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Review of the Coordination Chemistry Group of the Institute for Molecular Science

Sep. 10, 2007

Dan DuBois
Fundamental Sciences Directorate
Pacific Northwest National Laboratory

Richland, WA USA

Overview of Activities

This report is the result of an on site review of the Coordination Chemistry Group of the Institute for Molecular Science (IMS)
conducted on Sep. 10, 2007. The programs reviewed were those of Professor Koji Tanaka, Professor Yasuhiro Uozumi, Associate
Professor Hidehiro Sakurai, Associate Professor Hiroyuki Kawaguchi, and Associate Professor Toshi Nagata. All of these programs
are very basic and fundamental in nature, but all are also focused on providing the fundamental science required for achieving the
sustainable and environmentally benign production of energy and materials necessary to maintain a high quality of life in our modern
society.

Current production of energy and many useful materials (chemicals) is closely tied to the use of fossil energy reserves such as
oil, natural gas, and coal. To accommodate the future energy and material needs of mankind without increasing the atmospheric
concentration of CO, (a greenhouse gas) will require advances in our knowledge of how to produce fuels and chemicals from non-
fossil sources such as solar, wind and nuclear energy and abundant raw materials such as water, carbon dioxide, nitrogen. In addition,
the future production of fuels and chemicals from these non-fossil sources must be carried out with minimal impact on our environment.
These are the considerations guiding the fundamental research efforts of the Coordination Chemistry Group. These efforts can be

broadly divided into three areas. One is the development of catalysts for the interconversion of electrical energy and chemical energy.
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A second area is the development of new materials, specifically carbon nanotubes, which can improve the efficiencies of fuel cells,
photoelectrochemical cells, and other energy conversion devices. The third area involves green chemistry, or the ability to produce
the chemicals we need in our daily lives with a minimal impact on the environment in terms of waste solvents and materials.

Non-fossil sources of energy include hydroelectric, solar, wind, nuclear, geothermal, and biomass. Although biomass can produce
some of the fuels that will be needed in the future, this source of energy and materials is competitive with needs for agricultural and
will only be able to supply a fraction of our future fuel and chemical needs. The other non-fossil energy sources all produce electricity
and not fuels or chemicals as their primary product. As a consequence, this energy is not easily stored and results in a temporal
mismatch between energy production and energy demand. Although batteries could in principle meet this storage requirement, the
materials used in their construction and their energy densities will preclude their use on the scale required to replace fossil fuels.
Scientific advances in the storage of electrical energy as chemical energy will be required to achieve energy storage on the enormous
scales necessary to meet the demands of our modern society. This will necessitate the development of new catalysts for the
electrochemical reduction of abundant small molecules such as CO,, H,0, N,, etc. to form H,, CH3OH, CH,4, C,HsOH, and NH3
with the concomitant production of O,. It will also be necessary to reconvert this stored chemical energy back to electricity upon
demand. It is these considerations that lead to the focus of several of the efforts of the coordination chemistry group (Tanaka,
Kawaguchi, Nagata) on the development of molecular catalysts for the inter-conversion of small molecules and electrical energy.
These reactions all require the development of new, highly efficient, and inexpensive catalysts that do not currently exist.

In addition to new catalyst development, efficient energy production and storage will require the development of new materials
for fuel cells, solar cells, batteries, photoelectrochemical cells, and other devices. A limiting feature of many of these devices is the
inability to control the transport of electrons and protons over nanometer to micrometer distances while interfacing these materials
with the molecular scales of catalysts and the macroscopic scales required for device applications. The ability to control the structures,
dimensions, and relative orientations of carbon nanotubes will play an important role in the development of superior electron transport
properties in many energy conversion devices. The use of new fundamental synthetic approaches for precisely controlling the geometry
and electronic properties of bucky bowls and ultimately carbon nanotubes is the focus of the research of Associate Professor Hidehiro
Sakurai.

The ability to carry out chemical transformations efficiently (both in terms of energy and materials) will also play an important
role in meeting the future needs for producing the chemicals without adversely impacting the environment. Ideally it is desirable to
perform chemical reactions using either no solvent or an environmentally benign solvent such as water with very high selectivities
and control of stereochemistry. The development of such processes is the focus of the research of Professor Yasuhiro Uozumi.

The independent and very distinct research efforts of the members of the Coordination Chemistry Group of the Institute for
Molecular Science are complementary and their combined success will play an important role in providing the fundamental science

required for a more energy secure and environmentally friendly future.

Discussions of Individual Research Efforts
Professor Koji Tanaka

Professor Koji Tanaka is the Director of the Coordination Chemistry Laboratory at IMS. His research focuses on the development
of molecular catalysts for the reversible conversion between electrical energy and chemical energy. In particular, his work has focused

on the development of molecular electrocatalysts for CO, reduction, methanol oxidation, and water oxidation. He has made insightful
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contributions that have earned him international recognition in each of these areas. He is widely published in top quality journals of
the American Chemical Society, leading European journals such as Angewandte Chemie and others, as well as Japanese journals. He
has received numerous invitations to present his work at various national and international meetings as a result.

Professor Tanaka is one of the most original and innovative chemists in molecular catalysis. A distinguishing feature of his work
is the use of ligands of various types to assist or participate in the chemical transformations of various substrates. For example, in
his development of water oxidation catalysts, catecholate or dioxolene ligands were incorporated as an integral part of the catalyst
design. The ability of these ligands to undergo redox reactions separate from those occurring on the metal underlies much of the
unique chemistry observed for his catalysts. Professor Tanaka was the first to recognize and demonstrate the important role such
ligands could play in water oxidation catalysts. Water oxidation/O, reduction catalysis is an extremely active area of research at the
present time, because this half-reaction is involved in all fuel production and fuel utilization schemes. Professor Tanaka’s catalysts
are certainly among the most effective and unique molecular catalysts currently known. His work will certainly form the basis of
much future work by many other research groups - the best criterion by which to judge the importance of research contributions.

Professor Tanaka is also successfully using a similar approach for developing catalysts for methanol oxidation. Again the inclusion
of redox active dioxolene ligands plays an important role in the ability of these catalysts to function as alcohol oxidation catalysts.
Understanding these catalysts will provide a strong basis for future development of methanol fuel cells.

Many molecular electrocatalysts for the electrochemical reduction of CO, have been reported, and some of them exhibit high
activities and relatively low overpotentials. However, the products produced by the most active catalysts are either CO or formic acid
(two electron reductions). The development of catalysts that can more completely reduce CO, to methanol is highly desirable.
Professor Tanaka is currently engaged in an effort to develop catalysts that are capable of achieving such so-called “deep reductions.”
Once again he is using a novel approach in which a ligand is being used to carry out an extremely important role in the catalytic
cycle. In this case the ligand possesses a functional unit that is similar to the biological hydride (H~) relay NADH. The role of this
hydride donor ligand is to supply an intramolecular hydride source that can deliver a hydride ligand to coordinated CO. Although a
CO reduction catalyst based on this approach has not been developed yet, the approach is novel, and given Professor Tanaka’s past
successes with other difficult catalytic processes, it certainly has an excellent chance of success. More importantly, his research is
demonstrating the importance and generality of using ligands to play an active role in multi-proton and multi-electron processes that
are required for efficient conversion between electrical energy and chemical energy (i.e. fuel production and utilization reactions).

Important collaborations have been sought out and developed with chemists Jim Muckerman and Etsuko Fujita at Brookhaven
National Laboratory in the US. These collaborations provide access to fast kinetic experiments and theoretical capabilities. Because
of Fujita’s and Muckerman’s interest in developing molecular catalysts for the reversible conversion between electrical energy and
chemical energy using their respective strengths in fast kinetics and theory, this collaboration with Professor Tanaka, who excels at

catalyst design, is very natural and productive.

Associate Professor Hiroyuki Kawaguchi

Associate Professor Kawaguchi’s research focuses on the activation of small molecules such as N,, CO, and CO, using early
transition metals. In this research, efforts are being made to control the reactivity of the metal complexes (niobium, tantalum, and
zirconium) by controlling the geometry of the complexes via ligand design. The ligands studied were either linear or tripodal tridentate

phenoxide ligands. Impressive reactivity of these complexes with molecular nitrogen (N5) has been observed in which the triple bond
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of dinitrogen has been completely cleaved. Protonation and alkylation of the resulting nitrido ligands has also been observed. In
addition, cycles of stoichiometric reactions for producing ammonia from N, and strong reducing agents followed by protonation
have been demonstrated. These data clearly indicate that production of ammonia by these early transition metal complexes is feasible,
but not catalytic.

Studies of low-valent ditantalum species resulted in intramolecular C-H and C-O bond cleavage reactions. In addition, an
unprecedented coupling of six carbon monoxide ligands via C—C bond formation was observed upon the reaction of two low-valent
ditantalum species with CO. Although the ligand resulting from the coupling of the six CO ligands has not yet been successfully
removed from the metal, this result illustrates the ability of these low-valent early transition metal complexes to activate small
molecules in new and exciting ways. In related chemistry, Zr complexes were used to demonstrate a cycle of stoichiometric reactions
in which benzyl anions, two CO ligands, and H, were used to generate allene derivatives, again demonstrating the ability to activate
and couple CO molecules as well as cleave the C-O triple bond. Finally the reduction of CO, to methane using triethylhydrosilane
as the reductant has been demonstrated.

These results taken together demonstrate a remarkable ability of these low-valent early transition metal complexes containing
triphenoxide based ligands to carry out the activation of a variety of small molecules. The observed reactions involve cleavage of
extremely strong N-N and C-O triple bonds as well as remarkable and extensive C-C coupling reactions. These reactions are
facilitated by the formation of strong M-O between the early transition metals and oxygen atoms, which require the use of highly
energetic reagents to achieve cycle processes. Future studies will involve mechanistic studies that will provide additional insights on
how these very interesting transformations occur, and hopefully lead to truly catalytic processes in which the unusual ability to cleave
the strong triple bonds of CO and N are preserved, but that do not require high energy reagents currently used to achieve a cyclic
process.

Frequent publications of the research results outlined above in a variety of first tier ACS journals and European journals is
consistent with an excellent research program that is very competitive with other international research programs on activation of

small molecules using early transition metal complexes.

Associate Professor Toshi Nagata

Associate Professor Nagata’s research is ambitious in that it seeks to reproduce photosynthesis using artificial molecules. Such
a project requires multiple activities, and he has focused on two. The light-harvesting portion of his research involves the study of
dendrimers with Zn pophyrins at the core and with quinone molecules attached to the branches of successive generations of dendridic
molecules. The purpose of this research is to provide a mechanism for matching catalytic rates for redox reactions such as water
oxidation, which are relatively slow reactions, with the rates of the photon adsorption, charge separation, and recombination which
are much faster than the catalytic reaction. The quinone molecules attached to the dendrimer are expected to function as a pool for
accepting and releasing multiple electrons. This is a novel approach to matching the reactivity of catalyst and light harvesting
components. In a first step towards realizing this goal, the photoreduction of the quinone pool to hydroquinones by irradiation of the
zinc porphyrin/quinone dendrimer ensemble using thiophenol as a sacrificial electron donor has been demonstrated.

The next step in the construction of this photosynthetic ensemble is to couple the quinone pool to a redox catalyst. Efforts are
underway to develop highly active water oxidation catalysts that mimic the structure and function of the oxygen-evolving complex

(OEC), the enzyme that catalyzes H,O oxidation in natural photosynthetic systems. To achieve this goal, a pre-organized ligand
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template has been synthesized that is designed to position three Mn centers in an arrangement like that observed in the OEC. This
result has been achieved using Fe as the metal rather than Mn. This result is in contrast to previous efforts in other laboratories that
use two positioned carboxylate ligands and self-assembly in attempts to mimic the structure and function of the OEC. Future research
will explore the incorporation of Mn and the addition of a fourth Mn center in an asymmetric position to mimic the structure and
hopefully the function of the OEC.

The effort to achieve a fully functional artificial photosynthetic system is a daunting task that will require the careful design and
assembly of a multi-component system in which a large number of functional components will have to be very carefully arranged
in space and matched in energy. Although this research is ambitious, the structures of the individual components are well conceived,
and the approach to the assembly of these components is an original and interesting one. The publication record is consistent with

an active research program for this young researcher.

Associate Professor Hidehiro Sakurai

Associate Professor Sakurai’s work is focused in two main areas: (1) the development of highly efficient and selective synthetic
routes to buckybowls (curved fragments of buckyballs, Cgg), and (2) the exploration of gold nanoclusters as catalysts for organic
transformations. In the first area, new and very elegant synthetic methods have been developed for the synthesis of sumanene and
the homochiral trimethyl substituted sumanene. This synthetic methodology has required some very significant advances including
the cyclotrimerization of chiral haloalkenes by Pd nanoclusters, the use of tandem ring opening and ring closing metathesis reactions,
and low temperature electrolytic oxidation in the last step of sumanene synthesis. These studies have permitted the inversion barrier
of sumanene (flipping from one bowl form to another) to be determined (21 kcal/mol). This elegant synthetic approach to sumanene
derivatives forms a strong basis for the more long term goals of constructing larger bowls, bowls with precisely placed heteroatoms,
and ultimately the controlled synthesis of high purity carbon nanotubes with specific structures. Such materials are not currently
available, but would be of much interest for their potential use in a broad range of applications.

The second area of research under investigation is the use of poly(vinylpyrrolidone) stabilized Au nanoclusters as quasi-
homogeneous catalysts in organic transformations. In this area an interesting size dependence has been observed for the catalytic
aerobic oxidation of alcohols. These reactions also exhibit surprising structural specificity and selectivity that is very similar to that
of molecular or homogeneous catalysts. This is unusual for what appears to be a surface catalyzed reaction. These unusual selectivity
patterns suggest that the very small nanoparticles with diameters of 1-2 nm, the catalytic sites resemble those of single site molecular
catalysts. Traditionally, synthetic organic chemists have not explored the utility of nano-catalysts in detail. These studies suggest that
there may be much to be learned in the area of catalyzed organic transformations using metal nanoparticles and that both size and
surface treatment will play an important role in catalyst performance.

This is a robust and active program in both areas under investigation. Numerous publications in Science, JACS, and other
international journals reflect well on both the productivity and quality of the work being done. Overall the work is very creative and

competitive at the international level.

Professor Yasuhiro Uozumi

The focus of this program is on green chemistry. In particular, Professor Uozumi’s research deals with the development of

heterogeneous catalysts for organic reactions that function in water with high efficiency and selectivity. One highly successful
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approach to this goal has been the attachment of homogeneous metal complexes of Pd and Rh to supported phosphine ligands bound
to poly(ethylenglycol) (PEG) modified polystyrene (PS) particles (PEG-PS). This design allows for the formation of an amphiphilic
region produced by the PEG region that is compatible with both water and organic substrates and a hydrophobic pocket formed by
the metal complexes. This hydrophobic region provides a microreactor within the bulk aqueous phase that results in high local
concentrations of organic reagents that facilitate the catalytic reaction. Using these PEG-PS beads modified with Pd and Rh phosphine
complexes, a variety of known organic transforms that are normally conducted in organic solvents can be carried out in an aqueous
solution, eliminating the need for an organic solvent. This method also results in a number of other significant advantages. Among
these are the ability to easily recover the catalyst by simple filtration and to reuse the catalyst many times. It also results in the ability
to use combinatorial methods for both catalyst development and for combinatorial screening of reactions for a large range of reagents.
This method has been extended to the synthesis of chiral compounds with both high yields and high selectivities. Overall, this is an
extremely powerful tool for achieving cleaner and safer organic reactions. Professor Ouzumi’s work in this area has been recognized
by his being awarded the Ministerial Award for Green Sustainable Chemistry and the Japan Chemical Society Award for Creative
Research.

More recent work in collaboration with Dr. Yoichi Yamada involves the extension of the heterogenizing of homogeneous catalysts
to the formation of catalytic membranes in microchannel reactors. Such approaches can have many advantages, such as much shorter
reaction times and the facile separation of products.

In summary, Professor Uozumi has made a substantial contribution in the area of ‘green’ chemistry that has resulted in publications
in high quality journals and earned him international recognition in this area. These recognitions and accomplishments are a reflection

of the high quality and productivity of his research group.

Summary

The overall quality of the research programs of the Coordination Chemistry Group of the Institute for Molecular Science is
excellent. The research covers a broad range of activities in the molecular sciences and is fundamental in nature. The scientific focus
of these research projects suggest that they will contribute to improvements in energy production without emissions of greenhouse

gases and to more environmentally benign methods for producing the materials that we need in our daily lives.
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General Comments about the Institute for Integrative Bioscience

and Department of Life and Coordination-Complex Molecular Science

The IMS is internationally regarded as a center of excellence in the physical and molecular sciences. It is perhaps less well known
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in the areas of biomolecular research than in the physical sciences and it is therefore worth considering what might be done to enhance

the reputation and impact of IMS in the biosciences.

Current Trends in Biomolecular Research

The current trend in the US is to encourage collaborative interactions between scientists to promote cross-disciplinary research,
to develop new technologies, and to create new research directions. Both the National Science Foundation and the National Institutes
of Health have evolved funding mechanisms to support and promote such collaborative research efforts. The NIH Roadmap, for
example, aims to create new organizational models to stimulate interdisciplinary research and foster an integrated approach to advance
our understanding of complex biomolecular and biological systems. Disciplines that have been identified as central to this effort
include chemistry, structural biology, computational biology, molecular and cellular imaging, and nanotechnology. Much effort is
being made, especially in research institutes, to create cohesive research programs that cross disciplines. Many institutions also strive
to achieve critical mass in key research areas, emphasizing recruitment of scientists who bring different techniques to bear on related

research problems. This strategy helps to increase the visibility and impact of an institution.

Impact of the IMS in Biomolecular Science

The research performed by the laboratories that | visited in the Institute for Integrative Bioscience and the Department of Life
and Coordination-Complex Molecular Science is uniformly outstanding. The individual laboratories are extremely well equipped
with state of the art instrumentation and each group is making important and highly influential contributions in its own specialized
field. However, the overall research program lacks cohesion and the individual laboratories largely work on unrelated projects. As a
result, the overall impact of the IMS in the area of the biosciences is essentially the sum of the impact of each individual group.
Increased focus and collaboration between groups would greatly increase the visibility of the IMS in this area, leveraging the current
research effort so that the overall impact is much greater than the sum of its parts. All of the disciplines identified as central to the
NIH Roadmap (chemistry, structural biology, computation and molecular simulation, molecular and cellular imaging, and
nanotechnology) are well represented in the IMS, but there currently appears to be little communication or collaboration across
disciplines. The potential already exists within the IMS, and the key technologies and resources are already in place, to make significant
interdisciplinary advances in bioscience, provided that collaborative interactions between research groups can be promoted and

financially supported.

While the laboratory facilities and instrumentation available to each research group are outstanding and the scientific staff are
performing highly original and innovative research, many laboratories currently lack a critical mass of research personnel. The
scientific output and reputation of IMS as an international center of excellence in molecular science could be greatly enhanced by
increasing the number of junior scientists, postdoctoral fellows, and graduate students in the research programs. If there is a shortage
of Japanese postdoctoral research associates, then it is important to look to other countries, especially other Asian countries, to recruit
highly qualified postdoctoral researchers. Recruitment of additional postdoctoral fellows to IMS would greatly benefit individual
research programs, would help bring in new ideas, and could provide a mechanism to enhance interdisciplinary collaborations. A
second concern is the small number of graduate students at IMS. | gained the impression from my discussions that it is very difficult

to recruit outstanding graduate students to IMS, in part because they tend to join the graduate schools at the universities from which
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they receive their undergraduate degrees. A possible solution to this dilemma might be to increase the visibility of IMS in undergraduate
institutions by establishing an outreach program. This might take the form of presentations at undergraduate colleges about the
exciting science at IMS or introduction of a program in which senior undergraduate students are offered an opportunity to work in

laboratories at IMS during the summer. Such undergraduate internships are common in US universities and research institutes.

Finally, it is important to consider how the reputation and impact of the IMS in the area of biosciences can be enhanced in future
years. IMS is fortunate to have a nucleus of outstanding faculty whose research in the biosciences is at the highest level and who are
achieving international recognition for their work. The recent addition of Professors Kuwajima and Kato to the biosciences program
will go a long way towards increasing the visibility and impact of IMS in this field. Priority should be given to recruiting additional
research groups working in complementary areas. Research areas that would complement existing programs include protein misfolding
and disease, mass spectrometry based proteomics, structural biology of membrane proteins or macromolecular machines, single
molecule spectroscopy of biomolecules, and systems biology. Single molecule spectroscopy, in particular, would tie in well with
IMS’ existing strength in spectroscopy and laser technology and would help to promote interdisciplinary collaborations. However,
all of the above fields are rapidly growing and any one of them would interface well with existing research programs at the IMS and
would greatly enhance the visibility and impact of the Okazaki Institute for Integrative Bioscience and the Department of Life and

Coordination Complex Molecular Science.

Peter E. Wright

Cecil H. and Ida M. Green Investigator
Professor and Chairman

Department of Molecular Biology

The Scripps Research Institute
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