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Abstract

1. Introduction

In organic syntheses, an efficient process to obtain a desired product with less waste
is highly desired. Heterogeneous catalysts have attracted much attention because of their
advantages such as reusability and simplification of separation from a product. On the
other hand, a continuous-flow reaction using heterogeneous catalysts is attractive in
terms of scalability, providing a large amount of desired product as pure form by simply
feeding starting materials to columns packed with catalysts continuously. In addition, a
sequential multistep reaction, which is a green process that omits purifications in each
step, is realized by simply conducting several reactions sequentially in continuous-flow
systems. For these reasons, a continuous-flow reaction with heterogeneous catalysts is
one of ideal processes for organic syntheses. However, this process is sometimes
difficult to apply to fine chemical synthesis because of a lack of activity and robustness
of heterogeneous catalysts. In this context, | focused on metal nanoparticles
(NPs)-immobilized heterogeneous catalysts, which have been of great interest for their
high reactivity, unique selectivity and robustness. In my PhD studies, | have developed
immobilized-metal NPs as heterogeneous catalysts for tandem oxidation processes
including asymmetric C-C bond forming reactions, arene hydrogenation and
dehydrogenation reactions, which are compatible with both batch and continuous-flow
reactions.

2. Tandem oxidation processes (TOP) with metal NPs as heterogeneous catalysts
for synthesis of chiral esters

TOP is a sequential multistep reaction, including oxidation and nucleophilic addition,
which is an important method to construct complex molecules effectively. In my master
course studies, | developed an integrated process of oxidation-olefination-asymmetric
C—C bond formation catalyzed by polymer-supported metal NP catalysts under aerobic
and aqueous conditions to form chiral esters, which are valuable synthetic precursors.
However, the tandem oxidation-olefination did not give a satisfactory yield when
aliphatic alcohols were used as starting materials, because they were suffered from over
oxidation of intermediate aldehydes to give carboxylic acids.

To solve this problem, a base moiety was incorporated in the catalyst to accelerate
olefination, suppressing the over oxidation. That is, a bifunctional catalyst of core-shell
structure was prepared with 1,8-diazabicyclo[5.4.0]-7-undecene (DBU)-immobilized
polymer as a base and an immobilized-metal NP catalyst developed in our laboratory. It
was found that a tandem oxidation-olefination process with benzyl alcohol was
successfully accelerated.



1. Introduction

Heterogeneous catalysts for organic chemistry

Catalysts, which accelerate a reaction by reducing an energy of transition states and
remain unchanged at the end of the reaction, play a significant role in various research
fields. Needless to say, catalysts are necessary for organic chemistry; various valuable
transformations which are difficult to achieve without them have been realized. The
impact of catalysts is not only to facilitate the organic reactions themselves but also to
make the reactions meet the criteria of “Green Chemistry”, which is an important
conceptual guideline for organic chemistry.

Over a quite short period for a history of a universe, our lives have been improved
dramatically thanks to a development of science; however, mass production, mass
consumption, and mass disposal resulted in serious environmental problems which are
difficult to solve. For this reason, a concept of Green Chemistry, whose aim is to reduce
or eliminate the generation of hazardous compounds by changing from conventional
processes to environmentally friendly ones, and also by replacing conventional
chemical products with environmentally friendly or harmless ones, was established.!!
Following this criteria, the importance of catalysts for chemistry is recognized.

Synthetic organic chemistry, which is deeply related to environmental problems,
especially has a duty to follow the concept of Green Chemistry. The requirement is to
afford the target compounds efficiently with less waste generation, minimizing a
consumption of finite and valuable resources. In this context, heterogeneous catalysts
are an important key to achieve organic synthesis which meets the concept.
Heterogeneous catalysts have great advantages over homogenous catalyst systems,
represented by reusability. Except a special case such as organocatalysts, most of the
practical catalysts for organic transformations contain precious metals, which are very
difficult to be recovered and reused in a homogeneous catalyst system. As catalytic
species are immobilized on solid support in heterogeneous catalysts, they can be
recovered easily by simple filtration. Furthermore, they do not suffer from residual
metals in the final products, which is a serious problem in a reaction with homogeneous
catalysts including a pharmaceutical process.

Reaction integration

“Reaction integration” is another important aspect to achieve Green Chemistry, which
was defined by Bard in 1994.1' A concept of reaction integration is to perform several
reactions as a sequential multistep transformation. As this process does not require an
isolation of intermediates, it has a lot of advantages: For example, a purification process,
which is the most time- and cost-demanding and waste-producing operations in organic
synthesis, can be omitted. Additionally, even toxic or unstable intermediates can be
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generated and consumed immediately in situ, realizing more efficient and safe
reaction.”! The concept of reaction integration was further categorized in detail by
Yoshida.! According to a classification he suggested, conventional methods for
reaction integration performed in batch system, which is a reaction using a flask, is
divided into two types: One is “time and space integration”, where all reagents and
catalysts are mixed at once to perform a sequential reaction in one pot. The other is
“time integration”, where a sequence of reactions is performed in one pot by adding the
reaction components at intervals. Meanwhile, “space integration”, generally performed
under continuous-flow condition with a microreactor, is a new method for reaction
integration (Scheme 1-1).

Scheme 1-1. Classification of reaction integration (ref. Yoshida et al., Synlett 2011, 9,
1189.)

(a) time and space integration (b) time integration

flow direction =

<Time and space integration>

Tandem, domino, and cascade reactions are classified into this type. For example, In
2002, Taylor and co-workers reported tandem process of an oxidation of alcohols and
Horner-Wadsworth-Emmons (HWE) reaction to provide a,B-unsaturated esters. In this
reaction, all substrates and catalysts, which are alcohols, LIOH, MnO, as an oxidation
catalyst, and triethyl phosphonacetate as a HWE reagent, were mixed at once from the
beginning of the reaction, and the reaction proceeded sequentially in one-pot manner
(Scheme 1-2).F!



Scheme 1-2. Tandem oxidation process through “time-space integration”
OH MnO, (10 equiv), THF, A, 48 h X COEt
(Et0),POCH,CO,Et, LiOH, sieves, 69% (95% E) ©/\/

<Time integration>

The other is “time integration”, where a sequence of reactions is performed in one pot
by adding the reaction components at intervals. This reaction is called one-pot
sequential reactions to distinguish from the first type reaction. Although these processes
have merits mentioned above, undesired interactions between various catalysts,
substrates, intermediates and products which are co-exist in the reaction system
sometimes make it difficult to succeed. In 2013, Hayashi’s group succeeded one-pot
sequential synthesis of (-)-Oseltamivir (Tamifulu), which is one of the most effective
drugs for the treatment of influenza. In this process, asymmetric Michael addition
reaction, Michael reaction and intermolecular HWE reaction, isomerization and further
several transformations afforded the desired product by sequential addition of individual
substrates without evaporation and solvent exchange (Scheme 1-3).°!

Scheme 1-3. Tamifulu synthesis through “time integration”
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In my Master’s course study, | have achieved an integrated process of oxidation—
olefination—asymmetric 1,4-addition reactions under aerobic and aqueous conditions
catalyzed by immobilized metal NPs. The first two step of tandem process is time and
space integration of an aerobic oxidation of alcohols followed by olefination, and the
second step is asymmetric 1,4-addition of boronic acid to a,B-unsaturated ester to afford
chiral esters by sequential addition of reagent and the catalyst, which is the combination
of time-space integration and time integration (Scheme 1-4)."!

Scheme 1-4. Integrated process of oxidation—olefination—-asymmetric 1,4-addition
reactions
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<Space integration>

In the reaction classified into “space integration”, where several flow reactors which
perform each reaction individually are connected to complete a target reaction,
substrates introduced into flow reactors are transformed to the target products via
several reactions while they are passing through the reactors; in other words, several
sequential transformations on individual substrates which occur in independent reactors
simultaneously are integrated to afford the final products. In common with integrated
batch reactions, it is possible to add some reagents or catalysts during the course of the
reaction.

Space integration under a microflow condition has several advantages over a batch
method from the aspect of environmental compatibility, efficiency and safety. In general,
a microflow process are more efficient than standard batch protocols and offer much
higher through put per unit volume and per unite time with less waste. Starting materials
are continuously fed to a column or a hollow loop and contact within a smaller reaction
space, and removed quickly from there to provide the desired products continuously. As
the reaction parameters such as temperature and reaction time can be controlled more
precisely, the risk of side reactions is reduced. In addition, better heat transfer and
mixing efficiency thanks to a smaller reaction space makes the reaction system more
safety.

Furthermore, space integration realizes a new method for organic transformations
utilizing highly unstable intermediates that cannot be treated in a conventional batch
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system. For instance, quite short-lived species such as extremely reactive carbanion can
immediately react with other substrates and reagents which co-exist in the reaction
system before their decomposition. In the case of time and space integration, the design
of the reaction is limited to some degree because the order of each reaction and the final
product often depend on substrates or reagents. In the case of time integration, this issue
is overcome thanks to the sequential addition of further reagents, which enables a
control of the order of the reactions; however, a time interval of addition of individual
reagents makes it technically impossible to employ an intermediate whose life time is
significantly short such as less than mili-second. On the other hand, as a reaction is
performed under continuous-flow condition in space integration, further reagents can be
added immediately after generation of unstable intermediates. Recent flow
microreactors enable active species whose life time is less than one second to be
employed to the reaction without their decomposition. A rapid organic synthesis with
flow microreactors utilizing short-lived active species is specifically called as Flash
Chemistry, whose keyword is “controlling time by space”: Space integration based on
Flash Chemistry realizes a molecular transformation of quite unstable intermediates by
a precise control of residence time, which is impossible to achieve in a batch reaction
(Scheme 1-5).14 8

Scheme 1-5. Utilization of short-lived active species through Flash Chemistry
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For example, Yoshida and co-workers succeeded to generate an organolithium
intermediate without a protection of intramolecular carbonyl group followed by
trapping it with an electrophile such as aldehyde; a formal total synthesis of bioactive
natural polyphenol was achieved through this method (Scheme 1-6).[9] This kind of
process is expected to bring a new possibility of preparation of drugs or functional
materials.

The concept of flash chemistry is also applicable to multi-step synthesis. In 2011,
Yoshida’s group achieved sequential introduction of three electrophiles into
1,3,5-tribromobenzene based on Br-Li exchange reaction using an integrated flow
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microreactor system consisting of six micromixers and six microtube reactors. This
method enables flash synthesis of methyl ester of TAC-101, which is a synthetic
retinoid with selective binding affinity for RAR-a and its analogues in good yields. The
total residence time of organolithium species was 0.003 s or less and that from
1,3,5-tribromobenzene to the ester was ca. 13 s, and the productivity of it was 100-200
mg/min (Scheme 1-7).[8¢!

Scheme 1-6. Organolithiation under microflow condition (ref. J.-i. Yoshida, Nat.
Commun. 2011, 2, 264.)
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Scheme 1-7. Synthesis of TAC-101 using an integrated flow microreactor system
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On the other hand, microflow strategy is suitable not only for the reactions with quite
unstable species, but also for that with highly active reagents such as BuLi. In 2010,
space integration of Br-Li exchange and Murahashi coupling under microflow
condition for cross-coupling of two different aryl bromides (Ar'-Br and Ar>-Br) was
reported by Yoshida and co-workers. While Aryl-boron, aryl-silane, aryl-tin, aryl-zinc,
and aryl-magnesium compounds are often used for cross-coupling reactions for their
relative stability, the use of less stable but more reactive aryllithium compounds in
cross-coupling has been rather limited. Until this Yoshida’s report, pioneering work by
Murahashi in 1979 is only an example of the palladium-catalyzed cross-coupling of
organolithium compounds with organic halides.™® One of the major reasons of less
development of this type of reaction is X—Li exchange of ArX with BuLi leads to the
formation of BuX, which consumes ArL.i if desired subsequent coupling is slow. That is,
the key for achieving this reaction might be a rapid reaction of generated ArLi with a
coupling partner. In this context, they commenced an investigation of this space
integration through microflow reaction. Eventually, it was found that the use of Pd
catalyst (PEPPSI-SIPr) bearing a carbene ligand results in the Murahashi coupling being
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much faster, enabling its integration with the Br-Li exchange of Ar'Br with BuLi in a
microflow reactor (Scheme 1-8).[

Scheme 1-8. Integrated flow microreactor system for the cross-coupling (ref. J.-i.
Yoshida et al., Angew. Chem. Int. Ed. 2010, 49, 7543.)

Br-Li Exchange Reaction

Ar'Br + Buli —= Ar'Li + BuBr

Pd-Catalyzed Murahashi
Coupling Reaction

Ar'Li + Ar’Br —=Ar'-Ar? + Ligr

As mentioned, “time control by space” strategy under microflow condition is
disirable for a rapid reaction of highly active species; however, the requirement of a
continuous flow of precious metals causes problems of an isolation issue and high cost.
In this context, in the case of reactions using inactive compounds which require
activation by catalysts, which take several minutes to hours to be completed, a simpler
flow system with a column packed with immobilized-metal catalysts, which does not
need isolation of the catalysts, is suitable.

Recently, a concept of flow “fine” syntehsis, which is reactions and synthesis that
attain high yields and high selectivities through a flow method, has been established by
Kobayashi.' Furthermore, as a characteristic of the flow method is that it is continuous,
flow “fine” synthesis should construct multistep flow systems by combining
individual flow reactions to synthesize structurally complex molecules. Flow “fine”
synthesis has several advantages over conventional organic synthesis. (1) High energy
productivity and energy saving compared with batch methods can be realized. (2) The
compact nature of a reactor means that space saving can be realized in addition to
energy saving. (3) The low-volume reaction space means that it is possible to suppress
damage caused in the event of leakage even when high-risk substances are used;
therefore, flow “fine” synthesis ensures high safety. (4) It is possible to adjust the
quantity of production by controlling the rate of introduction of starting materials; such
“just-in-time” production can reduce the amount of waste generated, which can lead to
lower costs. (5) Automation is easier, and it is possible to minimize the exposure of
operators to hazardous chemicals. (6) As discussed below, by using columns packed
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with suitable catalysts, the separation of catalyst from the product is not required. In his
review article, a classification of continuous-flow reactions into four types has been
explained (Scheme 1-9).

Type I: Substrates (A and B) are passed through a column or hollow loop, etc. during
which reactions occur. Although the product is obtained continuously, unreacted A or B
or any byproduct(s) are also eluted as contaminants.

Type I1: One of the substrates (B) is supported in a column. If an excess amount of B
is used, the second substrate (A) is consumed. Although contamination of the product
by unreacted A or B may be avoided, overreaction(s) may occur. In addition, once
supported B is consumed, the column must be changed.

Type I11: Substrate A reacts with B in the presence of a homogeneous catalyst.
Although catalysis proceeds smoothly, the catalyst cannot be easily separated and it
elutes as a contaminant in the product.

Type IV: Substrate A reacts with B in the presence of a heterogeneous catalyst. If
catalysis proceeds smoothly, no separation of the catalyst from the product is required.

Scheme 1-9. Classification of continuous-flow reactions
1) No catalyst

D o — ()~
2) Supported reagent
() —

Type Il A
supported B

3) Homogeneous catalyst

Type Il A+B —— — A-B

catalyst catalyst

4) Heterogeneous catalyst

Zm o ()

catalyst

Following this definition, the microflow synthesis of TAC-101 and cross-coupling
of arylbromides are classified into an integration of Type | reaction and an integration of
I and 11, respectively.
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On the other hand, In 2010, Ley and co-worker achieved a 4-step continuous-flow
reaction to synthesize
N,N-Diethyl-4-(3-fluorophenylpiperidin-4-ylidenemethyl)benzamide 13, which is a
potent &-opioid receptor agonist developed by AstraZeneca.l*¥ A solution of
iPrMgCI-LiCl in THF and a mixture of
1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU), diethylamine, and ester
8 in THF were combined, and the resulting mixture was passed through a convection
flow coil (CFC) reactor (10 mL, 25 °C) before being merged with a third flow of
1-Boc-4-piperidone 9. The reaction stream was then directed through a second CFC (10
mL, 25 C ), followed by three scavenger columns containing, in order,
supported-sulfonic acid, supported-TSNHNH, , and silica gel to give tertiary alcohol 10.
The supported-sulfonic acid scavenged the residual amine starting material and the base,
and the supported-TsSNHNH, removed all the remaining piperidone 9; the silica gel
column trapped the magnesium salts generated during the process. Burgess reagent 11
then joined the main reaction stream of 10. The reaction mixture was then pumped
through a third CFC (10 mL, 60 “C) before entering into a column loaded with a
mixture of supported-sulfonic acid and supported benzylamine to sequester the excess
Burgess reagent and associated by-products, providing N-Boc-protected 12. Finally, a
heated column (60 °C) of supported-sulfonic acid was used to deprotect and catch the
target molecule. Elution of the acidic column by using a solution of NH3 in MeOH
completed the synthesis in a continuous fashion, and gave the product 13 (Scheme 1-10).
Four CFCs and one column were used, corresponding to 3 Type | and 1 Type I, and the
four-step synthesis resulted in 35% overall yield of pure 13 (74 mg). It is noteworthy
that ReactIR flow cell was utilized to know the appropriate time for the addition of
followed reagent 11; as soon as the indicative fingerprint signal of 10 was detected (i.e.,
IR stretching frequency 1690-1700 cm™), the following stream was started. The
incorporation of in-line analysis into continuous-multistep-flow synthesis implies
further development of this research field. The chief characteristic of this synthesis is
the combination of Type | flow reactions and scavenger resins, which is for removal of
unreacted starting materials, co-products, and by-products efficiently. Taking these
problematic issues and the aspect of the recent regulations on Green Chemistry,
continuous-flow reactions in Type IV are recommended to use. Continuous-flow
reactions in Type IV are especially proper for flow “fine” chemistry.
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Scheme 1-10. Flow synthesis of 3-opioid receptor agonist 13
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In our laboratory, 4-step continuous-flow synthesis of (R)-Rolipram, which is an
anti-inflammatory drug, has been achieved by the combination of all type IV reactions
(Scheme 1-11). However, heterogeneous catalysts generally show lower activity than
corresponding homogeneous counterparts due to a lower contact efficiency of solid
catalysts and the substrates in a liquid phase. This makes an application of
heterogeneous catalysts to a continuous-flow system difficult because the reactions
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require to be completed within a short residence time in this system. In this context,
metal nanoparticles, which show higher catalytic activity, are one of the solutions for
this issue.

Scheme 1-11. Continuous-flow synthesis of chiral Rolipram
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Immobilized-metal nanoparticles as heterogeneous catalysts

Metal nanoparticles (NPs), which are nanometer sized aggregates consisting of
several tens to hundreds of metal atoms, have been of great interest in various research
areas such as material science and biochemistry because of their unique physical
properties, which are different from that of bulk metals or metal complexes. This unique
property of metal NPs can be explained from a view point of their peculiar electron
states. While metal complexes have energetically well-defined bonding and antibonding
orbitals, bulk metals have typical consecutive band structures. Metal NPs possess a lot
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of discrete energy levels and forms a small energy gap, in other words, the electronic
states of metal NPs have a middle of those two natures (Scheme 1-12).1°!
Scheme 1-12. Electron states in complex, nanoparticle, and bulk metals

NPs
Band structure Multiple but separated Well sepa)lsated
Energy
level
Bulk NPs Complex

In the field of synthetic organic chemistry, metal NPs have been attracted attention
and showed high reactivity and unique selectivity as a catalyst. The example reported by
Haruta and co-workers in 1987 is a representative of unique NP catalysis, which is
totally different from bulk metals.™*® Small gold NPs showed catalytic ability in aerobic
oxidation of carbon monoxide to carbon dioxide at low temperature while no reaction
was observed with bulk gold, demonstrating a characteristic nature of gold NPs as
catalysts. Since this remarkable discovery, aerobic oxidation catalyzed by gold NPs has
been extensively studied.

Because of lability of metal NPs, stabilizers such as small ligand molecules, inorganic
or organic polymers are required for immobilization on supports. Microencapsulation
(MC) of metal NPs is one of the methods to stabilize them keeping their activity. Our
group has been succeeded to immobilize metal NPs by polystyrene-based polymers
following this concept. The reduction of metal salts in a solution containing a polymer
makes stabilized metal NPs, followed by the addition of poor solvent for the polymer
which causes a precipitation of polymer encapsulated metal NPs. The immobilized
metal NPs are obtained as a heterogeneous catalyst after separation from liquid phase.
In this catalyst, metal NPs are physically enveloped and stabilized by polymer
backbones through an interaction between vacant orbitals of the metals and = electrons
of the benzene rings in polymer (Scheme 1-13). This immobilization manner of metal
nanoparticles utilizing weak but multiple m-interactions realizes high activity of the
catalysts. In addition, polystyrene-based polymer provides a suitable reaction field
behaving like a solvent and facilitates the access of the substrates to metal NPs.!*"!
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Scheme 1-13. Stabilization of metal NPs by MC technique
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This method was further developed by a combination of two procedures of MC and
cross-linking of the side chains of polymer to provide “Polymer-Incarcerated (PI)
catalyst” (Scheme 1-14).17% 8 Cross-linking reaction between epoxide and hydroxyl
groups in the polymer resulted in solider envelopment of metal NPs successfully
prevented a leaching of metals from the catalyst. Additionally, incorporation of carbon
black as a second support provides larger specific surface area of the catalyst, leading to
higher catalytic activity (PI/CB catalyst). Furthermore, bimetallic NPs can be easily
prepared by simultaneous reduction of both metal salts: Notably, catalytic activity and
selectivity were enhanced by bimetallic NPs formation.!*® °! The positive effect of
bimetallic NPs formation is explained by mainly two factors!?®: One is a “ligand effect”,
which electron transfer between two different metals changes an electronic state of the
catalytically active center. The other is “ensemble effect”, which several kinds of
substrates are activated on each metal individually to accelerate the reaction at the
interfaces of two metals.

Scheme 1-14. Preparation of PI/CB-metal catalysts
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P1/CB-metal catalysts have been applied to various organic transformations such as
aerobic oxidations™® ** 2 and tandem oxidative processes for ester or amide
formation.””? In addition, bimetallic NPs of Rh and Ag modified by chiral ligands,
called chiral NPs, were applied to asymmetric 1,4-addtion of arylboronic acid to
a,B-unsaturated esters.[’ % 218 |n my master course study, | have achieved an integrated
process of oxidation—olefination—asymmetric 1,4-addition reactions under aerobic and
aqueous conditions catalyzed by immobilized metal NPs (Scheme 1-15).1%!

Scheme 1-15. Integrated process of oxidation—olefination—asymmetric 1,4-addition
reactions
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Our laboratory has further applied gold-based bimetallic NPs to oxidation and
oxidative esterification of alcohols under continuous-flow conditions.’?*! Organic layer
with substrates and aqueous layer containing base were introduced into a glass column
packed with PI/CB-metal catalyst with simultaneous flow of oxygen gas, which
successfully achieved the gas-liquid-liquid-solid multiphase flow reaction (Scheme
1-16). However, this process required to pack certain amount of celite together with the
catalyst; otherwise, the clogging of the system prevented the reaction mixture from
passing though the column due to swelling of the catalyst by absorption of the solvent.
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Scheme 1-16. Oxidative esterification of alcohols under continuous-flow conditions
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On the other hand, Polysilane-immobilized metal NPs catalyst, which developed in
our laboratory,®™ solved the problem of clogging of continuous-flow systems.
Polysilanes are organosilicon polymers with the formula (R,Si),, which are synthesized
by heating Na with R,SiCl,, or obtained as an inexpensive industrial by-product from
silicon wafer manufacturing.l?® Polysilanes have been widely studied for their unique
electronic properties, such as high hole mobility, photoconductivity, and nonlinear
optical properties caused by o-conjugation of the silicon backbones.”” The
o-conjugation stems from the low ionization energy of electrons in Si-Si bonds of the
polymer backbones, compared to that of C-C c-bonds. It was generally said that the
delocalized electrons in the o-conjugation of polysilanes could interact with the vacant
orbitals of metals to immobilize the metals, which is the same manner as the n-electrons
of the benzene rings in PI catalyst. Surely, polysilanes which have benzene rings in
there structure such as methylphenylpolysilane would be able to stabilize NPs through
n-metal interaction (Scheme 1-17). From the view point of availability and affordable
price of them, the use of polysilanes as support of heterogeneous catalysts is
advantageous to Pl method, while co-polymer for PI catalysts requires tedious synthetic
procedures. Recently, we have been achieved catalytic flow hydrogenation of aromatic
nitro compounds with Pd NPs immobilized on nanocomposite of polysilane and
almina.’® This reaction did not suffer from clogging the column even without celite,
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thanks to a property of polysilane which does not swell with organic solvents (Scheme
1-18).

Scheme 1-17. Stabilization of metal NPs by s-conjugation of polysilane

|||||||||
Me—Si~Me
/S\i

\

\ 7/,

Scheme 1-18. Hydrogenation with polysilane-immobilized heterogeneous catalyst

Polysilane/alumina-Pd

NO, H NH,
R— h - 2 R—— h 13 examples
= continuous-flow system = up to >99%
mass flow pressure
H, gas controller

MPPSIi/Al,O5-Pd N
\
aluminum ﬁ
heating block
substrate
product

24



Hydrogen storage %

Another important role of heterogeneous catalysts is illustrated in a field of energy
storage. Suffering from a depletion of fossil fuels, alternative energy resources are
urgently desired. Wind-force, geometrical, and solar power generation can be a
candidate; however, instability of an energy supply is one of the drawbacks of them. In
this context, new system to compensate for such “unstable” energy resource has
attracted attention.

Hydrogen, which generates water as a sole by-product in an energy production, has
attracted much attention as a clean energy resource. In current method, hydrogen, which
is a gas under ordinary temperature and pressure, is stored and transported as a liquid
form or a compressed gas; however, it consumes significantly large amount of energy
for compression and cooling the hydrogen gas. Furthermore, special containers for
transportation are also required. Taking it into account that certain degree of loss of
hydrogen during transportation additionally, this method should be regarded as a
high-cost and low-efficiency process. For this reason, development of technique to
provide hydrogen safely and simply to various applications such as power for
automobiles and household power generation is highly desirable. In this context, liquid
organic hydrides, such as methylcyclohexane (MCH) or decaline, have got much
attention as a hydrogen transporter. In this process, hydrogen can be stored as organic
hydrides through catalytic hydrogenation of aromatic compounds such as toluene, and
can be regained by catalytic dehydrogenation of organic hydrides with regeneration of
aromatics as reusable hydrogen transporters. The advantages of this process are higher
hydrogen-storage ability of aromatics, easy operation of liquid aromatics and organic
hydrides under ordinary temperature and pressure, and that it can utilize existing
infrastructure for petroleum transportation, which enables not only hydrogen supply for
interior area but also establishment of a massive network of hydrogen transportation
connecting overseas (Scheme 1-19).
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Scheme 1-19. Hydrogen storage technique utilizing organic hydrides

Hydrogenation Dehydrogenation

power N
station

Calling it into account that mass treatment of hydrogen is required in industrial
process to achieve future hydrogen society, continuous storage and production of
hydrogen is desired; in this context, continuous-flow reaction using heterogeneous
catalysts is suitable for hydrogen storage and extraction.

As represented by discussion above, heterogeneous catalyst for continuous-flow
reactions are of great importance in future society. In this context, 1 had worked on
development of heterogeneous catalysts which have high activity under milder
conditions, wide substrate generality and robustness especially under continuous-flow
conditions.
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2. Tandem oxidation processes (TOP) with metal NPs as
heterogeneous catalysts for synthesis of chiral esters

Backgrounds

As described in general introduction, tandem reaction, a sequential multistep reaction
has a lot of advantages, such as reduced number of purifications, and generation of toxic
or unstable but highly reactive intermediates in situ, compared with stepwise processes
involving the addition of various reagents, catalysts and temperature control. A tandem
reaction involving oxidation, called as tandem oxidation process (TOP), matches with
the criteria of Green Sustainable Chemistry.™ The first example of TOP was achieved
during investigations to establish a synthetic method for the preparation of the
manumycin family of antibiotics. 3-Bromopropenol i was oxidized to give aldehyde ii
to convert conjugated ester iii, an intermediate of the synthesis. A range of oxidant was
used, however, overall yield of iii was less than 30% because of lachrymatory and
iIsomerization/origomerization of ii during isolation. Although Ireland tried to address
this issue by a one-pot sequential Swern oxidation-Wittig trapping procedure, unstable
nature of ii was still the problem.” Finally, Xudong Wei performed this process by
combining alcohol, MnO; as an oxidant, and a stabilized Wittig reagent in the same
reaction vessel for immediate trap of in situ generated aldehyde ii and obtained the
desired product iii in 78% yield (Scheme 2-1-1). B!

Scheme 2-1-1. The earliest achievement of TOP (sequential addition of reagents)
Ph3P:CHC02Et _

<30% over 2 steps

P N various PN
Br " OH "oxidants Br ~o

N =
i

MnOZ, Ph3P:CHCOQEt

78% (EIZ = 7/1)

The first truly tandem oxidation—trapping sequence was reported by Huang in 1987.
During the synthesis of carbon-14-labeled compound v, aldehyde iv could not obtain
because of its lability; however, finally the desired product v was successfully obtained
by Dess-Martin oxidation in the presence of a Wittig reagent (Scheme 2-1-2).
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Scheme 2-1-2. First example of truly tandem oxidation-trapping sequence

oxidation WCO Bn
OEN\\ —_— OEN\\\ ----------------- >0 2

N
H .. OH H o H
iiii iv \'
‘ Dess-Martin periodinane, PhzPh=CHCO,Bn T

78% (>95% E)

Since this discovery, a large number of TOPs have been developed employing I1BX,
PccPl sO; - Py"®!, TEMPO-BAIB, which are homogeneous, and Ba(MnO,),!®!, NBS
(N-bromosuccinimide) or NIS (N-iodosuccinimide) in combination with MnO;, which
are heterogeneous, as oxidants. However, stoichiometric or large excess amounts of
oxidants were used in all these cases. Moreover, hazardous preparation of the
Dess-Martin oxidant, toxicity of Ba(MnOy),, and requirement of activation of a large
excess amount of MnO, were serious problems. To address these issues, Kim and
co-workers reported the in situ catalytic oxidation-Wittig reaction, which utilized
aerobic oxidation catalyzed by a Ru complex although vyields were highly
substrate-dependent (Scheme 2-1-3). The use of molecular oxygen as the terminal
oxidant has many advantages over the use of stoichiometric or excess amounts of
typically used oxidants. Oxygen is abundant in air and the only byproduct formed is
water after the oxidation.!®!

Scheme 2-1-3. First example of one-pot oxidation-Wittig reaction utilizing aerobic
oxidation

Ru complex
cl_cl
PhsP=CHCO,Et T R R Y

NX-"0H Cs,CO;5 NN COE Z of o A
O, balloon

71% (E/Z = 2011) Ru complex

In 2009, Park and co-workers achieved Ru-complex catalyzed one-pot alcohol
aerobic oxidation-Wittig reactions to give a,B-unsaturated esters.*% In this reaction, a
primary alcohol is oxidized by molecular oxygen in a dehydrogenative fashion
catalyzed by Ru NPs-embedded on aluminum oxyhydroxide (Scheme 2-1-4).
Additionally, the similar tandem reaction utilizing aerobic oxidation catalyzed by
manganese oxide octahedral molecular sieve (OMS) materials was reported by Suib and
co-workers last year (Scheme 2-1-5).1" In all cases explained here, Wittig reaction was
employed to form carbon-carbon double bond; however, Horner-Wadsworth-Emmons
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reaction, called HWE reaction, is generally preferred to Wittig reaction because of its
several advantages.

Horner-Wadsworth-Emmons reaction is one of the most useful methods to introduce
carbon-carbon double bond to afford o,B-unsaturated carbonyl compounds.'? The
procedure of this reaction is a modified procedure of Wittig reaction reported by Horner
and co-workers in 1958.1! Wittig reaction is a reaction to obtain olefins from carbonyl
compounds and phosphorus ylides and firstly reported by Wittig several years before
Horner’s report.*” The novel method reported by Horner, which used phosphine oxide
stabilized carbanions as ylides, was further modified by Wadsworth and Emmons by
employing phosphonates. Thereafter, so called ‘Horner-Wadsworth-Emmons (HWE)
reaction” has gained popularity and become a widespread tool for de novo
carbon-carbon double bond formation.*® Compared with Wittig reaction, HWE
reaction has a lot of advantages: 1) Preparation of alkylphosphonates is much easier and
cheaper than phosphorus ylides, 2) Carbanions derived from alkylphosphonates have
higher nucleophilicity, 3) HWE reaction proceeds under milder conditions, 4) strong
bases such as "BuL.i are not required, which makes the reaction compatible to water, and
4) Products can be separated easily from the reaction mixture because dialkylsulfonates,
co-product of HWE reaction, are easy to remove by washing with water due to its
solubility in water while triphenylphosphine oxide, co-product of Wittig reaction, is not
soluble in water.[*®

As described above, HWE reaction is superior to Wittig reaction in terms of
preparation of the reagent, reaction conditions, and easeness of removal of phosphonate
co-products from the reaction mixture. To achieve more environmentally friendly
process, TOP involving HWE reaction was reported by Taylor and co-workers in 2002.
A range of alcohols were converted to o,B-unsaturated esters with triethyl
phosphonacetate in the presence of lithium hydroxide/molecular sieves; however, this
process had a drawback in the oxidant that a large excess amount of MnO, was required
(Scheme 2-1-6). The most desired process, that is, one-pot oxidation-HWE reaction
employing molecular oxygen as an oxidant, had not been achieved.

Scheme 2-1-4. Sequential aerobic oxidation-Wittig process

Ru/AIO(OH)

~"OH + PhyP=CHCO,R'
s 2 0, (1 atm)

12 examples
24-97%, E/Z up to 29/1

Scheme 2-1-5. Sequential aerobic oxidation-Wittig process

o OMS-2 ,
R OH *+ PhsP%\ﬂ/ ~ R Xy ~COR
'e) toluene, 110 °C
ari (balloon)

20 examples

R = aryl, heteroaryl, allyl, alkyl 65-95%, E/Z up to 98/2
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Scheme 2-1-6. TOP involving HWE reaction

OH oxidant \O (EtO)ZPOCH2C02Et AN CO2Et
HWE reaction ©/\/

‘ MnO, (10 equiv), THF, A, 48 h ]
(EtO),POCH,CO,Et, LiOH, sieves, 69% (95% E)

In this context, | have investigated tandem process of aerobic oxidation of alcohols
and olefination through HWE reaction, which afforded o,B-unsaturated esters, which
can be a precursor of bioactive chiral esters, in my master’s course study. Eventually,
the transformation proceeded smoothly under aerobic and aqueous conditions catalyzed
by PI/CB-Au/Pd and gave the desired product in high yields with high E/Z selectivity
(Scheme 2-1-7).1 However, it was challenging to obtain the product in more than 90%
in this process; around 10% of aldehydes, which is an intermediate of an oxidation of
alcohols, were further oxidized to corresponding carboxylic acids. In particular, this
over oxidation is more significant in the reaction with aliphatic alcohols because of in
stability of aliphatic aldehydes, different from stabilized benzylic aldehydes (Scheme
2-1-8). In this context, acceleration of HWE process is one of the ideas to overcome this
issue (Scheme 2-1-9).

Scheme 2-1-7. Tandem oxidation/HWE process for a,-unsaturated esters syntehsis

P1/CB-Au/Pd (0.5-1 mol%)

~ EtO 9 K2CO3 (3 eqUiV) O

1 + -

R* OH EtO/P OR?2 toluene/H,0, Oy, 60 °C, 16-24 h R1VJ\OR3
R" = Ar, alkyl 1.5 equiv 9 examples

up to 83% yield

2 -yt
R“ = Et, ‘Bu up to E/Z = 99/1

Scheme 2-1-8. Tandem oxidation/HWE reaction with aliphatic alcohols
PI/CB-AU/Pd (1 mol%)

OH 0 K,COs (3 equiv) X COEt
+ EtO]l
et ~~CO2El toluene/H,0, O,, 60 °C, 24 h

1.5 equiv 66% vyield
up to E/Z = 95/5
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Scheme 2-1-9. Improvement of selectivity of desired reaction pathway

0
EtO—P._CO;R?

[ RING EtO
acceleration

R

OH > R1 /\/CO2R2

[O]

suppession  [O]

'
O
I

R" “OH

In 2011, Ando and co-workers reported that the catalytic amount of
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) can accelerate HWE reaction in the presence
of metal carbonate (Scheme 2-1-10); it is assumed that coordination of metal ion to both
carbonyl groups in phosphonates facilitated deprotonation of phosphonates by DBU.!#!
Protonated DBU is then deprotonated by metal carbonate to regenerate the original form
of DBU.

Scheme 2-1-10. HWE reaction catalyzed by DBU

M2003 _M_
j\ + EtO O cat. DBU j‘\/ O o0

On the bases of this report, it was expected that catalytic amount of DBU accelerates
HWE reaction in our tandem oxidation/HWE process and affords the desired product
selectivity, suppressing the over oxidation; however, the addition of DBU to this tandem
process using 3-phenylpropanol as a substrate lowered the conversion of starting
material, indicating that PI/CB-Au/Pd might be poisoned by strongly coordinative DBU
(Scheme 2-1-11).

Scheme 2-1-11. Tandem oxidation/HWE reaction with DBU

P1/CB-Au/Pd (1 mol%)
K,CO3 (3 equiv)

OH o DBU (3 mol%) Xy CO2Et
+ EtO\I':', CO.Et
EtO”" 72 toluene/H,0, O,, 60 °C, 24 h,

19% yield
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This result suggested that a newly designed catalyst is required to achieve high yield
of the desired product. It is assumed that selective acceleration of HWE reaction
suppressing an undesired interaction between both catalysts, which are the catalysts for
oxidation of alcohols and HWE reaction, might be realized by keeping a spatial distance
between these catalysts. To achieve this catalysis, an immobilization of each catalyst on
individual support is one of the ideas. In this context, | started the preparation of
DBU-containing polymer to employ it to the tandem process as a co-catalyst with
P1/CB-Au/Pd.
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Results and Discussion

Direct Olefination Catalyzed by Polymer-immobilized Metal nanoparticles and
Polymer-immobilized Base

In 2007, Endo and co-workers reported the preparation of DBU-immobilized polymer
by substitution of chloride in a styrene-based polymert*®! (Scheme 2-2-1); however, the
application of this polymer to organic synthesis has not been achieved. Based on this
report, a preparation of DBU-immobilized polymer (DIP) has been started. Here, |
targeted a cross-linked polymer to prepare heterogeneous catalyst which cannot dissolve
in organic solvents, different from reported one.

Scheme 2-2-1. Reported procedure for DBU-immobilized polymer synthesis

X y
Q/j n-BuLi (3 equiv) Cl
SN THF,0°C,1h THF, 0°C, 24 h

DBU (2 equiv)

1) filtration
methanol acetone 2)dryin vacuo

quenching precipitation

For the preparation of DIP, two strategies were planned; one is synthesis of
DBU-substituted monomer followed by polymerization of this monomer, and another is
polymerization of benzyl chloride-containing monomer followed by substitution of
chloride by DBU (Scheme 2-2-2).
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Scheme 2-2-2. Preparation of DIP

As the first strategy, a monomer containing DBU was prepared. After the reaction, the
reaction mixture was acidified to obtain the product as a hydrochloric salt; however, it
caused a rapid polymerization of the product (Scheme 2-2-3). To avoid this issue, the
reaction mixture was neutralized (pH 7) after the reaction and concentrated.
Unfortunately, it also resulted in a polymerization of the desired monomer.

First method

Scheme 2-2-3. Synthesis of DBU-substituted monomer
X

Cl
n-BuLi (3 equiv) / <:> H@
/j polymerization

THF,0°C,1h THF,0°C,24h

DBU (2 equiv) N=

The second strategy, which is a substitution of pre-synthesized benzyl
chloride-containing polymer by DBU, was then investigated. For a polymerization,
suspension co-polymerization method, where a polymer is formed in monomer-solvent
droplets in a continuous phase that is a non-solvent for both the monomer and the
formed polymer, was applied because this process generally gives a cross-linked
polymer with uniform particle size. In a solution of polyvinyl alcohol (PVA),
polymerization of styrene, 4-chloromethylstyrene, and divinylbenzene as a cross-linking
agent was conducted. Here, 3 different polymers P-1, P-2, and P-3 were prepared by
varying the ratio of styrene and 4-chloromethylstyrene. According to an analysis of the
prepared copolymer by ion chromatography, most of the 4-chloromethylbenzene used
for the reaction was incorporated to the copolymer (Table 2-2-1).
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Table 2-2-1. Preparation of copolymers

Me Me
E/ = = MeOZCXN//NXCOZMe 1) centrifugation /( E/:]’
Me Me 2) wash with X y z
X V-601 methanol
+ + | _
/\= PVA solution/toluene 3) dry in vacuo
Cl Cl

1 2

N

60 °C, 48h

3

entry polymer 1 2 3 yield Cl Cl Cl(act.)/
(equiv) (equiv) (equiv) (%) (desired) (wt%)* Cl(des.)

1 P-1 10.0 10.0 1.0 59 13.2 12.6 0.95

2 P-2 6.7 13.3 1.0 49 16.9 15.0 0.89

3 P-3 5.0 15.0 1.0 52 18.1 16.1 0.89
# Determined by ion chromatography analysis.

With the chloride-containing copolymers, chloride in the polymer was substituted by
DBU following the process for a synthesis of DBU-substituted monomer. The prepared
copolymers, DIP-1, DIP-2, and DIP-3, were analyzed by an elemental analysis.
Considering each DIP contained only 0.3% of Chloride, almost all of chloride contained
in the polymers might be substituted by DBU, while an incorporation of DBU was
estimated as 90% calculated on theoretical amount of nitrogen in the polymers. (Table
2-2-2).

Table 2-2-2. Preparation of DIPs

X y
x y z 1) centrifugation
Il 2)wash with MeOH,
n-BuLi (3 equiv) al A}VZ

MeOH/H,O

N/j
<:)\\\N THF,0°C,1h  THF,0°C,24h  3) centrifugation

4) dry in vacuo

DBU (2 equiv) N\\\)N
entry DIP C H N N N (act.)/ Cl DBU
(%) (%)* (desired) (%) N (des.) (%)°  (mmol/g)°
1 DIP-1 74.88 8.40 7.0 6.52 0.93 0.3 2.33
2 DIP-2 76.39 8.73 7.9 7.49 0.95 0.1 2.68
3 DIP-3 7471 8.73 8.3 7.17 0.86 0.2 2.56

* Determined by elementary analysis. ° Determined by ion chromatography analysis.
¢ Calculated based on the loading of nitrogen.
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The activity of the prepared DIPs was evaluated through HWE reaction using
p-tolaldehyde. Compared to the result obtained without DIPs, the yields of desired
a,pB-unsaturated ester were improved in the reactions with DIPs, demonstrating an
acceleration of HWE reaction by DIPs (Table 2-2-3). DIP-2, which gave the best yield
in the three, was used in further investigation.

Table 2-2-3. Activity check of DIPs through HWE reaction

O K,CO3 (2 equiv
EtO” 2 H,O (8 equiv)
1 equiv rt, 2 h
entry DIP yield (%)a

1 — 68
2 DIP-1 76
3 DIP-2 81
4 DIP-3 78

?Determined by *H NMR analysis.

The catalytic activity of DIP in tandem oxidation/HWE reaction was initially
evaluated in the reaction with aromatic alcohol. Prior to it, PI/CB-Au/Pd was prepared
following the reported procedure (Scheme 2-2-4). 4-Methylbenzyl alcohol and HWE
reagent were reacted in the presence of PI/CB-Au/Pd, potassium carbonate, and DIP. An
improvement in yield of the desired product was confirmed with 3 mol% of DIP,
demonstrating the positive effect of DIP on HWE reaction in this tandem process (Table
2-2-4, entry 2). The amount of DIP was then further increased. It is noteworthy that the
formation of carboxylic acid, which is a by-product, was decreased as the loading of
DIP was increased, indicating the efficient acceleration of HWE reaction by DIP;
however, higher loading of DIP also caused the transesterification of the product and the
starting material (entries 3-5). These results showed that 5 mol% of DIP was suitable
under this reaction conditions, which afforded the desired product in 87% isolated yield
with 98:2 of E/Z selectivity (entry 3).
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Scheme 2-2-4. Preparation of PI/CB-Au/Pd

5\(} E\’\\5\‘3/ |
O/\Q(l) o OH

P4 (xiy:z=1:1:1)

CB stir NaBH,

Pa diglyme diglyme 0°C

AuCIPPh3 (+ Pd(OAc), )/ THF 1) filt.

dropwise Et,O0 2) grind
0 °C, overnight coacervation
1) filt.

150 °C wash 2) grind 170 °C

cross-link 1) H,O/THF

2) H,0, THF, then DCM

Table 2-2-4. Initial screening of DIP in tandem oxidation/HWE reaction

PI/CB-Au/Pd (0.5 mol%)

PI/CB Au(/Pd)

oH ﬁ K2CO;3 (3.0 eq.) X _CO,Et
/@/\ . EEttng\/COZEt DIP (x mol%) '/©/\/
toluene/H50 (1/2), O, 3a
1a 2 60 °C, 16 h
1.5 equiv +
o)
o o
OH
4 5
o)
Joatast
6
entry  x(mol%) conv. (%)* 3a (%)’ 4(%)" 5(%)° 6 (%)°°
1 0 >99 78 <1 10 2 (4)
2 3 >99 84 <1 10 1(2)
3 5 >99 87 (87 <1 7 1(2)
4 10 >99 82 <1 4 2 (4)
5 20 >99 80 <1 2 5 (10)

*Determined by GC analysis. ° Determined bdy "H NMR analysis. ¢ Corresponding value

to conversion of alcohols in the parenthesis.

Isolated yield. E:Z = 98:2.

Next, this catalysis was applied to the reaction with aliphatic alcohol, which gave a
moderate yield in the previous work. Initially, the catalytic ability of DIP was confirmed
through HWE reaction using 3-phenylpropanal; however, the evaluation of the activity
of DIP was difficult because the reaction proceeded rapidly regardless of the addition of
DIP and afforded the product, suggesting the higher reactivity of 3-phenylpropanal than

4-methylbenzyl alcohol (Table

2-2-5).
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Table 2-2-5. Activity check of DIP through HWE reaction with aliphatic alcohol

K,CO3 (2 equiv)

©/\AO . B0l DIP (3 mol%) _ X COEt
Eio P~COEt 5 (8 equiv)

1 equiv rt, 2 h
entry DIP yield (%)
1 — >99
2 + >99

Determined by GC analysis.

In the investigation of tandem oxidation/HWE reaction using 3-phenylpropanol, the
addition of DIP showed a slight improvement of the yield of the desired product (Table
2-2-6, entries 1 and 2). Here, a loss of the mass balance might be ascribed to the
formation of corresponding carboxylic acid by via over oxidation of aldehyde
considering the fact that no other by-product was observed. To suppress the over
oxidation, the reaction was examined at lower temperature. The reaction at 40 C
afforded the product in 55% yield (entry 3), while that with DIP gave higher yield (entry
4). 1t is noteworthy that the formation of carboxylic acid is suppressed, suggesting the
catalytic effect of DIP on HWE reaction is larger in the case of the reaction at lower
temperature. As the starting material still remained in this reaction, the reaction time
was prolonged; however, the yield of the product improved only 5%, while larger
amount of carboxylic acid formed with a full consumption of the starting material (entry
5). This result indicates that the over oxidation proceeded prior to the desired HWE
reaction in the latter part of the reaction because of almost full consumption of HWE
reagent. Based on this result, a long-time reaction was performed with larger amount of
HWE reagent; however, this resulted in a lower yield (entry 6). The reason of this
negative result was assumed that larger amount of HWE reagent poisoned the catalyst
and caused a slower oxidation of alcohol, which resulted in a transesterification due to a
higher concentration of starting material or decomposition of HWE reagent by
hydrolysis before HWE reaction occurred.
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Table 2-2-6. Tandem oxidation/HWE reaction of aliphatic alcohols

P1/CB-Au/Pd (1 mol%)
K,CO3 (3 equiv)

OH, Lo ?l DIP (5 mol%) N COE
Eto- T ~~COEL  toluene/H,0 (1/2), O,

1b 2 temp., time 3b
1.5 equiv
entry  temp. DIP time conv. yield E:Z* substrate loss

9) (h) (%)° (%0)° (%)
1 60 — 24 >99 66 96:4 34
2 60 + 24 >99 68 97:3 32
3 40 — 24 75 55 97:3 20
4 40 + 24 75(94)° 64 98:2 11
5 40 + 48 94 70 97:3 24
6° 40 + 48 91 53 97:3 38

?Determined by GC analysis. ° Conversion of triethyl phosphonoacetate. 2.0 equiv of
HWE reagent was used.

As described, it is difficult to achieve high yield in this tandem oxidation/HWE
process using aliphatic alcohols due to a higher reactivity of aliphatic aldehydes to form
corresponding carboxylic acids through over oxidation. Furthermore, it is assumed that
the catalytic ability of DIP might be lost by an acid-base reaction with formed
carboxylic acids. To overcome this issue, another strategy to accelerate the tandem
process suppressing the over oxidation is desired. In the next section, development of an
effective catalysis which meets this requirement is targeted.
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Direct Olefination with Integrated Catalyst of Polymer-immobilized Metal
Nanoparticles and Base

As mentioned in the backgrounds section, acceleration of HWE reaction and
suppression of competitive over oxidation to form corresponding carboxylic acids is a
key for achievement of high yield in tandem oxidation/HWE reaction. Based on this
concept, DBU-immobilized polymer has been developed as a heterogeneous catalyst for
HWE reaction in the former section. What is important here is by keeping a special
distance between two catalysts, which are for an oxidation and HWE reaction, to
prevent an undesired interaction between them, which results in a deactivation of the
oxidation catalyst. Although the co-catalytic system of PI/CB-Au/Pd and DIP showed
positive effect in the tandem process with benzylic alcohols, it was still challenging to
achieve high yield with aliphatic alcohols, which are more easily oxidized to carboxylic
acids (Scheme 2-2-5).

Scheme 2-2-5. Tandem oxidation/HWE reaction catalyzed by metal nanoparticles and
DIP

PI/CB-Au/Pd (0.5 mol%)
K,CO3 (3 equiv)

OH |C|) DIP (5 mol%) X CO,Et
Eto- T~ COEL  toluene/H,0 (1/2), 0,

) 60 °C, 16 h .
1.5 equiv 87% vyield

P1/CB-Au/Pd (1 mol%)
K,CO3 (3 equiv)

OH | Q DIP (5mol%) X COEt
Eto?P\/COzEt toluene/H,0 (1/2), O,

40°C,48h
1.5 equiv 70% vyield

In our laboratory, a tandem aerobic oxidation/asymmetric Michael addition reaction
catalyzed by an integrated catalyst of metal nanoparticles and Hayashi-Jgrgensen
catalyst has been realized.”” These catalysts effectively accelerate an aerobic oxidation
of alcohols and Michael addition of diethyl malonate to a,B-unsaturated esters,
respectively; however, simultaneous use of these two catalysts in the reaction resulted in
a deactivation of oxidation catalyst by amine-containing Hayashi-Jgrgensen catalyst.
For this reason, an integrated catalyst was developed by immobilizing these catalysts
independently on the individual supports. The catalysts were immobilized in two
methods: one is a coating of PI/CB-Au/Pd by polymer-immobilized Hayashi-Jgrgensen
catalyst, and the other is a coating of Hayashi-Jgrgensen catalyst by PI/CB-Au/Pd.
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While the former still suffered from a deactivation, the latter afforded the desired
1,5-dicarbonyl compounds in high yields and enantioselectivity with wide substrate
generality (Scheme 2-2-6).

Scheme 2-2-6. Tandem oxidation/asymmetric Michael addition reaction catalyzed by
integrated catalyst

OH co.Bn PI(AU/Pd)-CO (2 mol% Au) (o
J/\ * |/ 2 AcOH (20 mol%) R CO,Bn

R CO2Bn EtOH/H,0 = 1/1
2.0 eq. 0,,30°C, 24 h

CO,Bn

10 examples
up to 83% yield
up to 91% ee

Inspired by this result, development of an integrated catalyst of PI/CB-Au/Pd and DIP
(PI/DIP-Au/Pd), which is a bifunctional catalyst for an oxidation of alcohols and HWE
reaction, was focused on. In this catalyst, it is assumed that in situ generated aldehydes
by an oxidation of alcohols were rapidly trapped by proximal HWE reagent, which is
deprotonated by DBU moiety in the catalyst, suppressing the over oxidation to form
carboxylic acids through a kind of “inner-catalyst tandem process” (Scheme 2-2-7). On
the basis of this hypothesis, an integrated catalyst of PI-Au/Pd and DIP (PI/DIP-Au/Pd)
was prepared by coating of DIP by PI-Au/Pd, that is, DIP was used as a second support
in a preparation of PI/CB-Au/Pd. To a suspension of P4 polymer and DIP in diglyme
containing sodium borohydride as a reductant, a solution of metal salts were added
dropwise. After stirring the solution at 0 “C overnight, diethylehter was added to
precipitate the polymer with metal nanoparticles. The resulting suspension was filtered
off and black solid was obtained. After drying, this solid was heated at 150 ‘C for a
cross-linking, followed by wash with some solvents and further heating at 170 °C. The
obtained catalyst was analyzed by ICP analysis (Scheme 2-2-8).
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Scheme 2-2-7. Tandem oxidation/HWE reaction with an integrated catalyst

CO,Et
R/\/ 2

accelerated

Scheme 2-2-8. Preparation of PI/DIP-Au/Pd

AuCIPPhz (0.28 mmol)
Pd(OAc), (0.28 mmol)

NaBH, (4.1 mmol) in THF
DIP-2 (500 mg) in diglyme (dropwise) Et,0
P4 (500 mg)
diglyme rt,1h 0°C, o/n coacervation
stir
1) filt.
1) filt. 2) wash with MeOH,

2) wash with Et;0  Ar, 150 °C,5h THF/MeOH  THF, DCM

PI/DIP Au/Pd

Au: 0.2519 mmol/g
Pd: 0.2100 mmol/g

3) grind cross-linking wash 3) grind Ar, 170 °C,5h

4) dry in vacuo 4) dry in vacuo

The prepared catalyst was examined in tandem oxidation/HWE reaction of
4-methylbenzyl alcohol. Compared to the result obtained in the reaction with an
external addition of DIP, newly prepared PI/DIP-Au/Pd showed higher catalytic activity,
demonstrating a suitable design of the catalyst (Table 2-2-7).
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Table 2-2-7. First screening of PI/DIP-Au/Pd through tandem oxidation/HWE reaction

PI catalyst (0.5 mol% as Au)
K,COs3 (3 equiv)

(0]
CO,Et
OH I 002
EtO— DIP (x mol%)
+
toluene/H,0 (1/2), O, 3a
1a 2 60 °C, 16 h
1.5 equiv +
(@]
o
OH
4 5
(@]
Joana el
6

entry Plcatalyst  conv. (%)* 3a(%)° 4 (%) 5(%)° 6 (%)

1 PI/CB Au/Pd >09 78 >1 10 2 (4)
2°  PI/CBAu/Pd >99 87 >1 7 1(2)
3 PI/DIP Au/Pd >09 91 >1 6 1(2)

?Determined by GC analysis. ” Determined by NMR analysis. ¢ DIP (5 mol%) was added.
4 Corresponding value to conversion of alcohols in the parenthesis.

Finally, 3-phenylpropanol, which is more difficult substrate, was applied to the
reaction in the presence of PI/DIP-Au/Pd (Table 2-2-8). Unfortunately, no improvement
was confirmed; however, further optimization of the reaction conditions and
composition of the catalyst such as the ratio of metal NPs and DBU moiety is expected
to have a positive effect on this reaction.

Table 2-2-8. Tandem oxidation/HWE reaction

Pl catalyst (1 mol% as Au)

©/\/\OH ﬁ K2CO3 (3 equiv) ©/\/\/C02Et
+ EtO— -
EtO/P\/CO2Et toluene/H,0 (1/2), O,

1b 2 60 °C, 24 h 3b
1.5 equiv

entry PI catalyst conv. (%)* yield (%)* E:Z°

1 PI/CB-Au/Pd >99 66 96:4

2 PI/CB-Au/Pd >99 68 97:3

3 PI/DIP-Au/Pd >99 59 96:4

* Determined by GC analysis. ° DIP (5 mol%) was added.
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Conclusion

In this chapter, development of a new catalysis was targeted for overcoming a
problem, which is a competitive over oxidation of intermediate aldehydes to
corresponding carboxylic acids, in tandem process of an oxidation of alcohols and HWE
reaction. To suppress this side pathway, base catalyst to accelerate HWE reaction was
introduced. Firstly, the polymer-immobilized DBU was externally added to the reaction
system as a heterogeneous base catalyst and it successfully enhanced the rate of HWE
reaction and gave higher yield in the reaction with aromatic alcohols. To achieve higher
efficiency of the catalyst system, an integrated catalyst of metal nanoparticles and
DBU-immobilized polymer was developed. In the reaction with this newly prepared
catalyst, highly efficient acceleration of HWE reaction was expected for proximity of
deprotonated HWE reagent and generated aldehydes through “inner-catalyst tandem
manner”. While the catalyst gave a positive result in the reaction with aromatic alcohols,
an improvement of the yield with aliphatic alcohols was still challenging. However, this
strategy demonstrated a potential to overcome this problem, which is a lower selectivity
of HWE reaction to rapid over oxidation, by further optimization of the reaction
conditions including some parameters in the preparation of the catalyst.
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7. Experimental section
General

* JEOL JMN-LAA400, 500 or 600 spectrometers were used for NMR measurement.
Chloroform (5= 7.24) was used as an internal standard for ‘H NMR and CDCl; (&
= 77.0) for **C NMR. Structures of known compounds were confirmed by
comparison with commercially available compounds or data shown in literatures.

* IR spectra were measured on a JASCO FT/IR-610 spectrometer.

*  Specific rotations were recorded with JASCO P-1010 or P-2100.

* Preparative thin-layer chromatography was carried out using Wakogel B-5F.

e ICP analysis was performed on Shimadzu ICPS-7510 equipment.

* GC analysis was performed on Shimadzu GC-2010 apparatus (Condition A :
Column = GL Science, TCWAX, 0.25 mm ID, 0.25 um, 60.0 m; Gas pressure:
214.2 kPa; Total flow: 90.6 mL/min; Column flow: 1.86 mL/min; Velocity: 30.8
cm/sec; Purge flow: 3.0 mL/min; Sprit ratio: 46.0; Injector: 250 °C, FID: 250 °C;
Column program: starting from 50.0 °C, 10 min hold, 10 °C/min to 220 °C, 15 min
hold) (Condition B : column =J & W SCIENTIFIC DB-1 0.25 mm ID, 0.25 pum,
60.0 m; Gas pressure: 157.5 kPa, Total flow: 41.3 mL/min, Column flow: 0.93
mL/min, Velocity: 21.1 cm/sec; Purge flow: 3.0 mL/min; Sprit ratio: 40.1; Injector:
300 °C, FID: 300 °C; Column program: starting from 100 °C, 10 “C/min to 300 °C,
10 min hold).

e HPLC analysis was performed on Shimadu LC-20AB, SPD-M20A and DGU-20A;.

e The absolute configuration of reported compounds was determined by comparison
to literature and that of other products was assumed by analogy.

* STEM/EDS images were obtained using a JEOL JEM-2100F instrument operated at
200 kV. All STEM specimens were prepared by placing a drop of the solution on
carbon-coated Cu grids and allowed to dry in air (without staining).

e AuPPh3Cl was purchased from Strem Chemical Inc.

*  Pd(OACc), was purchased from Sigma-Aldrich Co., Ltd.

* [Rh(OAC);], was purchased from Strem Chemical Inc.

e NayPtClg + 6H,0 was purchased from Sigma-Aldrich Co., Ltd.

* Ru complexes were purchased from Strem Chemical Inc.

* Palladium 5% on Carbon (Pd/C) was purchased from N.E. CHEMCAT Co., Ltd.

e NaBH, was purchased from Wako Pure Chemical Industries. It was recrystallized
from freshly distilled diglyme by heating according to the literature and stored in a
glove box.™ During recrystallization, it is important to carry out all operations
under Ar atmosphere. The activity and reproducibility are highly influenced by the
purity and the condition of NaBH, during catalyst preparation.

* Ketjen black EC300J was purchased from Lion Corporation.
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SEM images of Ketjen black EC300J was described in W.-J. Yoo, H. Miyamura, S.
Kobayashi, J. Am. Chem. Soc. 2011, 133, 3095-3103./

Toluene was purchased in dried grade from Wako Pure Chemical Company and
used without further purification.

Deionized water from a MILLIPORE MilliQ machine (Gradient A 10) was used as
solvent without further treatment.

Other solvents were purchased in dried grade from Wako Pure Chemical Company
and used without further purification.

Alcohols were purchased from Tokyo Kasei Kogyo Co., Ltd.

Arenes and primary amines were purchased from Tokyo Kasei Kogyo Co., Ltd.
Organic hydrides were purchased from Tokyo Kasei Kogyo Co., Ltd.

Asymmetric 1,4-addition reactions and other reactions in small scale (<1 mmol
scale) were conducted with Carousel™.

0.45 um PTFE membrane filter (Whatman™ cat. No. 6784-2504) was used for
filtration of solid catalysts.
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Chapter 2

1-1. Preparation of P1/CB catalysts®!

Preparation of 2-(2-(2-(2-(4-vinylbenzyloxy)ethoxy)ethoxy)ethoxy)ethanol

To sodium hydride (55% in mineral oil, 5.7 g) suspended in
THF (150 mL), tetraethyleneglycol (24.0 g) was added at 0 °C.
After the reaction mixture was stirred for 20 min at room
temperature, 1-(chloromethyl)-4-vinylbenzene (13.8 g) was added

/\%OH and the mixture was further stirred for 2 h. The mixture was
© 4 cooled to 0 °C and diluted with diethyl ether. Saturated aqueous
ammonium chloride was added to quench the reaction and the
aqueous layer was extracted with diethyl ether. The combined organic layers were dried
over sodium sulfate and the solvent was removed in vacuo. The residue was purified by
column chromatography to afford
2-(2-(2-(2-(4-vinylbenzyloxy)ethoxy)ethoxy)ethoxy)ethanol ether (16.4 g, 43%); 'H
NMR (600 MHz, CDCl3) 6 7.31-7.39 (m, 2H), 7.22-7.27 (m, 3H), 6.71 (dd, 1H, J =
11.0, 17.9 Hz), 5.53 (d, 1H, J = 18 Hz), 5.25 (d, 1H, J = 6.4 Hz), 4.55 (s, 2H), 3.59-3.73
(m, 16H), 2.55-2.59 (m, 1H); *C NMR (125 MHz, CDCl;) 5§138.0, 137.1, 136.0, 128.0,
126.3, 113.8, 73.0, 72.6, 70.74, 70.69, 70.5, 69.5, 61.8.

Preparation of 4-vinylbenzyl glycidyl ether

To sodium hydride (55% in mineral oil, 16.0 g) suspended in
DMF (290 mL), glycidol (6.6 mL) was added at 0 "C. After the
reaction mixture was stimred for 1 h at 0 °C,
1-(chloromethyl)-4-vinylbenzene (7 mL) was added and the

0 mixture was further stirred for 5 h at room temperature. The

O/\Q mixture was cooled to 0 °C and diluted with diethyl ether.
Saturated aqueous ammonium chloride was added to quench the
reaction and the aqueous layer was extracted with diethyl ether. The combined organic
layers were dried over sodium sulfate and the solvent was removed in vacuo. The
residue was purified by column chromatography to afford 4-vinylbenzyl glycidyl ether
(32 g, 82%).
'H NMR (600 MHz, CDCls) 67.39 (d, 2H, J = 8.0 Hz), 7.30 (d, 2H, J = 8.0 Hz), 4.56
(dd, 2H, J = 10.8, 17.6 Hz), 3.74 (dd, 1H, J = 2.8, 11.2 Hz), 3.42 (dd, 1H, J = 5.6, 11.2
Hz), 3.17 (m, 1H), 2.78 (dd, 1H, J = 4.0, 4.8 Hz), 2.60 (dd, 1H, J = 2.8, 4.8 Hz); **C
NMR (125 MHz, CDCl3) 6 137.4, 137.0, 136.4, 127.9, 126.2, 113.8, 72.9, 70.7, 50.7,
40.2.
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Preparation of copolymer

Styrene (2.1 @), 4-vinylbenzyl glycidyl ether

X y z (3.9 9),
2-(2-(2-(2-(4-vinylbenzyloxy)ethoxy)ethoxy)etho

xy)ethanol (6.3 9) and 2,

o™ <f OK}L‘OH 2’-azobis(4-methoxy)-2,4-dimethylvaleronitrile

P, (xy:z=1:1:1) (V-70, 181.5 mg) were combined in chloroform

(11.0 mL). The mixture was stirred for 48 h at
room temperature. The resulting polymer solution was slowly poured into ether. Solvent
was removed by decantation and remaining precipitated polymers were washed with
ether several times. Polymers were dissolved in THF, repeated to precipitate for 2 times
and dried in vacuo to afford the desired copolymer (6.86 g, 56 % yield). The molar ratio
of the components was determined by *H NMR analysis (x:y:z = 1:1:1). Obtained
polymer should be stored in THF solution in refrigerator.

Preparation of PI/CB-Au/Pd (Scheme 2-2-4)

Copolymer (531 mg), ketjen black EC300J (531 mg) and NaBH,; (169.4 mg, 4.2
mmol) were combined in diglyme (30 mL) at room temperature. To this solution was
slowly added the solution of Chloro(triphenylphosphine)gold(l) (147.6 mg, 0.28 mmol)
and Palladium(ll) acetate (66.8 mg, 0.28 mmol) in THF (10 mL). The mixture was
stirred overnight under air at 0 “C and diethyl ether (200 mL) was slowly added to the
mixture at room temperature. After the catalysts, which were black powders, were
filtered and ground, they were washed with diethyl ether several times and dried in
vacuo. The catalysts were heated at 150 °C for 5 h without solvent and were stirred in
1:1 ratio of THF/water co-solvent overnight and were filtered, washed with water, THF
and dichloromethane and dried in vacuo to afford black powder. This powder was
heated at 170 °C for 5 h without solvent to afford PI/CB-Au/Pd. PI/CB-Au/Pd (8 mg)
was heated in the mixture of sulfuric acid and nitric acid at 200 °C, and the mixture was
cooled to room temperature. After the addition of aqua regia, the amount of metals in
the resulting solution was measured by ICP analysis to determine the loading of metals
(Au: 0.2619 mmol/g, Pd: 0.2507 mmol/g).

1-2. Preparation of DIP

Preparation of polymer P-1, P-2 and P-3 (P-x) (Table 2-2-1)

Total 32 mmol of Styrene/4-chloromethyl styrene (1/x), divinylbenzene (208.3 mg)
and dimethyl 2, 2’-azobis(2-methylpropionate) (V-601, 85 mg) in toluene (9 mL) were
slowly added into polyvinylalcohol solution (32 mL). The mixture was stirred for 48 h
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at 60 “C. The resulting polymers were obtained by centrifugation. Polymers were
washed with methanol, methanol/water and methanol again, which were removed by
centrifugation. Polymers were dried in vacuo to afford the desired copolymer (about
50 % vyield). The amount of including chloro-moiety was determined by ion
chromatography analysis.

Preparation of DIP

To the mixture of DBU (3.04 g, 20 mmol) and THF (30 mL), n-BuLi (2.69 M in
hexane, 11.15 mL) was slowly added at 0 “C. After the reaction mixture was stirred for
1 h, the polymer (Cl: 10 mmol) was added and stirred at 0 “C for 24 h. Then methanol
was added for quenching. Resulting polymer was filtrated by suction, washed with
diethyl ether, water, THF and dichloromethane and then dried in vacuo. Chemical
composition of DIPs was determined by elemental analysis.

1-3. Preparation of PI/DIP-Au/Pd

P, (500 mg), DIP (500 mg) and NaBH, (158.8 mg, 4.1 mmol) were combined in
diglyme (30 mL) at room temperature. To this solution was slowly added a solution of
chloro(triphenylphosphine)gold(l) (138.6 mg, 0.28 mmol) and palladium(ll) acetate
(62.8 mg, 0.28 mmol) in THF (8 mL). The mixture was stirred overnight under air at
0 °C and diethyl ether (400 mL) was slowly added to the mixture at room temperature.
After the catalysts, which were black powders, were filtered and ground, they were
washed with diethyl ether several times and dried in vacuo. The catalysts were heated at
150 °C for 5 h without solvent and were stirred in 1:1 ratio of THF/methanol co-solvent
overnight and were filtered, washed with methanol, THF and dichloromethane and dried
in vacuo to afford black powder. This powder was heated at 170 °C for 5 h without
solvent to afford PI/DIP-Au/Pd. PI/DIP-Au/Pd (10.03 mg) was heated in a mixture of
sulfuric acid and nitric acid at 200 °C, and the mixture was cooled to room temperature.
After the addition of aqua regia, the amount of metals in the resulting solution was
measured by ICP analysis to determine the loading of metals (Au: 0.2519 mmol/g, Pd:
0.2100 mmol/qg).

1-4. A typical procedure of HWE reactions of aldehyde with DIP (Table 2-2-3)
Benzaldehyde (1.0 mmol), ethyl 2-(diethoxyphosphoryl)acetate 2 (224.2 mg, 1.0
mmol), potassium carbonate (276.4 mg, 2.0 mmol), DIP (3 mol% as N) and water (144
uL) were combined in Carousel™ tube and the mixture was stirred for 2 h at 25 °C.
Diethyl ether (5 mL) was added for quenching. An aliquot of the mixture was filtered
through silica gel packed Pasteur pipette and washed with ethylacetate. The conversions
of benzaldehyde and 2 and yield of the product 3a were determined by GC analysis with
reference to an internal standard (IS = ethylbenzene). The catalyst was removed by
filtration using a funnel with a wrinkled filter paper and the filtrate was transferred to
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separatory funnel. The aqueous layer was extracted with diethyl ether for several times.
The combined organic layers were washed with brine and dried over sodium sulfate.
After sodium sulfate was filtered and the solvent was removed in vacuo, the yields of
the product 3a was determined by *H NMR analysis of crude mixture with reference to
an internal standard (IS = 1,1,2,2-tetrachloroethane).

1-5. A typical procedure of tandem aerobic oxidation/HWE reactions of alcohol 1a
(Table 2-2-4)

p-Tolylmethanol 1la (48.9 mg, 0.4 mmol), ethyl 2-(diethoxyphosphoryl)acetate 2
(134.5 mg, 0.6 mmol), PI/CB Au/Pd (Au: 0.5 mol%), potassium carbonate (165.8 mg,
1.2 mmol), toluene (0.1 mL) and water (0.2 mL) were combined in Carousel™ tube and
the mixture was stirred for 16 h under molecular oxygen atmosphere at 60 °C. Diethyl
ether (5 mL) was added for quenching. An aliquot of the mixture was filtered through
silica gel packed Pasteur pipette and washed with ethylacetate. The conversions of la
and 2 were determined by GC analysis with reference to an internal standard (IS =
ethylbenzene). The catalyst was removed by filtration using a funnel with a wrinkled
filter paper and the filtrate was transferred to separatory funnel. The aqueous layer was
extracted with diethyl ether and acidified with 1M HClagq, then extracted with diethyl
ether for several times. The combined organic layers were washed with brine and dried
over sodium sulfate. After sodium sulfate was filtered and the solvent was removed in
vacuo, the yields of the product 3a and side-products 4, 5 and 6 were determined by *H
NMR analysis of crude mixture with reference to an internal standard (IS =
1,1,2,2-tetrachloroethane).

ethyl (E)-3-(p-tolyl)acrylate (3a)“!
o 'H NMR (500 MHz, CDCl5) 57.64 (d, 1H, J = 15.8 Hz),

« 7.40 (d, 2H, J = 8.2 Hz), 7.17 (d, 2H, J = 8.2 Hz), 6.39 (d,
/©/\)%Et 1H, J = 15.8 Hz), 4.26 (q, 2H, J = 7.1 Hz), 2.35 (s, 3H),
1.33 (t, 3H, J = 7.1 Hz); *C NMR (125 MHz, CDCl3) &

167.1, 144.5, 140.5, 131.6, 129.5, 128.0, 117.1, 60.3, 21.4,
14.3.

1-6. A typical procedure of tandem aerobic oxidation/HWE reactions of alcohol 1b
(Table 2-2-6)

3-Phenyl-1-propanol 1b (54.5 mg, 0.4 mmol), ethyl 2-(diethoxyphosphoryl)acetate 2
(134.5 mg, 0.6 mmol), PI/CB Au/Pd (Au: 1 mol%), potassium carbonate (165.8 mg, 1.2
mmol), DIP, toluene (0.1 mL) and water (0.2 mL) were combined in Carousel™ tube
and the mixture was stirred for 24 h under molecular oxygen atmosphere at 60 °C.
Diethyl ether (5 mL) was added for quenching. An aliquot of the mixture was filtered
through silica gel packed Pasteur pipette and washed with ethylacetate. The conversions

154



of 1b and 2 and yield of the product 3b were determined by GC analysis with reference
to an internal standard (IS = ethylbenzene).

(E)-Ethyl 5-phenylpent-2-enoate (3b)™!
'H NMR (600 Hz, CDCls) & 7.27-7.30 (m, 2H), 7.17-7.21
_CO,Et | (M, 3H), 7.00 (dt, J = 15,5, 7.0 Hz, 1H), 5.83 (dt, J = 15.5,
(j/\/V 2.0 Hz, 1H), 4.17 (g, J = 7.0 Hz, 2H), 2.76 (t, J = 8.0 Hz,
2H), 2.49-2.54 (m, 2H), 1.27 (t, J = 7.0 Hz, 3H); “C
NMR (125 Hz, CDCls) §166.5, 148.0, 140.7, 128.4, 128.2,
126.1, 121.8, 60.1, 34.3, 33.9, 14.2.

1-7. A procedure to determine metal loadings by ICP analysis

Approximately 2-5 mg of catalyst was measured carefully (amount measured was
recorded) and placed in test tube. 1 mL of sulfuric acid was added into this test tube.
The test tube was heated at 200 °C and nitric acid was dropwise until all solid had
dissolved and no more brown fumes were observed (3-5 days are required for this
process because of less solubility of polysilane). The mixture was cooled to room
temperature and aqua regia (1 mL) was added slowly. The resulting mixture was made
up to 50 mL with water in a volumetric flask and the resulting solution was subjected to
ICP analysis.
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