyl(Boc)-N-methoxymethyl (MOM)- -amino acid 
derivatives and a base. A chiral nonracemic enolate with C-N axial chirality A (R=CH2Ph, M=K) was 
proposed as the crucial intermediate whose racemization barrier is 16.0 kcal/mol and the corresponding 
half-life is 22 h at -78 . Recently, an X-ray structural analysis of a chiral enolate was achieved, 
clarifying a chiral C-N axis in a solid state enolate structure (Figure 2). This method was applied to 
intramolecular alkylation of -amino acid derivatives. Treatment of (S)-N-Boc-N- -bromoalkyl- -
amino acid derivative 1 with potassium hexamethyldisilazide (KHMDS) in DMF at -60  gave (S)-2 
in up to 98% ee. Contrary to this process, treatment of (S)-1 with lithium 2,2,6,6-tetramethylpiperidide 
(LiTMP) in THF at 20  gave (R)-2 with inversion of the configuration in up to 91% ee (eq. 1). 
Similarly, 3, derived from L-lysine, gave spiro compound (R)-4 (retention) in 99% ee by treatment with 
NaHMDS in THF at 20 , while it gave (S)-4 (inversion) in 94% ee by treatment with LiHMDS in 
toluene at 0  (eq. 2). Chirality of the parent amino acids was preserved during enolate-formation and 
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cyclization to give aza-cyclic amino acids in up to 98% ee with retention of confi guration or inversion 
of confi guration, depending on the reaction conditions (eq. 1). This protocol is also applicable to an 
intramolecular conjugate addition reaction (eq. 3) of -amino acid derivatives, giving either of the 
enantiomers of a tetrahydroisoquinoline derivative in up to 95% ee. Thus, an enantiodivergent method 
for the synthesis of nitrogen heterocyles with a tetrasubstituted carbon center has been developed 
starting from readily available L- -amino acids.

Publications
Presentation & Lectures

1.  T. Kawabata, Stereochemical Reversal in Asymmetric Cyclization via Memory of Chirality , 
Pacifi chem 2005, 2005. 12. 15-20, Hawaii, USA (Invited)

2.  T. Kawabata, Some Aspects of Asymmetric Synthesis under Environmentally Benign Conditions , 
IUPAC Second International Symposium on Green/Sustainable Chemistry, 2006. 1. 10-13, Delhi, 
India (Invited)

3.  T. Kawabata, Highly Regioselective Acylation of Sugars by Chiral Nucleophilic Catalysts , The 8th 
International Symposium on Organic Reactions, 2006. 4. 23-26, Kobe, Japan (Invited)

4.  T. Kawabata, Regioselective Acylation of Sugars by Nucleophilic Catalysis , 45th Tutzing 
Symposion: Organocatalysis, 2006. 10. 8-11, Tutzing, Germany (Invited)

Article & Reviews
1.  Stereochemical Study on -Alkylation of -Blanched -Amino Acid Derivatives via Memory of 

Chirality. T. Kawabata, J, Chen, H. Suzuki, K. Fuji, Synthesis, 1368-1377 (2005)
2.  Visual Enantiomeric Recognition of Amino Acid Derivatives in Protic Solvents, K. Tsubaki, D. 

Tanima, M. Nuruzzaman, T. Kusumoto, K. Fuji, T. Kawabata, J. Org. Chem., 70 4609-4616 (2005)
3.  Memory of Chirality in Intramolecular Conjugate Addition of Enolates: A Novel Access to Nitrogen 

Heterocycles with Contiguous Quaternary and Tertiary Stereocenters, T. Kawabata, S. Majumdar, K. 
Tsubaki, D. Monguchi, Org. Biomol. Chem., 3, 1609 – 1611 (2005)

4.  Convenient Preparation of Optically Active N,N-Bis(4-substituted-4-aminobutyl)amines, K. Tsubaki, T. 
Kusumoto, N. Hayashi, D. Tanima, K. Fuji, T. Kawabata. Tetrahedron: Asymmetry, 16, 739-74 (2005)

5.  Use of Zinc Enolate, Free from Other Metals, in Enantioselective Palladium-catalyzed Allylic 
Alkylation, N. Kinoshita, T. Kawabata, K. Tsubaki, M. Bando, K. Fuji, K.Tetrahedron, 62, 1756-1763 
(2006)

6.  Optical Properties of Oligo(2,3-dioxyfunctionalized)naphthalenes, K. Tsubaki, M. Miura, A. 
Nakamura, T. Kawabata, Tetrahedron Letters, 47, 1241-1244 (2006)

7.  Long-Range Exciton-Coupled Circular Dichroism: Application for Determination of Absolute 
Confi guration of Oligonaphthalenes, K. Tsubaki, K. Takaishi, H. Tanaka, M. Miura, T. Kawabata, Org. 
Lett., 8, 2587-2590 (2006)

8.  Synthesis and Optical Properties of the Helical Oligonaphthalenes, K. Takaishi, K.Tsubaki, H. Tanaka, 
M. Miura, T. Kawabata, T. YAKUGAKU ZASSHI, 126, 779-786 (2006)

9.  Bottom-Up Synthesis of Optically Active Oligonaphthalenes: Three Different Pathways for 
Controlling Axial Chirality, K. Tsubaki, H. Tanaka, K. Takaishi, M. Miura, H. Morikawa, T. Furuta, K. 
Tanaka, K.Fuji, T. Samamori, N. Tokitoh, T. Kawabata, J. Org. Chem., 71, 6579-6587 (2006)

10.  Suzuki-Miyaura Coupling on the Three Upper Rims of Hexahomotrioxacalix[3]arenas, K. Tsubaki, M. 
Sakakibara, Y. Nakatani, T. Kawabata, Tetrahedron, 62, 10321-10324 (2006)

11.  Sterechemical Diversity in Asymmetric Cyclization via Memory of Chirality, T. Kawabata, S. 
Matsuda, S. Kawakami, D. Monguchi, K. Moriyama, J. Am. Chem. Soc. 128, 15394-15395 (2006)

12.  Synthesis and Chiral 1,2-Dihydropyridines and 2,3,4-Trisubstituted Pyridines from -Amino Acids, D. 
Monguchi, S. Majumdar, T. Kawabata, Heterocycles, 68, 2571-2578 (2006)

13.  Bidirectional and Colorimetric Recognition of Sodium and Potassium Ions, K.Tsubaki, D. Tanima, Y. 
Kuroda, K. Fuji, T. Kawabata, Org. Lett. 8, 5797-5800 (2006)
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元素相乗系遷移金属錯体の創製と機能

29 55 55

6 7 15
62–63

4 BCSJ 16

（1）低配位リン／白金π共役系錯体の創製：

DPCB-Y Fig 1 2 eV
*

DPCB-Y

DPCB-Y 2,4,6- -tert-
[Pt(ArCCAr)(cod)]

 [Pt(ArCCAr)(DPCB-Y)] 2
Fig 2 1b 1d 4-

2bq, 2dq 1.295 Å 2bq
1.298 Å 2dq 1.19 Å 9%

1,2- dppe 1.297 Å

DPCB dppe
DPCB P–Pt–C

DPCB-Y * d
DPCB-Y

Fig 3

DPCB-phen
2dq

A–B A–C 6.7
5.4 575 
nm - *

Fig. 1   Diphosphinidenecycobutene 
ligands (Mes* = 2,4,6-tri-t-
butylphenyl)

Fig. 2   X-ray s t ructures  of  Pt (MeOC 6 H 4 C)
CC6H4OMe)(DPCB) (2bq) and Pt(MeOC6H4C

CC6H4OMe)(DPCB-phen) (2dq)
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（2）DPCB-Y錯体の触媒機能：DPCB-Y

3a–c
4a–c 4

3 MeCN

3 CbzNH2

3a < 3b < 3c
3b 3c [Pd(MeCN)4]2+

dppe dppf
DPCB-Y

- 5a 2- -1,4-

（3）官能基化［4Fe–4C］クラスターの合成と応用：[Cp4Fe4(HCCH)2]
6

[4Fe–4C]
6 NBS 7 LiPPh2

Cp2Co
8

31P NMR 1JP-Se 8
s PtBu3 PCy3

Fig. 3   Frontier orbitals of Pt(MeOC6H4C
CC6H4OMe)(DPCB-phen) (2dq)

Fig. 4  X-ray structure of 9
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Creation and Catalytic Applications of
Reactive Organotransition Metal Complexes

Fumiyuki Ozawa

Born in 1954. Fumiyuki Ozawa did his graduate studies at Tokyo Instituted of Technology under the supervision of Professor 
Akio Yamamoto and received Ph.D. of Engineering in 1984. He was appointed in 1980 as an Assistant Professor at Research 
Laboratory of Resources Utilization, Tokyo Institute of Technology. He spent the year 1987–1988 as a postdoctoral fellow 
at California Institute of Technology with Professor Robert H. Grubbs, and moved in 1989 to Hokkaido University as an 
Associate Professor to study with Professor Tamio Hayashi. He was promoted to a full Professor in Osaka City University 
in 1995, and joined the International Research Center for Elements Science, which was established in 2003 as a division of 
Institute for Chemical Research, Kyoto University. He received the Promotion Award from the Catalysis Society of Japan in 
1992 and the BCSJ award from the Chemical Society of Japan in 2004. His research is focused on fundamental aspects of 
organometallic catalysis and development of new catalytic reactions for organic and polymer syntheses.  

(1) π-Conjugated organometallic complexes with strong dπ–pπ interaction between platinum 
and low-coordinate phosphorus: Organotransition metal complexes with an extended -conjugation 
system have attracted continuous research interest because of their novel chemical and physical 
properties derived from d –p  interaction. We herein describe a new approach to such molecules 
using 1,2-diaryl-3,4-bis(2,4,6-tri-t-butylphenylphosphinidene)cyclobutenes (DPCB-Y). The DPCB-Y 
ligands bear extremely low-lying * orbitals mainly located around the low-coordinate phosphorus 
atoms and have a marked tendency to engage in metal-to-phosphorus -back-bonding. Platinum(0) 
complexes of the formula Pt(alkyne)(DPCB-Y) have been prepared by the treatment of Pt(cod)-
(alkyne) with DPCB-Y in CH2Cl2 at room temperature. X-ray structural analysis has been performed 
for bis(p-methoxyphenyl)acetylene complexes. The C–C bond distances of alkyne ligands (ca. 1.30 Å) 
are almost identical with that of dppe analogue, showing comparable -donating ability of DPCB-Y 
ligands to diphosphines. The complexes adopt a planar structure including DPCB-Y, platinum, and the 
diphenylacetylene skeleton, which is due to the formation of a widely spread -conjugation system 
over the molecule. The UV-vis spectra exhibit strong – * transition at 500-650 nm. MO calculations 
have suggested the occurrence of push-and-pull interaction between the -conjugation systems of 
alkynes and DPCB-Y ligands through the d  orbitals of platinum.

(2) Catalytic applications of 1,2-diaryl-3,4-diphosphinidenecyclobutene (DPCB-Y) complexes: 
The unique electronic properties of DPCB-Y have been applied to the following catalytic reactions. 
( -Allyl)palladium trifl ate bearing DPCB-OMe ligand is a highly active catalyst for cyclodehydration 
of cis-2-butene-1,4-diol with active methylene compounds to give 2-vinyl-2,3-dihydrofurans. 
Dicationic palladium complex [Pd(MeCN)2(DPCB)](OTf)2 catalyzes conjugate addition of benzyl 

8 [AuCl(SMe2)] 9
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carbamate to , -unsaturated ketones. Ruthenium complex bearing DPCB-OMe ligand causes highly 
stereoselective hydrosilylation of diethynylarenes with HSiMe2Ph to give (Z,Z)-bis(2-silylethenyl)-
arenes, which are useful starting materials of all-cis poly(arylene vinylene)s with novel photochemical 
properties.

(3) Introduction of functional groups onto the [4Fe–4C] cluster and its application to the cluster 
ligand: Over the past few years, a number of studies have been made on transition-metal complexes 
bearing ligands with functionality not accessible for coordination to the metal center. What seems to 
be lacking, however, is functionalization of redox-active transition-metal cluster. We herein report the 
functionalization of the [4Fe–4C] core in Cp4Fe4(HCCH)2 through bromination of acetylenic protons. 
Reaction of the bromoacetylene-coordinated clusters [Cp4Fe4(HCCH)(HCC-Br)]+ with LiPPh2, followed 
by treatment of Cp2Co, gave [Cp4Fe4(HCCH)(HCC-PPh2)] in moderate yield. The resulting compound 
smoothly reacts with AuCl(SMe2) to give [Cp4Fe4(HCCH)(HCC-PPh2 AuCl)] (4), quantitatively.

Selected Publications
Invited Lectures

1.  Diphosphinidenecyclobutene-coordinated Complexes: Structures and Catalysis: F. Ozawa, The 3rd 
RIKEN Symposium on the Frontiers of Organometallic Chemistry, October 6, 2006, Wako, Saitama.

2.  Stereocontrolled Synthesis and Optical Properties of All-cis Poly(arylene vinylene)s: F. Ozawa, 
Lectureship of the Chemistry Research Promoton Center, National Science Council, Republic of 
China, November 8, 2006, Institute of Chemistry, Academia Sinica, Taipei, Taiwan.

3.  Highly Active Catalysts bearing Diphosphinidenecyclobutene Ligands (DPCB): F. Ozawa, Lectureship 
of the Chemistry Research Promoton Center, National Science Council, Republic of China, November 
9-10, 2006, National Tsing Hua University, Hsinchu, and National Taiwan University, Taipei, Taiwan.

4.  Highly Active Catalysts Bearing Diphosphinidenecyclobutene Ligands: F. Ozawa, The 6th JOM 
Symposium, December 16-17, 2005, Honolulu, Hawaii, USA.

5.  Alkyne-insertion into Pt(ER3)(SnMe3)L2 Complexes (E=Si, Ge): F. Ozawa, PACIFICHEM2005, 
December 15-20, 2005, Honolulu, Hawaii, USA.

Articles
1.  Catalytic Applications of Transition Metal Complexes Bearing Diphosphinidenecyclobutenes (DPCB), 

F. Ozawa and M. Yoshifuji, Dalton Trans. (Perspective), 2006, 4987-4995.
2.  Synthesis and Catalytic Properties of Cationic Palladium(II) and Rhodium(I) Complexes Bearing 

Diph-osphinidinecyclobutene Ligands, R. S. Jensen, K. Umeda, M. Okazaki, F. Ozawa, and M. 
Yoshifuji, J. Organomet. Chem., in press.

3.  Cyclodehydration of cis-2-Butene-1,4-diol with Active Methylene Compounds Catalyzed by a 
Diphosphinidenecyclobutene-coordinated Palladium Complex, H. Murakami, Y. Matsui, F. Ozawa, and 
M. Yoshifuji, J. Organomet. Chem. (Special Issue for the 6th JOM Symposium), 691, 3151-3156 (2006).

4.  Stereoselective Synthesis of cis- and trans-Oligo(phenylenevinylene)s via Palladium-Catalyzed Cross-
Coupling Reactions, H. Katayama, M. Nagao, F. Ozawa, M. Ikegami, and T. Arai, J. Org. Chem., 71, 
2699-2705 (2006).

5.  Thermal, Structural, and Viscoelastic Characterization of cis-Poly(phenylene vinylene) Related to 
its Photo-Isomerization, H. Katayama, F. Ozawa, Y. Matsumiya, and H. Watanabe, Polymer J., 38, 
184-189 (2006).

6.  Stereocontrolled Synthesis and Characterization of cis-Poly(arylenevinylene)s, H. Katayama, M. 
Nagao, T. Nishimura, Y. Matsui, M. Wakioka, and F. Ozawa, Macromolecules, 39, 2039-2048 (2006).

7.  Highly (Z)-Selective Hydrosilylation of Terminal Alkynes Catalyzed by a Diphosphinidene-
cyclobutene-coordinated Ruthenium Complex: Application to the Synthesis of (Z,Z)-Bis(2-
bromoethenyl)arenes, M. Nagao, K. Asano, K. Umeda, H. Katayama, and F. Ozawa, J. Org. Chem., 70, 
10511-10514 (2005).
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リビングラジカル重合による新しい機能材料の創製

18 42
48-50

5 17-20

（1）ゲルマニウムおよびスズを触媒とする新しいリビング
ラジカル重合の開発：

LRP
LRP

1-phenylethyl iodide
GeI4

1

LRP
1

60-80 2 1-5 mM 3
4 5

6

（2）濃厚微粒子を付与した単分散中空微粒子の創製：
3

3 EMO ATRP
SiP 40

PEMO 0.36 chains/nm2 SiP PEMO
SiP MMA ATRP

PEMO-b-PMMA SiP
(PEMO-b-PMMA)-SiP SiP PMMA
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SiP

2

Fig. 1   Plots  of  M n and Mw/M n vs 
monomer conversion for 
t h e  p o l y m e r i z a t i o n  o f 
styrene (80 ):[1-phenylethyl 
iodide]0=80 mM; [benzoyl 
peroxide]0=20 mM; [GeI4]0=5 
mM.
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（3）膨潤濃厚ポリマーブラシの極低摩擦特性：

AFM
3 4

PMMA

3

0.0005

Fig. 2   Schematic representation for the synthesis of polymeric hollow spheres and their scanning 
electron microscopic image. The particles were treated by a mortar prior to the measurement 
for the direct observation of hollow structure. The diameter of the silica particle used for the 
fabrication of the hollow spheres was 740 nm.

Fig. 3  AFM study on microtribology.

Fig. 4   Plot of frictional coefficient  vs. load 
for concentrated  and semi-dilute PMMA 
brushes in Toluene.
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Creation of New Functional Materials by Use of Living Radical 
Polymerization

Takeshi Fukuda

Born in 1943.  Graduated from Department of Polymer Chemistry, Faculty of Engineering, Kyoto University in 1967, and 
received a Ph. D. from Kyoto University in 1973.  Postdoctoral fellow at Manchester University, UK (1973-1975).  Has been, 
since 1973, instructor, assistant professor, associate professor and full professor at the Institute for Chemical Research, Kyoto 
University.  Major fi eld: polymer chemistry, in particular, fundamentals and applications of conventional and living radical 
polymerizations and physicochemical studies of polymer materials. Extensively developing new functional surfaces on the 
basis of surface-initiated living radical polymerization.  Received the Award of the Society of Polymer Science, Japan (1993).  
Research leader of Specially Promoted Research Science and Technology of Concentrated Polymer Brushes  supported by 
Ministry of Education, Science, Sports and Culture, Japan (2005-2009).

(1) Development of Novel Living Radical Polymerizations Catalyzed by Germanium or Tin 
Iodides: Ge and Sn (non-transition-metal) catalyzed living radical polymerizations (LRPs) were developed 
as novel and robust LRPs. The LRPs were successfully applied to styrene, methyl methacrylate, and 
functional methacrylates with an epoxide and a hydroxyl group. For example, the polymerization of 
styrene with 1-phenylethyl iodide as a low-mass alkyl iodide, benzoyl peroxide as a conventional 
radical initiator, and GeI4 as a catalyst at 80  provided low-polydispersity (Mw/Mn ~ 1.1-1.2) polymers 
with predicted molecular weights, as shown in Figure 1. Attractive features of the Ge and Sn catalysts 
include their high reactivity hence small amounts (1–5 mM) being required under a mild condition (at 
60–80 ), high solubility in organic media without ligands, insensitivity to air hence sample preparation 
being allowed in air, and virtually no color and smell. The Ge catalysts may also be attractive for their low 
toxicity. 

(2) Fabrication of Monodisperse Hollow Spheres Grafted with Concentrated Polymer Brushes: 
An oxetane group-carrying methacrylate, 3-ethyl-3-(methacryloyloxy)methyloxetane (EMO), was 
polymerized via copper-mediated atom transfer radical polymerization (ATRP) initiated from the 
surface of monodisperse silica particles (SiPs). The polymerization proceeded in a living manner 
producing SiPs grafted with well-defined poly(EMO) (PEMO) of target molecular weight up to 
about 400K with a graft density ( ) as high as 0.36 chains/nm2. The surface-initiated ATRP of methyl 
methacrylate (MMA) with PEMO-grafted SiPs as macroinitiator afforded SiPs grafted with block 
copolymer of the type PEMO-b-PMMA ((PEMO-b-PMMA)-SiPs). The PEMO layer of (PEMO-b-
PMMA)-SiPs, located between the PMMA shell and the SiP core, was cross-linked by cationic ring 
opening reaction of the oxetane groups of the EMO moieties. The removal of the SiP core of the cross-
linked (PEMO-b-PMMA)-SiPs by HF etching gave polymeric hollow spheres having size uniformity 
and good dispersibility in organic solvents (Figure 2).

(3) Ultra-low Frictional Coeffi cients between Solvent-Swollen Concentrated Polymer Brushes: 
The interaction forces between surfaces modified with PMMA brushes were measured in good 
solvent by atomic force microscopy. The semi-dilute brush (  = 0.024 chains nm-2, Mn = 90,000, Mw/
Mn = 1.27) had two different regimes of friction (see Figure 4): at low applied loads, the frictional 
coeffi cient  was very low (< 0.001), and in the threshold region, it steeply increased with increasing 
applied load, approaching the limiting constant value of about 0.1. This transition was ascribed to the 
interpenetration of the brushes at high loads. Most interestingly, the  value between concentrated 
brushes (  = 0.53 chains nm-2, Mn = 88,000, Mw/Mn = 1.17) showed no such transition, staying at low 
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values, lower than 5 x 10-4, in the whole range of loads studied. This  value is one of the lowest of 
all materials and comparable to that achieved for polyelectrolyte semi-dilute brushes with the help of 
a charge effect. This extremely low frictional property was reasonably ascribed to the fact that swollen 
concentrated brushes would hardly interpenetrate each other due to the large osmotic pressure and 
highly stretched chain conformation (entropic interaction). This mechanism of super lubrication  of 
concentrated brushes should be effective not only in a microscopic scale but also in a macroscopic 
scale. 
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遷移金属錯体を用いた新規触媒的不斉合成反応の開発
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Fig. 1  Chiral Dienes and Their Rhodium Complexes
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Development of New Catalytic Asymmetric Reactions Catalyzed by 
Transition Metals

Tamio Hayashi

Born in 1948.  He received his Ph.D. degree in 1975 from Kyoto University under the direction of Professor Makoto Kumada.  
Then he was appointed as a Research Associate in Faculty of Engineering, Kyoto University.  He spent the year 1976-1977 
as a postdoctoral fellow at Colorado State University with Professor Louis S. Hegedus.  He was promoted to Full Professor 
in 1989 in the Catalysis Research Center, Hokkaido University.  Since 1994, he has been Full Professor in the Faculty of 
Science, Kyoto University.  His awards include the Award for Young Chemists of the Society of Synthetic Organic Chemistry, 
Japan in 1983, the IBM (Japan) Prize in 1991, The Chemical Society of Japan Award in 2003, Thomson Scientifi c Research 
Front Award in 2004, and Molecular Chirality Award in 2005.  He has been interested in the development of new reactions 
catalyzed by transition metal complexes, especially in catalytic asymmetric reactions.

One of the significant subjects for developing catalytic asymmetric reactions is the design and 
preparation of a chiral ligand which will fi t in with a given reaction effi ciently in catalytic activity 
and enantioselectivity. A number of chiral molecules containing phosphorus and/or nitrogen atoms 
have been prepared and used for transition metal-catalyzed asymmetric reactions.  Recently we have 
been developing chiral dienes as chiral ligands for the asymmetric catalysis. The C2-symmetric chiral 
dienes, whose backbone is based on bicyclo[2.2.1]hepta-2,5-diene (nbd*) or bicyclo[2.2.2]octa-2,5-
diene (bod*) skeleton, are prepared and used successfully for the rhodium-catalyzed asymmetric 
carbon-carbon bond forming reactions. High enantioselectivity as well as high catalytic activity was 
observed in the asymmetric addition of organoboron reagents to , -unsaturated ketones, esters, and 
N-sulfonylimines. Arylative cyclization reactions of alkene-aldehyde and alkene-enoate is another 
example where the chiral diene ligands show high performance with respect to both enantioselectivity 
and catalytic activity.
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精密酸塩基触媒を用いる触媒的不斉合成反応の開発
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Apart from enzymes as biocatalysts, a broad repertoire of chiral reagents, auxiliaries, and catalysts 
can be developed in recent years.  In this respect, the design of new catalysts and new reactions in an 
environmentally benign manner is increasingly important in the 21st century for the construction of 
new and useful molecules.  Accordingly, we have developed new catalytic asymmetric reactions based 
on (1) the rational design of conceptually new, chiral bidentate Lewis acids in catalytic asymmetric 
synthesis; (2) the design of environmentally benign chiral phase-transfer catalysts and chiral 
binaphthyl-modifi ed amine catalysts as chiral organocatalysts.

(1) Design of Chiral Bidentate Lewis Acids in Catalytic Asymmetric Synthesis
Enantioselective activation of carbonyl groups with certain chiral Lewis acids is a well-

established method for enhancing their reactivity and selectivity toward asymmetric nucleophilic 
addition.  Previous asymmetric strategies with such chiral Lewis acids utilize a single coordination 
complex between aldehyde and chiral monodentate Lewis acids which inevitably causes free 
rotation at the M-O bond, lowering the enantioselectivity of the asymmetric reactions, and it seems 
difficult to overcome this intrinsic problem by the approaches currently known, in order to attain 
uniformly high asymmetric induction.  In this context, we are interested in the possiblity of forming 
double coordination complex with chiral bidentate Lewis acids, thereby allowing more precise 
enantioface discrimination as well as more effective activation of aldehyde carbonyl.  Accordingly, 
we have developed a new catalytic, practical enantioselective 1,3-dipolar cycloaddition reaction of 
diazoacetates and -substituted acroleins using a newly designed, chiral bidentate Ti(IV) complex, 
and applied to the short-step synthesis of naturally occurring Manzacidin A.  Several characteristic 
features and further scope of the asymmetric 1,3-dipolar cycloaddition reaction including the catalyst 
design was elucidated in this research.

(2) Design of Environmentally Benign Chiral Phase-Transfer Catalysts
Phase transfer catalysis (PTC) has been recognized as a convenient and highly useful synthetic 

tool in both academia and industry because of several advantages of PTC (operational simplicity, 
mild reaction conditions with aqueous media, environmental consciousness, suitability for large-
scale reactions, etc.), which meet the current requirement for practical organic synthesis. For example, 
exploitation of efficient methods for the preparation of both natural and unnatural -alkyl- and 

, -dialkyl- -amino acids, especially in enantiomerically pure form by asymmetric PTC, has become 
of great importance due to the high synthetic utility. Accordingly, several phase transfer catalysts 

Development of Catalytic Asymmetric Reactions 
with Sophisticated Acid Base Catalysts

Keiji Maruoka
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have been developed that lead to products with excellent enantioselectivity in high yields. However, 
despite numerous studies, truly efficient catalytic systems with high enantioselection at very low 
catalyst loading (e.g., <0.1 mol%) are still rare in asymmetric carbon-carbon bond formation, and 
major progress in terms of catalyst loading is still most desirable for practical asymmetric synthesis. 
Since our recently developed, chiral spiro-type (R,R)- or (S,S)-3,4,5-trifluorophenyl-NAS bromide 
shows exceedingly high enantioselectivity in asymmetric alkylation of -amino acid derivatives, 
our next target is focused on the design of a very active phase transfer catalyst.  Considering the 
highly lipophilic nature of 3,4,5-trifl uorophenyl-NAS bromide and generation of a metal enolate in an 
interfacial layer, such lipophilic 3,4,5-trifl uorophenyl-NAS bromide must move to the interfacial layer 
to induce a facile exchange reaction with a metal enolate. Based on this assumption, our strategy is to 
replace a rigid binaphthyl moiety in 3,4,5-trifl uorophenyl-NAS bromide by fl exible straight-chain alkyl 
groups to furnish a new catalyst of type 3, which substantially accelerates the enolate exchange with 3 
due to the increasing polarity of dialkylammonium moiety.  We have found that such a designer chiral 
quaternary ammonium salt 3 behaves as a very powerful chiral phase transfer catalyst for the highly 
practical, enantioselective alkylation of protected glycine and -alkyl- -amino acid derivatives.

One disadvantage of the asymmetric phase transfer alkylation of glycine derivative for the 
synthesis of -alkyl- -amino acids is the diffi culty of preparaing sterically hindered -alkyl- -amino 
acids. Accordingly, we are intrigued for the development of asymmetric Strecker reactions under 
phase transfer conditions. The Strecker reaction, catalytic asymmetric cyanation of imines represents 
one of the most direct and viable methods for the asymmetric synthesis of -amino acids and their 
derivatives. However, there is no example for asymmetric Strecker reaction under phase transfer 
conditions. By designing helical chiral phase transfer catalysts of type 3, catalytic asymmetric Strecker 
reaction of sulfonyl imines can be realized under phase transfer conditions to furnish protected amino 
nitriles with excellent enantioselectivity.
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環拡張ポルフィリン金属錯体を基本骨格とする
高機能性分子素材の設計と合成
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1987 1996
1988 1999 2001

CREST

（1）環拡張ポルフィリンの合成：
5

 

Figure 1

（2）ノナフィリンの合成とその金属錯体の性質： 9 1
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Fig. 1   Structures of meso-aryl expanded 
porphyrins.
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（3）ヘプタフィリンの合成とホウ素錯化： 7

39% 6

7
2 8 8

DMF 4 9 Scheme 
1 9 BBr3

Fig. 2   X-Ray crystal structure of 1; a) top view 
and b) side view. Peripheral substituents 
at meso-position and hydrogen atoms at 

-positions are omitted for clarity. c) 
Formal structure of 1.

Fig. 3   a) X-Ray crystal structure of 2 .  
Peripheral substituents at meso-
posit ion and hydrogen atoms at 

-positions are omitted for clarity. b) 
Formal structure of 2.

Fig. 4   X-Ray crystal structures of a) 3 and b) 4.  
Peripheral substituents at meso-position 
and hydrogen atoms at -positions are 
omitted for clarity.

Fig. 5   X-Ray crystal structures of 5; a) top view and 
b) side view. Peripheral substituents at meso-
position and hydrogen atoms at -positions 
(except H1) are omitted for clarity. 

Scheme 1  Synthesis of N-fused heptaphyrins.
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Design and Synthesis of Excellent Functional Materials Based on Expanded 
Porphyrin Metal Complexes 

Atsuhiro Osuka

Atsuhiro Osuka was born in Gamagori, Aichi in 1954.  He received his PhD degree from Kyoto University in 1982 on 
the photochemistry of epoxyquinones.  In 1979, he started an academic career at the Department of Chemistry of Ehime 
University as an assistant professor.  In 1984, he moved to the Department of Chemistry of Kyoto University, where he 
became a professor of chemistry in 1996.  He was awarded the CSJS Award for Young Chemists in 1988 and the Japanese 
Photochemistry Association Award in 1999.  His research interests cover many aspects of synthetic approaches toward the 
artificial photosynthesis and development of porphyrin-related compounds with novel structures and functions.  He was 
selected as a project leader of Core Research for Evolutional Science and Technology (CREST) of JST in 2001.

In recent years, increasing attention has been focused on the study of so-called expanded 
porphyrins that consist of fi ve or more conjugated pyrrolic subunits. Our own activity in this area has 
been triggered by our unexpected fi nding that a series of meso-aryl-substituted expanded porphyrins 
can be prepared in a simple one-pot reaction of a 2,6-substituted aryl aldehyde with pyrrole under 
modifi ed Rothemund-Lindsey conditions. meso-Aryl-substituted expanded porphyrins can be regarded 
as real homologues of meso-tetraaryl porphyrins. This new class of molecules exhibits interesting 
spectral, electrochemical, and coordination properties.

(1) meso-Aryl Expanded Porphyrins: A series of meso-aryl expanded porphyrins were prepared from 
the acid catalyzed one-pot synthesis of pyrrole and pentafluorobenzaldehyde (Figure 1). Expanded 
porphyrins are interesting from the viewpoint of the annulene chemistry, since the number of  
electrons in the conjugated circuit usually determines the aromaticity of the macrocycles. 

(2) Nonaphyrin and its Metal Complexes: meso-Pentafl uorophenyl-substituted [40]nonaphyrin(1.1.
1.1.1.1.1.1.1) was prepared by stepwise ring-size selective synthesis and was reduced with NaBH4 to 
[42]nonaphyrin(1.1.1.1.1.1.1.1.1). The structures of both forms have been structurally characterized 
to be a fi gure-eight shape consisting of a porphyrin-like tetrapyrrolic segment and a hexaphyrin-like 
hexapyrrolic segment and a distorted nonplanar butterfly-like shape, respectively. In mono-metal 
complexes, ZnII or CuII ion is bound in the porphyrin-like tetrapyrrolic segment with maintenance of 
the overall structure of 1. Similar to 1, the complexes 3 and 4 are interconvertible with corresponding 
reduced froms via two-electron reduction with NaBH4 and oxidation with DDQ. The metal-free 
hexaphyrin-like segments of 3 and 4 have been shown to serve as a nice platform for complexation 
of two palladium ions, providing hetero-trinuclear metal complexes (ZnII-PdII-PdII and CuII-PdII-PdII) 
in high yields, in which Zn and Cu ion each resides at the same porphyrin-like segment and one Pd 
ion is bound with an NNCC fashion through double C H bond activation and the other Pd ion is 
bound with a NNC fashion with single C H bond activation. Multi-metal complexes exhibit small 
electrochemical HOMO-LUMO gaps (< 0.6 eV), despite their nonplanar conformations. 

(3) Heptaphyrin and a Boron Complex of Quadruply N-fused Heptaphyrin: meso-Heptakis 
(pentafl uorophenyl)heptaphyrin(1.1.1.1.1.1.1) 6 was prepared by a stepwise route in 39% yield and its 
unique N-fusion reaction (NFR) sequence has been revealed; this reaction leads to singly-, doubly-, 
and quadruply N-fused heptaphyrins (7, 8, and 9) in good yields. These transformations are facilitated 
by the inherent conformational distortion of 6 as well as the distorted, folded conformations of N-fused 
heptaphyrins 7 and 8. The proximate arrangement of the three pyrrole units in 9 allowed for the 
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formation of the tripyrrolyl boron-(III) complex 10 with unique coordination features. Molecules 6, 
8, and 10 were structurally characterized by X-ray crystallography. In addition, the boron complex 10 
displayed weak but distinct fl uorescence in the near infrared region.

Publications
1.  Syntheses of 2-Arylated Corroles, a Directly Linked Corrole–Porphyrin Hybrid, a 1,4-Phenylene- 

bridged Corrole Dimer, and 2-Hydroxycorrole via Regioselective Ir-Catalyzed Direct Borylation of 
Corrole, S. Hiroto, I. Hisaki, H. Shinokubo, A. Osuka, Angew. Chem. Int. Ed., 44, 6763-6766 (2005), 
selected as a HOT paper.

2.  Internally 1,4-Phenylene-bridged meso-Aryl Substituted Expanded Porphyrins; The Decaphyrin and 
Octaphyrin Cases, V. G. Anand, S. Saito, S. Shimizu, A. Osuka, Angew. Chem. Int. Ed. 44, 7244 (2005).

3.  Oxidation of Hydroquinones with meso-Hexakis- pentafl uorophenyl [26]hexaphyrin(1.1.1.1.1.1), C. 
Maeda, H. Shinokubo, A. Osuka, Org. Biomol. Chem., 4, 200-202 (2006). 
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(1.1.1.1.1.1) via an Unprecedented Double Pyrrolic Rearrangement, M. Suzuki, M.-C. Chul, D. Y. 
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6.  Regioselective vicinal-Dichlorination of meso-Aryl [26]Hexaphyrin(1.1.1.1.1.1), K. Youfu, A. Osuka, 
Tetrahedron Lett., 47, 1381-1384 (2006). 

7.  Synthesis of Pyrrolidine-Fused [34] and [36]Octaphyrins via 1,3-Dipolar Cycloaddition, H. Hata, Y. 
Kamimura, H. Shinokubo, A. Osuka, Org. Lett., 8, 1169-1172 (2006). 

8.  Porphyrin Synthesis in Water Provides New Expanded Porphyrins with Direct Bipyrrole Linkages: 
Isolation and Characterization of Two Heptaphyrins, S. Hiroto, H. Shinokubo, A. Osuka, J. Am. Chem. 
Soc., 128, 6568-6569 (2006). 

9.  meso-Trifl uoromethyl Substituted Expanded Porphyrins, S. Shimizu, N. Aratani, A. Osuka, Chem. Eur. 
J., 12, 4909-4918 (2006). 

10.  Comparative Photophysical Properties of Free-base, bis-Zn(II), bis-Cu(II), and bis-Co(II) Doubly 
N-Confused Hexaphyrins(1.1.1.1.1.1), J. H. Kwon, T. K. Ahn, M.-C. Yoon, D. Y. Kim, M. K. Koh, D. 
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11.  Synthesis and Biradicaloid Character of Doubly Linked Corrole Dimers, S. Hiroto, K. Furukawa, H. 
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12.  Nonlinear Optical Properties and Excited-State Dynamics of Highly Symmetric Expanded Porphyrins, 
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13.  N-Fusion Reaction Sequence of Heptaphyrin(1.1.1.1.1.1.1); Singly, Doubly, and Quadruply N-Fused 
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新規含高周期典型元素化学種の創製
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Fig. 1   Synthesis of 9-germaanthracene 1 and 9-germaphenanthrene 2.



209

1 2
14

1 2

1 2

520 nm 409 nm
9- 1 14

9-
2

1
2

14

（2）かさ高い置換基を有するβ-ジケチミナート配位子の合成とその応用

　 -

Tbt
- 5

-
4

5
4

4 6
X

4 6a-c
4

7a-c
7 2 4 7

/1-

Fig. 2   Structure of 9-germaanthracene 1 (a) and 
9-germaphenanthrene 2 (b).

Fig. 3   Synthesis of β-diketiminato complex of group 
4 metals and its reduction reaction.
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Synthesis of Novel Species Containing Heavier Main Group Elements 
Norihiro Tokitoh

Norihiro Tokitoh, born in 1957, received his Ph. D. at The University of Tokyo in 1985. He became Research Associate (1986) 
and Assistant Professor (1987) at Tsukuba Univ., and then Assistant Professor (1989) and Associate Professor (1994) at 
The University of Tokyo. He was promoted to Professor of Chemistry at the Institute for Fundamental Research of Organic 
Chemistry, Kyushu University in 1998, and moved to Kyoto University as Professor of Organoelement Chemistry Laboratory at 
the Institute for Chemical Research in 2000. He was Visiting Professor of Coordination Chemistry Laboratories at the Institute 
for Molecular Sciences during the period of 2001-2003. He is now Vice-Director of Institute for Chemical Research, Kyoto 
University from April 2005. He received the Progress Award in Synthetic Organic Chemistry of Japan in 1992, the Japan IBM 
Science Award in 1998, the CSJ (Chemical Society of Japan) Award for Creative Work in 2003, Humboldt Research Award 
in 2003 and so on. His main research fi elds are organoheteroatom and organometallic chemistry, and his current research 
interests are focused on the kinetic stabilization of highly reactive, low-coordinate compounds of heavier main group elements.

It is very important to synthesize compounds having novel structures and to elucidate their properties, 
since such studies may lead to the developments of novel reactions and novel functional materials. We 
are studying the synthesis and isolation of highly reactive species as stable compounds by introducing 
bulky substituents to protect the reactive cites (steric protection) and the elucidation of their properties. 
We have already developed effective protection groups, 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl (Tbt) 
and 2,6-bis[bis(trimethylsilyl)methyl]-4-[tris(trimethylsilyl)methyl]phenyl (Bbt), which are successfully 
applied to the synthesis of a variety of novel compounds containing heavier main group elements. In this 
project, we examined the syntheses of novel metallaaromatic compounds containing a germanium atom 
(9-germaanthracene and 9-germaphenanthrene) and titanium, zirconium, and hafnium complexes with new 
overcrowded β-diketiminato ligand bearing a Tbt group.

(1) Synthesis of the First Stable 9-Germaanthracene and 9-Germaphenanthrene: The chemistry of aromatic 
compounds containing a heavier group 14 element is important to understand the concept of aromaticity , 
which has been one of the fascinating topics in organic chemistry. We have succeeded in the synthesis and 
isolation of kinetically stabilized sila-, germa-, and stannaaromatic compounds by taking advantage of an 
effi cient steric protection group, Tbt group, and revealed their considerable aromaticity based on their molecular 
structures, spectroscopic properties, and reactivities. In this project, we succeeded in the synthesis of a new 
family of stable germaaromatics, the first stable 9-germaanthracene 1 and 9-germaphenanthrene 2, both of 
which are isomers of the 14π electron conjugated systems containing a germanium atom. Compounds 1 and 
2 were synthesized by the reaction of the corresponding precursors 3 and 4 with LDA, respectively. Their 1H 
and 13C NMR spectra indicate the ring current effect on the 14π-electron-germaaromatic rings of 1 and 2. The 
X-ray crystallographic analyses of 1 and 2 revealed their planar geometries of the germaaromatic skeleton. The 
longest λmax of 9-germaanthracene 1 is apparently longer than that of 2, as expected by their colors in solution 
(red for 1 and pale yellow for 2). Hence, it is evidenced that the 14π-electron systems of germaaromatics can be 
extensively conjugated in the linear type but not so effectively in the zigzag type.

(2) Synthesis and Applications of a New β-Diketiminato Ligand Bearing Bulky Substituents: The 
chemistry of β-diketiminato ligands has been extensively studied, and it has been revealed that they can 
stabilize the metals with unusual valency, such as group 4 metals. In this project, we have studied the 
synthesis of a new lithium β-diketiminate 5 bearing an extremely bulky substituent, a Tbt group, and its 
application toward complexation with group 4 metals. Reactions of 5 with [MCl4(thf)2] (M = Ti, Zr, Hf) gave 
the corresponding trichlorides 6a-c. The structures of 6a-c were defi nitively determined by the spectroscopic 
and X-ray crystallographic analyses. In the hope of obtaining the corresponding low-valent compounds of 
the group 4 metals, the reductions of 6a-c were attempted.  The reaction of 6a-c with KC8 in the presence of 
TMEDA and LiCl resulted in the formation of unexpected imido complexes 7a-c, respectively.
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ナノ構造を制御した人工光合成系の構築
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（2）電子供与性のペリレンを用いた連結系の合成と光物性：
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Creation of Nanostructured Artifi cial Photosynthesis
Hiroshi Imahori

Born in 1961. He received his Ph.D. degree from Kyoto University (1990). He was a postdoctoral fellow in the Salk 
Institute for Biological Studies, USA (1990-1992), a research associate in the Institute of Scientifi c and Industrial Research 
(1992-1999), an associate professor in Graduate School of Engineering, Osaka University (1999-2002). Now he has been 
a professor in the Department of Molecular Engineering, Graduate School of Engineering, Kyoto University (2002-). He 
got the Young Investigator Award from the Society of Porphyrins and Phthalocyanines (2002), the Japanese Photochemistry 
Association Prize (2004), JSPS Prize (2006), and the CSJ Award for Creative Work (2006). He has been devoted in the 
development of artifi cial photosynthetic systems based on porphyrins, fullerenes, nanotubes, and nanoparticles. 

(1) Substituent effects of porphyrins on photoelectrochemical properties of dye-sensitized bulk 
heterojunction solar cell: We examined substituent effect of meso-tetraphenylporphyrins (TPP) on 



214

the nanostructure and photoelectrochemical properties of SnO2 electrodes modifi ed electrophoretically 
with the composite clusters of TPP and C60. The maximum IPCE value (59% at 425 nm) of ITO/
SnO2/(3,5-TPP+C60)m device is much larger than those of ITO/SnO2/(3,4,5-TPP+C60)m (10%), ITO/
SnO2/(2,6-TPP+C60)m (5.7%), and other related porphyrin and C60 single component composite 
devices (1-17%). It should be emphasized here that the simple substituent of methoxy groups onto 
the meta-positions of the meso-phenyl groups at the porphyrin ring is responsible for the efficient 
photocurrent generation, which is much superior to the systems from the more complex, time-
consuming pre-organized porphyrin molecular assemblies and C60. Various spectroscopic and surface 
analyses revealed that the molecular arrangement of 3,5-TPP and C60 composite clusters on the SnO2 
electrode involves the similar specifi c molecular packing of single crystal 3,5-TPP • 2C60 • toluene in 
which the porphyrin and C60 make an alternative layer structure where the closest porphyrin moieties 
are arranged in a one-dimensional chain, while the closest C60 moieties in a two-dimensional sheet 
with sandwiching 3,5-TPP between two C60 molecules.  The segregated nanoarrays of porphyrin and 
fullerene on the SnO2 electrode allow the system to undergo ultrafast electron transfer within the 
supramolecular complex of the porphyrin and C60 molecules, followed by hole and electron relay 
through the nanostructured one-dimensional porphyrin chains and two-dimensional C60 sheets, leading 
to the efficient photocurrent generation.  In bulk heterojunction solar cells many researchers have 
suggested the importance of nanostructured electron and hole transporting pathways which have never 
been confi rmed experimentally. Our fi nding is the fi rst demonstration for the hypothesis.  Such results 
provide valuable information on the design of molecular photovoltaics in nanoscale.

(2) Synthesis and photophysical properties of electron-donating pyrenediimide-C60 dyad: An 
electron-rich perylenediimide-C60 dyad has been prepared to explore a new type of donor-acceptor 
system. Time-resolved absorption measurements in benzonitrile revealed unambiguous evidence for 
the formation of a charge-separated state consisting of perylene diimide radical cation and C60 radical 
anion via photoinduced electron transfer, showing a new class of artifi cial photosynthetic models in 
term of charge separation. 
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エナンチオ選択的炭素－炭素結合切断による不斉４級炭素の構築
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Table 1 1a (S)-SEGPHOS 2a 96%
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Chiral all-carbon quaternary centers are often contained in natural products and pharmaceuticals, 
yet the synthesis of such centers with control of asymmetry remains a signifi cant challenge for synthetic 
chemists. A few methods can be envisaged for the asymmetric construction of chiral quaternary centers 
(Scheme 1). A direct method to achieve this transformation is by the stereoselective introduction of a 
carbon–carbon bond onto an unsymmetrically gem-disubstituted sp2 carbon of an olefi n (A), or onto a 
quaternary sp3 carbon with resident chirality (B). In these carbon–carbon bond forming methods, the 
stereochemical information is installed at a highly sterically congested carbon. The desymmetrization 
of a pre-installed symmetrically substituted quaternary carbon center would also provide convenient 
access to chiral quaternary centers. This alternative pathway, (C), dispenses with the need to form a 
carbon–carbon bond with control of asymmetry in the midst of signifi cant steric congestion.

We previously reported the rhodium-catalyzed intermolecular reaction of arylboronic acids 
with cyclobutanones, which produces arylated ketones through a 1,2-addition to the carbonyl group 
and subsequent ring-opening of the resulting rhodium cyclobutanolates by -carbon elimination. 
We envisioned that selective cleavage of one of the two prochiral carbon–carbon single bonds of 
a symmetrical cyclobutane skeleton would open an avenue for the asymmetric synthesis of chiral 
quaternary carbon centers via pathway C in Scheme 1. Herein, we describe the rhodium-catalyzed 
asymmetric synthesis of 1-indanones having benzylic quaternary carbon centers and the application of 
this method to a synthesis of a naturally occurring sesquiterpene, (–)- -herbertenol.

In order to achieve the desymmetrization reaction, we prepared cyclobutanone 1a having a 
2-borylphenyl group at the 3-position. An o-bromostyrene derivative was prepared by methylenation 
of 2-bromophenyl ethyl ketone with the Petasis reagent. Subsequent [2+2] cycloaddition with 
dichloroketene followed by dechlorination with zinc afforded cyclobutanone. After protecting 
the carbonyl group as a cyclic ketal, the ortho-bromo group was transformed into a boronic acid 
functionality. Deprotection of the ketal group, followed by treatment with pinacol furnished 1a, 
equipped with a symmetrically substituted quaternary center and two prochiral carbon–carbon single 
bonds which were potentially amenable to enantioselective cleavage.

When boryl-substituted cyclobutanone 1a was heated in 1,4-dioxane–H2O (20:1) in the presence 
of a rhodium(I) catalyst (10 mol % Rh, Rh:DPPB = 1:1) at 100  for 6 h, an intramolecular addition/
ring-opening reaction occurred to afford 3-ethyl-3-methyl-1-indanone (2a) in 87% yield (Scheme 3). 
Mechanistically, the reaction proceeds via (i) transmetalation of the boryl group of 1a with rhodium(I), 
(ii) intramolecular addition of the arylrhodium species 3 to the carbonyl group, forming a symmetrical 
bicyclo[2.1.1]hexane skeleton 4, (iii) ring-opening of the cyclobutanolate moiety by -carbon elimination, 
and (iv) protonolysis of the resulting alkylrhodium 5 to furnish a methyl group. Thus, the original 
symmetrically substituted quaternary carbon center at the benzylic position of 1a was desymmetrized in 2a.

10 Mukherjee
11 (S)-SEGPHOS (–)-

Enantioselective C–C Bond Cleavage Creating Chiral Quaternary Carbon Centers
Masahiro Murakami

Born in 1956. He received his Ph.D. from The University of Tokyo under the direction of Professor T. Mukaiyama in 1984. He 
held the position of Assistant Professor at the University of Tokyo (1984-1987) and Kyoto University (1987-1993). From 1991 
to 1992, he worked as a postdoctoral fellow with Professor A. Eschenmoser at ETH Zürich, Switzerland. He was promoted 
to Associate Professor in 1993 and full Professor in 2002 at Kyoto University. He received The Chemical Society of Japan 
Award for Young Chemists for 1989 and The Chemical Society Award for Creative Work for 2004.
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Our attention was then focused on an asymmetric version of the ring-opening reaction. Various 
chiral phosphine ligands were examined, and good enantioselectivities were observed with chiral 
biaryl diphosphine ligands. Representative results are listed in Table 1. The (S)-SEGPHOS ligand 
induced the best enantioselectivity of 95% ee for the reaction of 1a (entry 1). The use of diphosphine 
ligands possessing a wider bite angle than SEGPHOS resulted in a decrease in enantioselectivity 
(entries 2 and 3). The same trend was observed among the three chiral ligands in the reaction of 1b, 
and product 2b was obtained in 79% ee with SEGPHOS (entries 4–6). Cyclobutanone 1c, having 
a bulky isopropyl group at the 3-position, also yielded 2c in 94% ee although the reaction required 
higher catalyst loading and longer reaction time (entry 7). Even cyclobutanone 1d with the 3-position 
monosubstituted afforded 3-methyl-1-indanone 2d in 83% ee (entry 8).

The synthetic potential of the intramolecular addition/ring-opening reaction was demonstrated 
by application in the asymmetric synthesis of a sesquiterpene, (–)- -herbertenol (11), which exhibits 
a range of biological properties including antifungal activity. In a manner similar to that for the 
synthesis of 1a, the symmetrical cyclobutanone 6, armed with an arylboronic acid moiety (Scheme 
3), was prepared from 2-bromo-5-methylbenzaldehyde. The rhodium-catalyzed asymmetric addition/
ring-opening reaction of 6 using SEGPHOS afforded indanone 7 in 93.7% ee (84% chemical yield). 
Subsequent Baeyer–Villiger oxidation with mCPBA caused migration of the aryl group to afford lactone 
8, whose ester linkage was then cleaved with NaOH. Both hydroxy and carboxy groups were methylated 
with Me2SO4. Finally, the benzyloxy group of 9 was transformed to a bromo group affording 10. The 
bromoester 10 was transformed to -herbertenol 11 according to the procedure reported by Mukherjee 
in order to determine the absolute confi guration of the quaternary center. Measurement of the optical 
rotation of 11 established that the absolute stereochemistry was that of the natural enantiomer.

In summary, we have developed a method for the enantioselective cleavage of a carbon–carbon 
single bond by -carbon elimination to create a chiral benzylic quaternary carbon center. The utility of 
the desymmetrization process was demonstrated by application to a synthesis of (–)- -herbertenol.
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　 SUMO Small ubiquitin-like modifi er NEDD8 C

-
modifi er SUMO

- - -
DNA

SUMO-1 SUMO-4 4 SUMO SUMO-4
SUMO-1 SUMO-2 SUMO-3

SUMO-1 SUMO-2/3 2
SUMO DNA thymine DNA 

glycosylase TDG T-G U-G DNA
TDG

T-G U-G Base excision repair
TDG DNA

Schör TDG
SUMO SUMO TDG DNA

TDG SUMO DNA

17 SUMO-1
TDG 1 1 2 3 3 9

X
SUMO1-TDG TDG

SUMO Lys330
18 SUMO-3 TDG

SUMO3-TDG SUMO3-TDG
SUMO-3 TDG

SUMO3-TDG SUMO1-TDG
SUMO3-

たんぱく質によるたんぱく質修飾の構造生物化学

35 63
1-7 7-13

13-16
17 1 X

SUMO-3 TDG



221

TDG TDG SUMO 317-329 SUMO1-TDG
7

SUMO C
SUMO-1 TDG SUMO-1/TDG

SUMO1-TDG SUMO1-TDG
317-329 7

SUMO-1/TDG C 327

（2）細胞中のユビキチン誘導体の 2次元 NMRスペクトルの測定
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Structural biochemistry of modifi er proteins
Masahiro Shirakawa

Born in 1960. He received his Ph.D. degree from Osaka University. He was a research associate in Institute of Protein Research, 
Osaka University (1989-1995), an assistant professor in Graduate School of Bioscience, Nara Institute of Science and Technology 
(1995-2001), a professor in Graduate School of Integrated Science, Yokohama City University (2001-2004). Now he has been a 
professor in Graduate School of Engineering, Kyoto University (2005-). He has been devoted in structural biology and biochemistry.

SUMO (small ubiquitin-like modifi er) family proteins are ubiquitin-like modifi er proteins, and 
can be covalently attached to a lysine residue of target proteins, through an enzymatic pathway similar 
to that used in ubiquitin conjugation. SUMO-conjugation (SUMOylation) is involved in a impressive 
range of cellular events, which include transcription, chromatin formation, nuclear transport, DNA 
repair, and chromosome segregation. Four SUMO isoforms have been identified in mammals, of 
which SUMO-1 to SUMO-3 are thought to function as protein modifi ers.

We have determined the crystal structure of the central region, residues 112-339, of human 
thymine DNA glycosylase (TDG) conjugated to SUMO-3. The structure is similar to that of the central 
region of TDG conjugated to SUMO-1. 

In-cell NMR is the observation of NMR signals of proteins inside cells. We have measured in-cell 
NMR spectra of ubiquitin derivatives in oocytes from the African clawed frog Xenopus laevis. 
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生体機能物質の創製と機能
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（1）細胞送達ペプチドベクターの機能解明と設計
　 HIV-1 Tat
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HIV-1 Tat
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Fig. 1   Possible involvement of actin rearrangement 

and macropinocytosis in the internalization 
processes during the delivery using arginine-
rich peptide vectors.
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pyrene

（2）人工受容体型イオンチャネルタンパク質の創出
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Fig. 2   Design of ion-channel forming peptide, 
Alm-[Ida]Fos (A) and structure of Ida (B). 
Schematic representation of artificial metal-
gated ion-channel formed by Alm-[Ida]Fos (C).
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(1) Functional elucidation and design of novel peptide vectors for intracellular delivery: 
Arginine-rich peptides, including octaarginine (R8), HIV-1 Tat, and branched-chain arginine-
rich peptides, belong to one of the major classes of cell-permeable peptides which deliver various 
proteins and macromolecules to cells. The importance of the endocytic pathways has recently been 
demonstrated in the cellular uptake of these peptides. We have previously shown that macropinocytosis 
is one of the major pathways for cellular uptake and that organization of the F-actin accompanies 
this process. In this study, using proteoglycan-deficient CHO cells, we have demonstrated that the 
membrane-associated proteoglycans are indispensable for the induction of the actin organization and 
the macropinocytic uptake of the arginine-rich peptides. We have also demonstrated that the cellular 
uptake of the Tat peptide is highly dependent on heparan sulfate proteoglycan (HSPG), whereas the 
R8 peptide uptake is less dependent on HSPG. This suggests that the structure of the peptides may 
determine the specificity for HSPG, and that HSPG is not the sole receptor for macropinocytosis. 
Comparison of the HSPG specifi city of the branched-chain arginine-rich peptides in cellular uptake has 
suggested that the charge density of the peptides may determine the specifi city. The activation of the 
Rac protein and the actin organization was observed within a few minutes after the peptide treatment. 
These data strongly suggest the possibility that the interaction of the arginine-rich peptides with the 
membrane-associated proteoglycans quickly activates the intracellular signals and induces actin 
organization and macropinocytotis. We also found a dramatic change in the methods of internalization 
for these peptides brought about by the presence of pyrenebutyrate, a counteranion bearing an aromatic 
hydrophobic moiety. In the absence of pyrenebutyrate, endocytosis plays a major role in cellular 
uptake. However, the addition of pyrenebutyrate results in direct membrane translocation of the 
peptides yielding diffuse cytosolic peptide distribution within a few minutes. Using this method, rapid 
and effi cient cytosolic delivery of the enhanced green fl uorescent protein (EGFP) was achieved in cells 
including rat hippocampal primary cultured neurons. Enhancement of bioactivity on the administration 
of an apoptosis-inducing peptide is also demonstrated. Thus, coupling arginine-rich peptides with this 
hydrophobic anion dramatically improved their ability to translocate cellular membranes, suggesting 
the great impact of this approach on exploring and controlling cell function.

(2) Creation of artifi cial ligand-gated ion channel receptor proteins: Ion channels and receptors 
are among the most biologically important classes of membrane proteins that transmit outside stimuli 
into cells. The creation of artificial proteins with these functions is a challenge in peptide/protein 
engineering in view of the creation of novel functional nano-devices as well as understanding the 
biological machinery. In this study, we have developed a novel Fe(III)-gated ion channel system 
that is comprised of assemblies of a channel forming peptide alamethicin bearing an extramembrane 
segment. The extramembrane segment contains a pair of diiminoacetic acid derivatives of lysine (Ida) 
residues. Interaction with Fe(III) induces the structural alternation of the extramembrane segment via 
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the chelate formation with Ida residues, which eventually leads to an increased channel current (ion 
infl ux). This exemplifi es the feasibility of utilizing the conformational switch of the extramembrane 
segment for the current control in artifi cial channel systems, a concept that can be applicable for the 
design of various artifi cial receptor ion channel systems.

Publications
1.  Oligoarginine Vectors for Intracellular Delivery: Design and Cellular-uptake Mechanisms, S. Futaki, 

Biopolymers (Peptide Science), 84, 241-249 (2006).
2.  Anion Hopping of (and on) Functional Oligoarginines: From Chloroform to Cells, N. Sakai, S. Futaki, 

S. Matile, Soft Matter, 2, 636 – 641 (2006).
3.  Distribution of Immunoglobulin Fab Fragment Conjugated with HIV-1 REV Peptide Following 

Intravenous Administration in Rats, S. Kameyama, R. Okada, T. Kikuchi, T. Omura, I. Nakase, T. 
Takeuchi, Y. Sugiura, S. Futaki, Mol. Pharm., 3, 174-180 (2006).

4.  Evaluation of the Nuclear Delivery and Intra-nuclear Transcription of Plasmid DNA Condensed 
with  (mu) and NLS-  by Cytoplasmic and Nuclear Microinjection: A Comparative Study with 
Poly-L-lysine, H. Akita, M. Tanimoto, T. Masuda, K. Kogure, S. Hama, K. Ninomiya, S. Futaki, H. 
Harashima, J. Gene Med., 8, 198-206 (2006).

5.  High Density of Octaarginine Stimulates Macropinocytosis Leading to Effi cient Intracellular Traffi cking for 
Gene Expression, I. A. Khalil, K. Kogure, S. Futaki, H. Harashima, J. Biol. Chem., 281, 3544-3551 (2006).

6.  Intracellular Traffi c and Fate of Protein Transduction Domains HIV-1 TAT Peptide and Octaarginine. 
Implications for their Utilization as Drug Delivery Vectors, S. A. Taei, N. A. Penning, J. C. Simpson, S. 
Futaki, T. Takeuchi, I. Nakase, A. T. Jones, Bioconjug. Chem., 17, 90-100 (2006).

7.  Significant and Prolonged Antisense Effect of a Multifunctional Envelope-type Nano Device 
Encapsulating Antisense Oligodeoxynucleotide, Y. Nakamura, K. Kogure, Y. Yamada, S. Futaki, H. 
Harashima, J. Pharm. Pharmacol., 58, 431-437 (2006).

8.  Delivery of Condensed DNA by Liposomal Non-viral Gene Delivery System into Nucleus of Dendritic 
Cells, T. Nakamura, R. Moriguchi, K. Kogure, A. Minoura, T. Masuda, H. Akita, K. Kato, H. Hamada, 
M. Ueno, S. Futaki, H. Harashima, Biol. Pharm. Bull. 29, 1290-1293 (2006).

9.  Transmission of Extramembrane Conformational Change into Current; Construction of Metal-gated Ion 
Channel, T. Kiwada, K. Sonomura, Y. Sugiura, K. Asami, S. Futaki, J. Am. Chem. Soc., 128, 6010-6011 (2006).

10.  Cellular Uptake and Subsequent Intracellular Trafficking of R8-liposomes Introduced at Low 
Temperature, A. Iwasa, H. Akita, I. Khalil, K. Kogure, S. Futaki, H. Harashima, Biochim. Biophys. Acta 
– Biomembranes, 1758, 713-720 (2006).

11.  Design, Synthesis, and Membrane-Translocation Studies of Inositol-Based Transporters, K. K. Maiti, 
O.-Y. Jeon, W. S. Lee, D.-C. Kim, K.-T. Kim, T. Takeuchi, S. Futaki, S.-K. Chung, Angew. Chem. Int. 
Ed. Engl., 45, 2907-2912 (2006).

12.  Effects of Cell-Permeating Peptide Binding on the Distribution of 125I-Labeled Fab Fragment in Rats, S. 
Kameyama, M. Horie, T. Kikuchi, T. Omura, T. Takeuchi, I. Nakase, Y. Sugiura, S. Futaki, Bioconjug. 
Chem., 17, 597-602 (2006).

13.  Direct and Rapid Cytosolic Delivery Using Cell-Penetrating Peptides Mediated by Pyrenebutyrate, T. 
Takeuchi, M. Kosuge, A. Tadokoro, Y. Sugiura, M. Nishi, M. Kawata, N. Sakai, S. Matile, S. Futaki, 
ACS Chem. Biol., 1, 299–303 (2006).

14.  Oligomers of b-Amino Acid Bearing Non-planar Amides Form Ordered Structures, Y. Otani, S. 
Futaki, T. Kiwada, Y. Sugiura, A. Muranaka, N. Kobayashi, M. Uchiyama, K. Yamaguchi, T. Ohwada, 
Tetrahedron, 62, 11635-11644 (2006).

15.  Effects of Na+/H+ Exchanger Inhibitors on Subcellular Localisation of Endocytic Organelles and 
Intracellular Dynamics of Protein Transduction Domains HIV-TAT Peptide and Octaarginine, M. 
Fretz, J. Jin, R. Conibere, N. A. Penning, S. Al-Taei, G. Storm, S. Futaki, T. Takeuchi, I. Nakase, A. T. 
Jones, J. Control. Release, in press.

16.  Interaction of Arginine-Rich Peptides with Membrane-Associated Proteoglycans Is Crucial for Induction 
of Actin Organization and Macropinocytosis, I. Nakase, A. Tadokoro, N. Kawabata, T. Takeuchi, H. 
Katoh, K. Hiramoto, M. Negishi, M. Nomizu, Y. Sugiura, S. Futaki, Biochemistry, in press.



227

（1）高温で反応可能な無細胞タンパク合成系
の開発
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（2）超好熱菌からの新規耐熱性有用酵素の同定
　 T. kodakaraensis KOD1 2,306 ORF

ORF 1,165

TK1436 Glycoside hydrolase, family 57 (GH-57 family) 675aa
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極限環境微生物の工学的応用
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Fig. 1  Reaction time course of ChiA 4 synthesis.
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Amylose
Branching enzyme 

BE Amylose -1,4 -1,6
Glycogen Amylopectin BE
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GH-13 family TK1436 BE

TK1436 Amylose -1,6
Isoamylase high-performance anion exchange chromatography (HPAEC)

Fig. 2 Isoamylase
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T. kodakaraensis signal 
peptide peptidase 2 sppA1, sppA2 SppA1

signal peptide peptidase SppA1 SppA2
Ala-Ala-Phe-MCA  SppA1

Fig. 2   HPAEC analysis. 1) the amylose AS-30 substrate, 2) products after treatment of amylose 
AS-30 with TK1436 protein, 3) isoamylase-digested products of 2. Peaks eluting at 40-45 min 
are the substrate (41.4 min, shown as S) and the branched products (43.3 min, shown as P). 
The numbers on peaks indicate chain lengths. (B) Schematic description of the branching and 
debranching of -glucan by BE and isoamylase. The symbols circle, black bar, and red bar 
stand for glucose, the -1,4-glucosidic linkage, and the -1,6-glucosidic linkage, respectively.
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Industrial application of extremophiles
Tadayuki Imanaka
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Osaka University. He was also a postdoctoral fellow at MIT, USA (1973-1974). Now he has been a professor at the 
Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto University (1996-). 

(1) Development of a system for cell-free protein synthesis operated under high temperatures: 
Cell-free protein synthesis (CFPS) is becoming a center of attention in recent years because CFPS 
systems can synthesize proteins with high speed and accuracy, regardless of whether they are toxic 
to cell growth. Conventional CFPS systems available today are usually based on either Escherichia 
coli, wheat embryo or rabbit reticulocyte, and CFPS reactions are performed at moderate temperatures 
(26-37 ). We have developed a novel CFPS system that can be operated at high temperatures using 
cell-free extracts of a hyperthermophilic archaeon, Thermococcus kodakaraensis. Cell lysate of T. 
kodakaraensis was prepared by referring to the method of E. coli system with some modifications. 
ChiA 4, a truncated form of T. kodakaraensis chitinase, was used as a reporter protein. Using T. 
kodakaraensis lysate and mRNA encoding ChiA 4, CFPS reaction was performed on various 
temperatures between 30  to 80 . As a result, synthesis of ChiA 4 was observed from 40 to 75 , 
with maximum production at 65 . The reaction solution after CFPS also contained corresponding 
chitinase activity as detected by fluorometric substrate. Activity measurements confirmed that 
the protein was synthesized in an active form, and activity levels indicated the quantity of protein 
produced was approximately 1.0 g/ml. To increase productivity of the system, the following 
approaches were taken. First, process of lysate preparation was examined. Second, concentrations of 
each reaction mixture constituent were varied, and their optimum concentrations were determined. 
Third, a mutant strain of T. kodakaraensis was constructed in which phr encoding a heat shock 
transcriptional regulator was disrupted. Through these modifi cations to the system, yield of ChiA 4 
was dramatically increased to 115.4 g/mL in a batch reaction at 65˚C (Fig. 1). Moreover, in the 
optimized system, a high speed of protein synthesis was achieved: over 100 g/mL of ChiA 4 was 
produced in the fi rst 15 min of reaction. These results indicate that the system for cell-free protein 
synthesis based on T. kodakaraensis lysate has a high production potential nearly comparable to the E. 
coli system.

SppA1 SppA1 pH
 peptidase pH10-10.5

SppA1 P1
P2 P3

T. kodakaraensis signal peptide
SppA1 T. kodakaraensis signal peptide peptidase

16 site-directed mutagenesis
SppA1 Ser/His/Asp catalytic triad Ser162 Lys214

catalytic dyad
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(2) Identification of novel thermostable enzymes from a hyperthermophile: We have identified 
a novel branching enzyme encoded by an uncharacterized ORF (TK1436) in the hyperthermophilic 
archaeon, Thermococcus kodakaraensis KOD1. TK1436 displayed similarity to members of the 
glycoside hydrolase family 57 (GH-57 family). Incubation of amylose with recombinant TK1436 
protein led to reaction products with molecular weights 100 times larger than that of the substrate. 
Treatment of the product with isoamylase signifi cantly increased the level of short-chain -glucans, 
indicating that the reaction product contained -glucans with many -1,6-branching points (Fig. 2). 
These results clearly indicate that TK1436 encodes a structurally novel, thermostable branching enzyme 
of the GH-57 family. We have also characterized a signal peptide peptidase from T. kodakaraensis 
(SppA1). The enzyme was highly thermostable and moreover, displayed a remarkable stability and 
preference for alkaline pH, with optimal activity detected at pH 10. A detailed evaluation via site-
directed mutagenesis revealed that SppA1 utilized a Ser/Lys catalytic dyad for activity. Intriguingly, a 
large number of mutations led to an increase in activity levels of the enzyme. In particular, mutations 
in Ser128 and Tyr165 not only increased activity levels but also broadened the substrate specificity of 
SppA1, suggesting that the enzyme is a promising target for future engineering and application.
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サイズ制御遺伝子送達の新展開
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Fig. 1  Structure of Lac(3) (n = 3).

Fig. 2   TEM images  of  Lac(3)-der ived 
glycoviruses.
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Fig. 3  Structures of cerasome-forming lipid 1 and its non-silylated reference lipid 2.

Fig. 4  Freeze-fracture TEMimages for the cerasome-plasmid DNA complexes.
(scale bar = 100 nm)
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(1) Gene delivery using glycoviruses: We investigated the transfection properties of singly and 
triply lactose-functionalized derivatives, Lac(1) and Lac(3), and non-glycosidated one, Lac(0), of 
calix[4]resorcarene-based amphiphilic octaamine 1 in light of those previously reported for more 
extensively glycosidated compounds Lac(5) and Lac(8). They all strongly bind to the luciferase-
encoding plasmid DNA pCMVluc (7040 base-pairs) with a saturation stoichiometry of Lac(n)/P = 0.5 
(n = 0, 1, or 3) or 0.7 (n = 5 or 8), where P stands for a phosphate moiety of the plasmid DNA. The 
resulting carrier-DNA conjugates are positively charged and monomeric (monomolecular with respect 
to DNA) as such when n = 0 or 1, neutral and monomeric when n = 3, or neutral and aggregated when 
n = 5 or 8. Transfection of HeLa (uterine) and HepG2 (hepatic) cell lines shows a general trend of 
decreasing luciferase expression effi ciencies (E) in lively cells as well as cytotoxicities with increasing 
n s. The cell selectivities for HepG2 over HeLa sharply increase with increasing n s; EHepG2/EHeLa = 0.3, 
0.6, 7, 14, and 120 for Lac(0), Lac(1), Lac(3), Lac(5), and Lac(8), respectively, as a result of specifi c 
receptor pathway involving the asialoglycoprotein receptors on the hepatic (HepG2) cell surfaces and 
clustering lactose moieties of the carrier-DNA conjugates. The toxicity-corrected, overall effi ciency 
of gene delivery to hepatocytes is optimized at Lac(3), which forms compactly packed (~40 nm), 
charge-masked ( = 0 mV), and less toxic virus-like particles capable of receptor-mediated hepatocyte 
targeting.

(2) Gene delivery using cerasomnes: Alanine-based cationic lipid 1 having a (EtO)3SiCH2CH2CH2 
group on the quarternized ammonium nitrogen forms liposome which self-rigidifi es via in-situ sol-
gel processes (Si-OEt + H2O  Si-OH + Et-OH followed by 2Si-OH  Si-O-Si + H2O) on the 
surface. The resulting cerasome (partially ceramic- or silica-coated liposome) (60-70 nm) retains the 
integrity of such in the complexation with lucifarase-encoding plasmid DNA pGL3. The resultant 
pGL3 complex of infusible or monomeric cerasome in a viral size (~70 nm) exhibits a remarkable 
transfection performance toward HeLa and HepG2 cells with a 102-3-fold higher effi ciency (relative to 
the non-silylated reference lipid 2), minimized cytotoxicity, and serum-compatibility. Reference lipid 
2, i.e., alanine-based lipid having a simple quarternized ammonium head group, forms liposome (60-70 
nm) which is less self-confi ned and more mobile undergoes DNA-induced fusion to give endocytosis-
irrelevant and more toxic bigger (100-300 nm) particles. The silicon strategy thus provides a simple 
and widely applicable tool to overcome general problems associated with current technology of 
artifi cial gene delivery.

Progress in size-regulated gene delivery
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カルコゲン機能素子の物性と構築
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（1）セレノシステイン挿入配列結合因
子の同定と解析：
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Fig. 1   A proposed model for selenocysteine insertion at a 
UGA codon during translation of a selenoprotein 
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（2）硫黄の転移に関与するタンパク質複合体の解析：L-

L-

5 - L- L- L-

Escherichia coil 3 IscS SufS
CsdA IscS SufS
CsdA CsdA csdA ygdK

2
ygdL CsdA YgdK YgdL E. coli

CsdA YgdK
YgdL

CsdA YgdK
YgdL

CsdA
BIACORE

CsdA YgdK

CsdA YgdK

Fig. 3

Fig. 2   Schematic representation of SECIS elements of the GPx1(A), Gpx3 (B), GPx4 (C), and SelP (D). 
The sequences of SECIS cores, essential for Sec incorporation are depicted with boxes. Point 
mutations introduced into the SECIS cores are presented.

Fig. 3   A proposed scheme for sulfur transfer from 
L-cysteine catalyzed by the CsdA-YgdK complex.
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Properties and construction of chalcogenic functional materials
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(1) Identifi cation and analysis of selenocysteine insertion sequence binding protein: Selenium is 
an essential trace element in the diet of many organisms. Unlike other essential dietary trace elements, 
selenium exerts its biological actions thorough its direct incorporation into selenoproteins, as a 
nonstandard amino acid, selenocysteine (Sec). While many of the fi rst described selenoproteins were 
enzymes that used the redox potential of selenium in the enzyme s active sites, the more recently 
identifi ed selenoproteins in mammals have been suggested to serve a wide variety of physiological 
functions, including structural, transport, signaling and enzymatic, or undefined roles. Expression 
of selenoproteins ranges from ubiquitous to tissue specific. Selenocysteine is known as 21st amino 
acid because it is encoded by a UGA codon, which is usually recognized as a termination signal. 
While the incorporation of Sec into the Escharichia coli formate dehydrogenase isozymes is fairly 
well characterized, the system which governs mammalian Sec insertion has only partially elucidated. 
In mammalian, the translational recoding of UGA as Sec is directed by a Selenocysteine Insertion 
Sequence (SECIS) element in the 3  untranslated region (UTR) of eukaryotic selenoprotein mRNAs. 
The SECIS is a hairpin structure that contains a non-Watson-Crick base-pair quartet with conserved 
G.A/A.G tandem in the core of upper helix. Another essential component of the Sec insertion 
machinery is SECIS-binding protein 2 (SBP2). SBP2 recruits a selenocysteine-specific elongation 
factor (eEFsec) and Sec-tRNASec to the ribosome A site. Recently ribosomal protein L30 was also 
found as a component of the machinery. It binds SECIS element in vitro and in vivo, stimulates UGA 
recoding in transfected cells and competes with SBP2 for SECIS binding. With this fi nding, an updated 
version of the model of Sec incorporation has been offered, in which L30 was proposed to function 
as another factor connecting between the SECIS element and ribosome. Thus, until recently, the UGA 
recoding machinery was thought to be comprised of the two cis-acting factors (UGA and SECIS) and 
the three trans-acting factors (SBP2, eEFsec, and L30). As previously mentioned, Sec incorporation 
in vivo is likely to be an effi cient event, but to date all studies of effi ciency using transfection systems 
or in vitro translation of reporter mRNAs have produced values in the range of 1-10%. These studies 
suggest that other factors may be required for effi cient Sec incorporation.  To investigate the presence 
of novel SECIS-binding proteins, we employed UV cross-linking assay using crude extracts from 
mouse various tissues and 32P-labeled SECIS elements as probes. The results suggested that the 
80-kDa protein is involved in a specific recognition of the GPx3 SECIS element. Consequently 
we performed purifi cation of the 80 kDa protein from the mouse kidney extract, and found that the 
80-kDa protein are nucleolin and RAD 17.

(2) Analysis of a protein complex involved in sulfur transfer: Cysteine is an important source of 
sulfur for the biosyntheses of sulfur-containing cofactors such as biotin, molybdopterin, thiamine, as 
well as iron-sulfur cluster in proteins. Recent studies have demonstrated that cysteine desulfurase is 
involved in the initial stages of sulfur transfer in cells. Cysteine desulfurase is a pyridoxal 5 -phosphate 
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(PLP)-dependent homodimeric enzyme, which catalyzes the conversion of L-cysteine to L-alanine via 
the formation of a persulfide intermediate on a conserved cysteine residue. The persulfide sulfur is 
subsequently incorporated into the biosynthetic pathways of a variety of sulfur-containing cofactors. 
Escherichia coli has three cysteine desulfurases named IscS, SufS, and CsdA. Both IscS and SufS have 
been shown to participate in the assembly of iron-sulfur cluster. However, physiological function of 
CsdA remains unknown. CsdA is encoded by the csd gene cluster including the csdA, ygdK and ygdL 
genes. The ygdL gene is transcribed in opposite orientation of csdA and ygdK. YgdK is a homolog 
of SufE, which specifi cally interacts with SufS and enhances its cysteine desulfurase activity. YgdL 
shows sequence similarity to N-terminal domain of MoeB, an adenylation enzyme, which participates 
in biosynthesis of molybdopterin. CsdA, YgdK and YgdL were overproduced in E. coli and purifi ed 
to homogeneity. Activity of CsdA was determined in the presence or absence of YgdK or YgdL. The 
interaction between CsdA and YgdK was studied by BIACORE and gel fi ltration analyses. We found 
that CsdA and YgdK form a weakly associated complex. The cysteine desulfurase activity of CsdA 
was enhanced by YgdK. But the addition of YgdL had no effect on the activity of CsdA. These results 
suggest that the CsdA-YgdK complex may function as a sulfur-donating complex. We also found that 
mRNAs of csdA and ygdK were constitutively transcribed in the wild-type E. coli K-12 (MG1655) 
strain cultivated in LB medium.
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(1) Crystal structure of archaeal photolyase from Sulfolobus tokodaii: UV exposure of DNA 
molecules induces serious DNA lesions. The cyclobutane pyrimidine dimer (CPD) photolyase repairs 
CPD-type - lesions by using the energy of visible light. Two chromophores for different roles have 
been found in this enzyme family; one catalyzes the CPD repair reaction and the other works as 
an antenna pigment that harvests photon energy. The catalytic cofactor of all known photolyases is 
FAD, whereas several light-harvesting cofactors are found. Currently, 5,10-methenyltetrahydrofolate 
(MTHF), 8-hydroxy-5-deaza-ribofl avin (8-HDF) and FMN are the known light-harvesting cofactors, 
and some photolyases lack the chromophore. Three crystal structures of photolyases from Escherichia 
coli (Ec-photolyase), Anacystis nidulans (An-photolyase), and Thermus thermophilus (Tt-photolyase) 
have been determined; however, no archaeal photolyase structure is available. A similarity search of 
archaeal genomic data indicated the presence of a homologous gene, ST0889, on Sulfolobus tokodaii 
strain7. An enzymatic assay reveals that ST0889 encodes photolyase from S. tokodaii (St-photolyase). 
We have determined the crystal structure of St-photolyase (Fig. 1) to confi rm its structural features 
and to investigate the mechanism of the archaeal DNA repair system with light energy. The crystal 
structure of the St-photolyase is superimposed very well on the three known photolyases including 
the catalytic cofactor FAD. Surprisingly, another FAD molecule is found at the position of the light-
harvesting cofactor. This second FAD molecule is well accommodated in the crystal structure, 
suggesting that FAD works as a novel light-harvesting cofactor of photolyase. In addition, two of the 
four CPD recognition residues in the crystal structure of An-photolyase are not found in St-photolyase, 
which might utilize a different mechanism to recognize the CPD from that of An-photolyase.

(2) Crystal Structures of N-Acetylglucosamine-phosphate Mutase, a Member of the α-D-
Phosphohexomutase Superfamily: N-Acetylglucosamine-phosphate mutase (AGM1) is an essential 
enzyme in the synthetic process of UDP-N-acetylglucosamine (UDP-GlcNAc). UDP-GlcNAc is a 
UDP sugar that serves as a biosynthetic precursor of glycoproteins, mucopolysaccharides, and the 
cell wall of bacteria. Thus, a specific inhibitor of AGM1 from pathogenetic fungi could be a new 
candidate for an antifungal reagent that inhibits cell wall synthesis. AGM1catalyzes the conversion 
of N-acetylglucosamine 6-phosphate (GlcNAc-6-P) into N-acetylglucosamine 1-phosphate (GlcNAc-
1-P). This enzyme is a member of the -D-phosphohexomutase superfamily, which catalyzes the 
intramolecular phosphoryl transfer of sugar substrates. We have determined the crystal structures of 
AGM1 from Candida albicans (Fig. 2) for the fi rst time, both in the apoform and in the complex forms 
with the substrate and the product, and discuss its catalytic mechanism. The structure of AGM1 consists 
of four domains, of which three domains have essentially the same fold. The overall structure is similar 
to those of phosphohexomutases; however, there are two additional -strands in domain 4, and a 
circular permutation occurs in domain 1. The catalytic cleft is formed by four loops from each domain. 
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The N-acetyl group of the substrate is recognized by Val-370 and Asn-389 in domain 3, from which the 
substrate specifi city arises. By comparing the substrate and product complexes, it is suggested that the 
substrate rotates about 180º on the axis linking C4 and the midpoint of the C5-O5 bond in the reaction.

(3) Crystal structure of AT-rich DNA-binding protein (p25) from Thermus thermophilus HB8: 
Rex family proteins are bacterial regulators that sense the NADH/NAD+ redox state as a signal in the 
modulation of respiratory gene expression. The crystal structure of AT-rich DNA-binding protein (p25) 
from Thermus thermophilus HB8, one of the homologue proteins of the Rex family, was determined at 
2.16 Å resolution (Fig. 3). The structure revealed that p25 bound to NADH contains two main domains, 
a winged-helix DNA-binding domain and a pyridine-dinucleotide binding domain, as found in the 
structure of p25 from Thermus aquaticus, which was recently determined at 2.9 Å resolution. The present 
higher-resolution structure revealed that the N-terminal winged helix DNA-binding domain is bound to 
the well-ordered sulfate anions, providing a structural insight into the DNA recognition by Rex proteins.
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