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The biomimetic synthesis of Pd nanoparticles was presented using the Pd4 peptide,
TSNAVHPTLRHL, isolated from combinatorial phage display library. Using this
approach, nearly monodisperse and spherical Pd nanoparticles were generated with an
average diameter of 1.9 = 0.4 nm. The peptide-based nanocatalyst were employed in the
Stille coupling reaction under energy-efficient and environmentally friendly reaction
conditions of aqueous solvent, room temperature and very low catalyst loading. To this
end, the Pd nanocatalyst generated high turnover frequency (TOF) value and quantitative
yields using > 0.005 mol% Pd as well as catalytic activities with different aryl halides
containing electron-withdrawing and electron-donating groups. The Pd4-capped Pd
nanoparticles followed the atom-leaching mechanism and were found to be selective with
respect to substrate identity. On the other hand, the naturally-occurring RS peptide
(SSKKSGSYSGSKGSKRRIL) was employed in the synthesis of biotemplated Pd
nanomaterials which showed morphological changes as a function of Pd:peptide ratio.
TOF analysis for hydrogenation of olefinic alcohols showed similar catalytic activity
regardless of nanomorphology. Determination of catalytic properties of these bio-inspired
nanomaterials are important as they serve as model system for alternative green catalyst

with applications in industrially important transformations.
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Summary

The main objective of my research is to study the catalytic applications of peptide-capped
and peptide-templated Pd nanoparticles in ambient reaction conditions. Taking
inspiration from nature, the biomimetic synthesis of Pd nanoparticles was achieved by
exploiting the biotic/abiotic interactions between biological molecules and inorganic
metals. From these interactions, binding of Pd metal precursor was achieved through the
amino- and/or carboxylic groups of naturally occurring peptides and those isolated
through phage display technique. In this report, the peptide-based Pd nanoparticles were
employed as catalyst for Stille carbon-carbon (C-C) coupling reactions using aryl halides
and hydrogenation of olefinic alcohols in energy-neutral and environmentally-friendly
reaction conditions. These transformations are widely studied due to their applications in
a variety of industrially relevant processes specifically, the synthesis of new materials,
pharmaceuticals, and natural products. The Pd catalyzed C-C coupling reactions were
developed several decades ago by pioneering researchers namely Heck, Suzuki and
Negishi who were awarded the 2010 Nobel Prize in Chemistry. Since then, these
reactions were modified and improved by other researchers such as Stille, Sonogashira
and Kumada who also made significant contributions to the development of Pd-catalyzed
reactions. Although the C-C coupling reactions were efficient and widely applicable, the
reaction conditions, which include the use of toxic organic solvents, high temperatures
and large catalyst loading, need to be improved in order to lessen their ecological impact
and utilization of limited resources. Thus, with the advent of nanotechnology, novel

synthetic methods allow the production of new Pd nanocatalysts with unique properties



and applications. These nanomaterials were employed for different C-C coupling
reactions under mild conditions such as aqueous solution, room temperature and low
catalyst loading. The synthetic processes, and applications of different Pd nanoparticles
for C-C bond formation were described in Chapter 1, together with a brief history of the
pioneering works of Heck, Suzuki, Negishi, Stille and Sonogashira. Moreover, the two
proposed catalytic mechanisms for Pd nanoparticles namely, surface-based reaction and
atom-leaching mechanisms, were also discussed using recently published literatures.
Initial study on the role of peptides as stabilizers for the biomimetic synthesis of Pd
nanoparticles was done using the Pd4 peptide (TSNAVHPTLRHL) isolated using phage
display technique. Computational studies revealed that the histidine residues at positions
6 and 11 in the sequence bind strongly to the Pd metal surface. These binding
conformation allow stabilization of the nanoparticles as well as provide an open space for
substrate interaction in catalysis. UV-vis and TEM analyses revealed the formation of
peptide-capped Pd nanoparticles with average diameter of 1.9 + 0.4 nm which is ideal for
catalytic applications. As such the Pd4-Pd nanoparticles were used for Stille coupling
reaction between aryl halides and organostannane reagent under ambient conditions of
aqueous solution, room temperature and low catalyst loading. The results of the
synthesis, characterization and catalytic applications of peptide-capped Pd nanoparticles
were thoroughly discussed in Chapter 2. Characterization of the products of Stille
coupling reaction using 1H NMR and GC-MS were also presented in this chapter with
additional information on Chapter 6.

Once the catalytic applications of Pd4-capped Pd nanoparticles were established, the

reaction mechanism was then explored using TOF measurements at different catalyst



loadings. In this project, the results showed that the TOF values decrease as we increase
the concentration of the catalyst in the reaction. This suggests an atom-leaching
mechanism wherein the catalytically active Pd atom was abstracted from the nanoparticle
surface during oxidative addition. After the initial catalytic cycle, the Pd atom can again
catalyze the remaining substrates or it can be quenched at the nanoparticle surface or it
can combine with other Pd atoms and precipitate out as Pd black. Results indicate that at
higher catalyst loading, formation of Pd black occurs at a higher rate thereby decreasing
the TOF values obtained. QCM analysis corroborated the results of the TOF analysis
wherein the presence of 4-iodobenzoic acid lead to the decrease in the mass of Pd-coated
gold chip indicating leaching of Pd atoms. The effect of elevated temperatures on the
reactivity of the nanocatalyst in Stille coupling reaction was also investigated using less
active substrate, 4-bromobenzoic acid. Results showed that a mild temperature increase
to 40°C significantly increases the reactivity of the catalyst generating ~ 75% yield of the
product after 24 h. Control reactions involving UV-vis and TEM analyses showed that
the peptide-capped Pd nanoparticles were stable at elevated temperature of 70°C. These
results, together with the effects of changing the transmetalation reagent, were presented
in Chapter 3. With the catalytic application and reaction mechanism established for the
peptide-capped Pd nanoparticles, the selectivity of the catalyst was then investigated.

Initially, the fate of the Pd atoms after the initial catalytic cycle was probed by using a
competition reaction between two aryl halide substrates, 4-iodobenzoic acid and 4-
bromobenzoic acid. However, results showed that at room temperature only the iodo-
substrate undergoes coupling reaction while the bromo-substrate required thermal

activation at 40°C for reactivity. 4-Chlorobenzoic acid was also used in competition with



iodo- and bromo-substrates but it does not show any reactivity at the given reaction
conditions. Thus, the selectivity of the peptide-capped Pd nanoparticles was established
as a function of substrate identity wherein iodo-substrates were highly reactive at room
temperature while bromo-substrates required mild heating and chloro-substrates did not
react at all. These results were in accordance with the strength of the carbon-halogen
bond wherein C-I < C-Br < C-Cl. These intermolecular competition reactions were fully
described and presented in Chapter 4. Furthermore, the intramolecular competition
reactions between two different halide groups were also explored using aryl dihalide
substrates. The results showed similar reactivity trends as with the intermolecular systems
with regards to halide identity but changes in the electronics of aryl ring presented
interesting catalytic results.

Another peptide sequence was used for the synthesis of Pd nanoparticles. The naturally
occurring RS peptide, SSKKSGSYSGSKGSKRRIL, was extracted from the cell walls of
diatoms responsible for precipitation of silica. In this peptide, the —RRIL motif self-
assembles in solution forming a bioscaffold that can serve as template for nanoparticle
formation. Interestingly, the size and shape of Pd nanoparticles formed in the RS template
varies as the Pd:peptide ratio was changed from spherical nanoparticles for Pd60, to
nanoribbons for Pd90 and nanoparticle networks for Pd120. These RS5-templated Pd
nanoparticles were then used for catalytic hydrogenation of different olefinic alcohols at
room temperature. The results were shown in Chapter 5, wherein statistically similar
TOF values were obtained for each alcohol substrates regardless of particle morphology.
Interestingly, higher average TOF values were obtained for secondary and tertiary

alcohols compared with primary alcohols. These results were due to the high degree of



isomerization in primary alcohols, impeding the formation of hydrogenated product. On
the other hand, only moderate amounts of isomers were formed for secondary alcohols
while no isomerization was observed for tertiary alcohols. Competition reactions using
allyl alcohol against another olefinic alcohols were also performed. In these experiments,
the R5-templated Pd nanoparticles exhibited non-specific catalytic activity wherein both
substrates simultaneously react during the hydrogenation reaction. However, the effects
of isomerization and substrate molecular size, altered the TOF values obtained in the
competition reaction compared when the substrates were hydrogenated separately.
Finally, the biotemplated Pd nanoparticles showed stepwise reaction mechanism for the

hydrogenation of substrates with two reactive centers.



Chapter 1. Introduction

1.1 Metal-catalyzed C-C Coupling Reactions

Transition metals have played an important role in synthetic chemistry as they have the
unique capacity of activating various organic compounds towards chemical
transformation and/or generation of new bonds. As such, organic ligand-stabilized metal
catalysts based on Mg,]'4 Fe,s'9 Ni,lo'16 Ay, Ag,24'30 Pd,3 42 and Pt** have been
synthesized to afford industrially important transformations such as carbon-carbon (C-C)
coupling reactions, alkylation, hydrogenation, oxygen and nitro-group reduction, and
carbon dioxide oxidation. These reactions, however, typically involve the use of organic
solvents, high temperatures, and high metal loadings. Furthermore, these processes also
produce toxic by-products and are becoming economically unsustainable and

1 .
20-51 A5 such, new processes are being developed to reduce the

environmentally unviable.
energy consumption and ecological impact of these reactions that are essential to
maintain current technological advances.”

One reaction that has garnered significant attention over the past decade is the C-C
coupling reaction using Pd-based catalysts due to its applications in pharmaceutical,
natural products, and materials synthesis.”>>® The coupling reaction, shown in Figure 1.1,
typically involves the formation of a new C-C bond between an electrophile (usually an

aryl or vinyl halide) and a nucleophile (either an olefin or organometallic reagent), using

zerovalent Pd metal to drive the reaction. The first step in the coupling is oxidative



addition wherein Pd’ reacts with the electrophile by insertion between the C-X bond to
form an organopalladate complex, oxidizing the Pd’ to Pd*". The nucleophilic component
will then attack the organopalladate complex either through transmetallation or alkene
insertion, positioning the two carbon groups closer to each other on the metal surface.
After reductive elimination, the new C-C bond is formed, the product is released, and the

Pd*" is reduced back to Pd’.

Ar=R
f reductl
R ) elimination \/R
XMX’
transmetalation insertion
RMX’
& R'
Ar-X
oxidative
addition
) Pd° ) Pd2*

Figure 1.1 General mechanism of Pd-catalyzed C-C coupling reactions.

The modern use of Pd catalysts for C-C coupling reactions was pioneered by Heck with
the publication of his work in 1972 on Pd-catalyzed arylation of olefins to produce
substituted olefinic compounds.”” In this reaction, catalytic quantities of Pd were used to
form new C-C bonds between aromatic and olefinic compounds producing a standard

protocol for metal-catalyzed coupling reactions.”’ For many years thereafter, several Pd-



52, 58

catalyzed coupling reactions (Figure 1.2) were developed by different groups by

modifying the nucleophilic component of the reaction. Sonogashira used alkynes instead

Heck R
X
R
F i
| e . | b
RT 'R. o B
F S

R'ZnX

| = |
" =—r RIC Bk
Suzuki = l R’ _~ Negishi
F

1 S
R
=
Sonogashira

/

Figure 1.2 Select Pd-catalyzed C-C coupling reactions.

of alkenes for cross-coupling reactions with aryl halides.” Stille, on the other hand,
initiated the use of organometallic reagents as the nucleophile by using organostannane
compounds for the Pd-catalyzed coupling reaction with aryl halides;*® however, the toxic
nature of tin compounds limited their large-scale use. As an alternative to tin reagents,
less toxic organometallic compounds such as organozinc was used by Negishi in the
coupling reaction generating a mild and highly selective transmetalation agent that can
tolerate a variety of functional groups.’’ Kumada used organomagnesium reagents for
transmetalation,” although the highly reactive Gringnard reagent also restricted their

applications to a selection of functionalities. As an alternative to highly toxic tin and



highly reactive Gringnard transmetalation agents, Suzuki developed boron-based

organometallic reagents for coupling reactions with aryl halides,* *

generating a non-
toxic and practical alternative that can be used under mild reaction conditions. In this
reaction, activation of organoboron by a base is required to produce the boronate
intermediate that initiates transmetalation, where a wide variety of functional groups can
be employed.

The importance of Pd-catalyzed C-C coupling reactions in organic and material synthesis,
as well as industrial applications, was recognized by the 2010 Nobel Prize in Chemistry
for the pioneering works of Heck, Suzuki, and Negishi.® °° In more recent times,
technological advancements have lead to novel synthetic approaches for producing highly
active Pd catalysts by using different types of organic-based stabilizers that can control
the reactivity and selectivity of the metal catalyst. Furthermore, these new Pd materials
have unique characteristics and properties that enable their use in catalytic

70-75

transformations for a wide array of applications in material,’”* natural products, and

pharmaceutical synthesis.>* 7% "’

With the advent of nanotechnology, new synthetic strategies for the generation of Pd
nanocatalysts have been developed with particular emphasis on the control of the particle
size, shape, and functionality.”®™ Since nanomaterials encompass the gap between the
atomic level and bulk materials, interesting physical, chemical, electronic, and optical
properties can be obtained," ***° thereby generating a new class of structures for specific
applications. Modern synthetic methods allow for the production of nanosized catalysts

with optimized surface-to-volume ratios, allowing for more efficient catalytic reactivity

as compared to traditional small molecule materials. The use of Pd nanoparticles for C-C
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catalysis marks a transition from using traditional organic solvent-based and high
temperature reactions toward more ambient conditions such as aqueous solutions, mild

temperatures, and low catalyst loadings.**® This is achieved by employing highly

33, 86, 89-93 87, 88, 94

functionalized stabilizers such as dendrimers, proteins,’' peptides, and

other small molecules.””® These materials allow for size-specific interactions, as well as
control over the nanoparticle shape, thereby generating solution stability, but at the same
time exposing active sites for interaction with substrates.

This chapter will cover select recent advances regarding the use of Pd nanoparticles for
C-C coupling reactions. Due to the large volume of work done in this area, this report
will mostly focus on homogeneous Pd nanoparticles; however, it will not discuss
bimetallic catalysts for coupling reactions. Emphasis will be given to Pd nanoparticles
used in energy-efficient and environmentally benign catalytic reactions, as well as

information regarding their catalytic mechanisms.

1.2 Synthetic Scheme for the Fabrication of Pd nanoparticles

There are several common methods employed for the synthesis of Pd nanoparticles such

37, 38, 86, %4 99-101 102-105

as chemical reduction, vapor phase deposition, laser ablation,

106-110 111-113

sonochemical reduction, electrochemical methods,” seed-mediated

114 . . 40, 115-11 . . .
35, and microwave reduction.*” '">'7 For this review, however, we will

approaches,
focus on the chemical reduction approach, which typically involves the use of metal salts

as a precursor, organic and/or biological ligands as surface passivants, and a reductant to

reduce the metal ions to the zerovalent state. Using this method, the metal precursor,
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which is usually K,PdCl1,*® or KdeC16,l 18 is dissolved in aqueous solution and added to a
separate ligand solution. In this process, the interaction of metal ions and ligands can lead
to a ligand-to-metal charge transfer band in UV-vis analysis.*® ''* ** Upon addition of a
reducing agent, typically NaBH4, the metal ions are reduced to form metallic Pd

nanoparticles as evidenced by the formation of dark brown solution with a broad

86, 88, 94

absorbance spectrum. During the reduction process, several nucleation sites are

generated, thus resulting in rapidly growing nanoparticles that can ripen and precipitate
as bulk metal in the absence of stabilizing agents. As such, the ligands present in the
reaction prevent particle agglomeration and control the size and shape of the resulting
nanoparticles. By design, these stabilizing agents do not completely coat the
nanoparticles, which, therefore, allows for surface accessibility by the substrates in the
reaction; however, the porous network of ligands can also be designed control access to

the metal surface to develop catalytic selectivity. Commonly used stabilizers in Pd

121-123 ;1 124-12 128-130
3 thiol-, !

nanoparticle synthesis are amine-, and phosphorus-based ligands,

86, 89, 90, 92, 119 131-133 134-137

4 . .. C.
polymers,** ** °® *7 dendrimers, surfactants, ionic liquids, and

biomacromolecules such as peptides.®” %%

While this method has produced a variety of homogeneous nanocatalysts for different C-
C coupling reactions, their wide scale application in industry has not yet been realized
due to the difficulty in recovering and recycling of the catalyst. In this regard, attaching
the nanoparticles to a solid support offers an alternative process for easier catalyst
recovery and recyclability. Although there are many advantages for homogeneous

138-140

catalysts such as efficiency and selectivity, supported nanocatalysts can be more

practical, easily separated, and cost-effective in large-scale use. They also greatly reduce
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the amount of metal impurities in the isolated products, thus lowering the degree of

141-144

separation required post reaction. Solid supports such as carbon nanotubes, metal
. 145-14 12 149-151 . 152-154 . 155-1 1 . 159-161
oxides,"* silica,'™ "' alumina,"”*"** zeolites,'>"’ clays,"”® polymer coatings,
163, 164

molecular sieves,'® acrogels, and naturally occurring porous diatomite'®® have been
used to immobilized Pd nanoparticles. The synthesis of solid-supported nanocatalyst
generally involves the adsorption, grafting, or attachment of the stabilizing agent to the
solid material, after which Pd ions are introduced to interact with the ligands, followed by

reduction. The solid materials can be easily separated via filtration, washed to remove

excess ligands, and redispersed in various solvents for catalytic application.

1.3 C-C Coupling Reaction Mechanism for Pd Nanocatalyst

Nanoparticles have gained significant attention due to their enhanced surface-to-volume
ratio generating more efficient exposure of the catalytic materials. In C-C coupling, the
nature of the nanocatalyst and the actual catalytic mechanism remain a subject of intense
debate. The colloidal nature of Pd nanoparticles suggests that they can act as
homogeneous or heterogeneous catalysts in solution and, as such, two -catalytic
mechanisms are possible. On one side, researchers suggest that the reaction occurs
directly at the surface of the nanoparticles without inducing changes in the material
structure, size, and shape, indicating a purely heterogeneous nature of the catalyst.”* '%
On the other hand, substrates could interact with the active metal surface and abstract

atoms from the nanoparticle surface, from which the catalytic cycle could then occur in

solution. This homogeneous process, often referred to as the atom-leaching mechanism,
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results in the nanoparticles serving as a reservoir of active catalytic species.”” '*’ In this
process, Pd atoms are abstracted from the surface of the nanoparticles during oxidative

addition.
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Figure 1.3 a) Photograph of the two-component reactor separated by alumina membrane
and b) schematic diagram of the reactor showing the cluster-exclusion process.'®®
(Reproduced with permission from ref 168. Copyright © 2006 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.)

A thorough study of the leaching mechanism of Pd nanoparticles in coupling reactions
was investigated using a 2-compartment reactor, shown in Figure 1.3 a.'®® '’ This system
separates the two compartments with an alumina membrane that only allows for passage
of metal species of <5 nm.'® As such, the nanocluster exclusion process was achieved in
which only small Pd clusters, Pd” atoms, and/or Pd*" ions can traverse the alumina

membrane, thereby monitoring and analysis of the leached species was possible (Figure

1.3 b). Pd nanoparticles were prepared by mixing the metal precursor, Pd(OAc),, with
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tetraoctylammonium glycolate (TOAGQG) acting as both a stabilizer and a reducing agent to
produce ~14 nm particles.'® The C-C coupling initially studied using the unique reaction
system was the Heck reaction between n-butyl acrylate and iodobenzene using DMF as
the solvent and NaOAc as the base to generate n-butylcinnamate as the product. The two
starting materials were added to both sides of the reaction chamber, except the solid base
was placed only in side B and the Pd nanoparticles were fully contained in side A at the
initiation of the reaction.'® NaOAc base was necessary for the Heck coupling to occur so
no product formation was expected in side A. Control studies showed that the solubility
of NaOAc in DMF was negligible thus base diffusion from side B to side A was not
observed.'®® In this system however, diffusion of the active Pd species to side B through
the mesoporous membrane will allow the reaction to proceed. To this end, Heck coupling
was observed for the reaction at side B generating 88% of the n-butylcinnamate product
after 120 h, although a small amount of the product (4.9%) was also formed in the
opposite side of the reaction chamber, which was attributed to the diffusion of the
product from side B to side A.'”

To further verify the leaching of the Pd species through the membrane, another reaction
was performed using the Suzuki coupling between phenylboronic acid and p-iodotoluene
with the same conditions as the Heck coupling. Approximately 50% of the total
anticipated product was formed on side B after 250 h of reaction time, indicating that the
catalytic Pd species was abstracted from the nanoparticle cluster during oxidative
addition and then subsequently transferred from side A to side B; however diffusion of
the product from side B to side A was also observed similar to the Heck reaction albeit at

a greater yield of ~20%.'®
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The nature of the leached species was then investigated to determine whether Pd" species,
small Pd’ clusters, or both were released through the membrane. Initially, Pd
nanoparticles were added to the DMF solvent in side A of the chamber while only DMF
was placed on side B.'® The leaching process was then monitored for 144 h at 100 °C by
taking small aliquot of the reaction mixture in side B and analyzing the particles using
inductively coupled plasma (ICP) and transmission electron microscopy (TEM).'® TEM
results indicated that small Pd clusters do not diffuse through the membrane, whereas
only 20% of the total Pd was found on side B after 144 h, as determined by ICP
analysis.'® Only Pd’ species was observed in side B, forming irregular shaped aggregates
stabilized by the presence of TOAG ions that were released from the nanoparticle surface
and diffuse through the membrane due to concentration gradient.'® This was verified by
UV-vis experiment using samples from both sides of the reaction chamber wherein only a
broad spectrum was observed for side B indicating the presence of Pd aggregates, while
an absorbance shoulder at 390 nm was obtained from samples in side A suggesting the
presence of Pd clusters in solution.'®’

Another experiment was performed to probe the leaching of Pd*" as a result of oxidative
addition in the presence of aryl halides. To accomplish this study, iodobenzene was
dissolve in DMF and placed on both sides of the reaction chamber with Pd nanoparticles
added only to side A.'® After 24 h, aliquots were taken from both reactions wherein it
was observed that the black solution in side A turned into dark reddish color while the
reaction in side B turned dark red after another 24 h indicating the migration of Pd

species from side A to side B. As such, leaching of catalytically active Pd’ atom from the
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nanoparticles was observed in the presence of oxidizing aryl iodide substrate, which
supports an atom-leaching mechanism during oxidative addition for Pd nanoparticles.'®

From these studies, three different scenarios could occur for the transfer of Pd species
from one side of the reactor to the other through an alumina membrane (Figure 1.4).'®
The first mechanism involves the fragmentation of Pd nanoparticles into smaller
nanoclusters, which can then pass through the porous membrane; however, the results
indicate that this process was not occurring, as there were no small Pd nanoclusters
observed in side B of the reactor. Although the fragmentation of Pd nanoparticles results

in the formation of small Pd clusters, these do not appear to be able to pass through the

alumina membrane.'®
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Figure 1.4 Possible transfer mechanisms of leached Pd species in a two-component
reactor. a) nanoparticle fragmentation and transfer of small clusters does not occur, b)
leaching of Pd’ atoms and ensuing transfer, and c) formation of Pd*" complexes during
oxidative addition and subsequent leaching and transfer.'® (Reproduced with permission
from ref 169. Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)
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In the second mechanism, Pd’ atoms were leached from the nanoparticles under non-
oxidizing conditions and then transferred to side B through the porous membrane as
indicated by the experimental results.'® In contrast, the third mechanism involved the
leaching of Pd species from the nanoparticles surface under oxidizing conditions due to
the presence of aryl halides in solution.'® In this process, the oxidative attack of the aryl
halides resulted in leaching of Pd species and formation of Pd*" complexes that were then
transferred to side B.'® These Pd*" complexes can then pass through the porous
membrane and continue with the catalytic cycle in side B if the coupling components
were present.'® To this end, transfer of Pd species from side A to side B and their
corresponding catalytic activity can be attributed to the leached Pd” atoms and/or the Pd*"

complex.'®
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Figure 1.5 Representation of changes in crystallinity and morphology of Pd and Au-Pd
nanoparticles as a result of the atom-leaching mechanism in Suzuki coupling.'”
(Reproduced with permission from ref 170. Copyright © 2012 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.)
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In another study by Niu ef al., the design of Pd nanoparticles was employed to probe the
catalytic mechanism promoted by oxidative addition in the presence of aryl halide
substrates.'”” Observations of tunable characteristics of the nanocatalysts such as
crystallinity, composition, and surface structure were used for qualitative scrutiny of the
reaction mechanism by employing two differently synthesized particles (Figure 1.5): 1.
poorly crystalline (disordered) Pd nanoparticles and 2. bimetallic PdAu nanocrystals.'”
Using highly disordered nanoparticles in the coupling reaction, the overall change in the
structure and crystallinity of the particles after the reaction was monitored from which
information regarding the mechanism could be obtained.'”® Meanwhile, using bimetallic
PdAu nanoparticles provided evidence concerning the catalytic mechanism by the
formation of Pd nanostructures via phase segregation in the reaction as a result of
leaching during oxidative addition.'™

These nanoparticles were employed in the Suzuki coupling reaction between iodoanisole
and phenylboronic acid using Na,COs as base. In the case of the poorly crystalline Pd
nanoparticles, HRTEM analysis, shown in Figure 1.6g and h, after the reaction illustrated
sintering and crystallinity enhancements of the particles, which were very different from
the original nanocatalysts (Figure 1.6d).'”° High resolution TEM (HRTEM) and selected
area electron diffraction (SAED) experiments still did show some poorly crystalline
nanoparticles, suggesting that not all of the materials were involved in the catalytic
cycle.'”” The crystalline nanoparticles ranged from spherical to irregularly shaped
structures with sizes between 3 — 22 nm, where SAED and energy-dispersive X-ray
(EDX) analyses confirmed the formation of pure Pd nanocrystals as shown in Figure 1.3 f

and j, respectively.'”’
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Figure 1.6 (a, b) TEM images, (¢c) SAED pattern, (d) HRTEM image, and (¢) XRD
analysis of the Pd nanoparticles before catalysis. (f) TEM image and SAED pattern
(inset), (g and h) HRTEM images, (i) size distribution histogram, and (j) EDX spectrum
of Pd nanoparticles after catalysis.'”® (Reproduced with permission from ref 170.
Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

To further probe the improved crystal structure of the Pd nanoparticles in the reaction,
several control experiments were performed wherein the results indicated that the
presence of aryl halides was responsible for crystallinity enhancement. In this process,
the aryl halides abstract Pd atoms from the surface of the disordered nanoparticles during
oxidative addition, generating nanoparticles with an enhanced crystalline structure. To
this end, when aryl halides were removed from the reaction system, retention of poor
crystallinity was observed for the Pd nanoparticles.'”® In a separate study, in a reaction

system where only the aryl halide was present in the absence of the transmetalation

reagent, nanoparticle crystallinity enhancement was again observed due to Pd leaching
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during oxidative addition.'” These results suggest that the catalytic mechanism driven by
the Pd nanoparticles follows an atom-leaching process wherein the aryl halides
oxidatively abstract Pd’ atoms. Following this, the leached complexes undergo
transmetalation and reductive elimination, releasing the coupling product and free Pd’
atoms in solution. The Pd” atoms can then undergo nucleation and growth to produce
crystalline nanoparticles with no size and shape control due to the absence of stabilizing
agents in the reaction system.'”” On the other hand, if the catalytic mechanism was
exclusively a surface-based reaction, only minimal to no changes in nanoparticle
morphology should be observed, with no formation of irregular shaped, crystalline Pd
nanoparticles.'””

Inductively coupled plasma — mass spectrometry (ICP-MS) analysis was also performed
to measure the concentration of soluble Pd species in the reaction solution with and
without the aryl halide. Using the poorly crystalline Pd nanoparticles as the catalyst, 60
ppb Pd species was determined to be in solution for the reaction containing 4-
iodoanisole; however, only 9 ppb Pd species was found in the reaction without the aryl
halide substrate.'”” These results suggest that oxidative addition in the presence of aryl
halides causes abstraction of Pd species from the nanoparticle surface, thereby increasing
the amount of Pd released to solution. On the other hand, only minimal leaching was
observed without aryl halides, which can be attributed to the inherent instability of the
nanoparticles.

While the crystallinity results suggest leaching of Pd atoms during oxidative addition,
further evidence was obtained using a bimetallic Pd-Au nanoparticle system. In this case,

co-reduction of Pd and Au metal precursors was achieved by adding oleylamine at 230
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°C to produce spherical nanoparticles with ~9 nm average diameter size.'”” HRTEM and
EDX mapping analysis revealed that the particles were composed of a 31:69 Pd:Au ratio
with lattice spacings between the expected value for face-centered cubic (fcc) Pd and
Au.'” Catalytic reactions between 4-iodoanisole and phenylboronic acid were used to
probe the leaching process driven by the Pd-Au nanoparticles. TEM analysis of the
bimetallic nanocatalyst after the reaction revealed that the shape and size of the particles
remained the same; however, EDX results showed the Pd/Au atomic ratio to be 19:81,
indicating a decreased amount of Pd atoms in the nanoparticles.'” Interestingly, highly
crystalline Pd nanoparticles of ~5 nm in size were formed in this system, as confirmed by
TEM and EDX, suggesting that the Pd atoms were selectively abstracted from the
bimetallic nanoparticle during the coupling reaction.'” To verify the role of oxidative
addition by the aryl halide in the leaching process, control reactions were done without 4-
iodoanisole, wherein the EDX analysis of the materials after the process displayed a
Pd/Au ratio of 27:73, which was similar to the original bimetallic ratio.'” These results
indicate that the aryl halides leached the Pd’ species during the oxidative addition process
in the catalytic reaction.

Overall, the results of these studies indicated that the atom-leaching mechanism promoted
by oxidative addition of the aryl halide was the likely catalytic process for Pd
nanoparticles in the Suzuki coupling reaction. These results offer direct evidence using
various analytical techniques and different types of Pd nanoparticles wherein atom
abstraction during the catalytic cycle was both qualitatively and quantitatively analyzed.
Aside from indirect processes such as monitoring the TOF values, these studies provided

physical validation of an atom-leaching process for Pd nanoparticles.
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Figure 1.7 a) Schematic diagram of the recirculating reactor setup for XAS, b)
normalized TOF data for Suzuki coupling reaction showing rate dependence on correct
active sites and not on particle size.'’' (Reproduced with permission from ref 171.
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

The other side of the debate regarding the catalytic mechanism of Pd nanoparticles
centers on the argument that the entire reaction occurs directly on the surface of the
particles in a straightforward heterogeneous reaction. To this end, evidence of surface-
based Suzuki coupling catalyzed by Pd nanoparticles was examined by monitoring of the
local coordination environment of the metal in real time using a recirculating reactor set
up for operando fluorescence X-ray absorption spectroscopy (XAS) illustrated in Figure
1.7a."”" Polymer-stabilized Pd nanoparticles were prepared by refluxing H,PdCl, and
polyvinylpyrrolidone (PVP) with water and ethanol to generate 1.8 — 4.0 nm Pd’

particles.'”!

Suzuki coupling between iodoanisole and phenylboronic acid was monitored
for these studies wherein the catalytic activity was expressed as turnover frequency
(TOF) values. When the reactivity of the nanocatalyst was monitored with respect to

particle diameter, the TOF values decreased as the size of the nanoparticles increased as

expected; however, when the TOF values were normalized with respect to the edge and



23

vertex atoms on the surface of the nanoparticles, statistically similar TOF values were

obtained regardless of particle size (Figure 1.7b).!”!

This suggests that the reactivity of Pd
nanoparticles is associated with the defect atoms on the particle surface.

As such, monitoring of the possible leached species was performed using XAS, which
can sensitively measure the average Pd-Pd coordination number (CN), as well as provide
information concerning the particle size and morphology. From the extended X-ray
absorption fine structure (EXAFS) intensities for simulated 1.8 nm Pd nanoparticles, a
Pd-Pd CN value of 9.46 was calculated, which is in agreement with the observed value of
9.58.""" Leached Pd species, however, were not observed as there was neither sintering
nor dissolution of Pd atoms since there is no change in the CN, which supported the
stability of the nanoparticles in the reaction.'”’ HRTEM analysis before and after the
reaction also illustrated no change in the size and shape of the nanoparticles.'”
Simulation of analogous 1.8 nm particles with 48 Pd defect atoms removed into the
solution would lead to a drop of CN to 7.23; however this phenomenon was not observed,
which indicated that there was no solubilization and homogeneous contribution of
catalytically active Pd species.'”!

To further probe the system with regards to leached Pd atoms, trace amounts of dissolved
Pd(OAc), were added to the reaction, which was expected to enhance the catalytic
activity of the particles; however, no such enhancement was observed.'”' On the other
hand, adding Hg as a selective catalyst poison immediately inhibits the catalytic activity,
suggesting that a surface-based process was occurring for the PVP-Pd nanoparticles.'”
Analysis of the nanocatalyst using ex situ X-ray photoelectron spectroscopy (XPS)

showed a 1:1 ratio between surface Pd and Hg atoms indicating full coverage of the
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active catalytic sites.'”"

When the reaction was deliberately spiked with Pd(OAc), atoms
after addition of Hg, no additional catalytic activity was observed.'”' These results
indicated that the catalytic activity for PVP-Pd nanoparticles happens at the metal
surface, while the additional Pd(OAc), species were not catalytically reactive.

One final method was employed to study this leaching process. For this, thiolated porous
silica was used to probe the nature of the active species wherein the sulfur-containing
substrate should interact with soluble Pd species abstracted from the nanoparticles and
prevent catalysis if the leached atoms were responsible for the reaction. Using these
functionalized silica materials, the catalytic reaction of the nanocatalyst decreased;
however, this was due to nanoparticle entrapment inside the pores of the silica beads and

not due to the sequestration of Pd species by thiols.'”

To this end, employing
unfunctionalized silica with identical pore sizes over the thiolated silica resulted in the
same catalytic rate decrease, indicating that the coupling reaction was inhibited by the
nanocatalyst being trapped within the porous material, as confirmed via TEM, XAS, and
XPS analyses.'”" Kinetic studies comparing the reactivities of PVP-Pd nanoparticles and
Pd(OAc), showed a first-order dependence on Pd concentration for the former and
negative-order dependence on the latter, suggesting that a surface-based catalytic reaction

! Furthermore, if the reaction was based on the dissolved or leached Pd

was at play.
species, a decrease in coupling rate would be observed as the amount of Pd loading was
increased; however, the opposite results were obtained wherein increases in initial rates

were directly proportional to the increased Pd concentration. Overall, the results of these

studies offered a strong argument that the catalytic mechanism for C-C coupling
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catalyzed by PVP-capped Pd nanoparticles happened at the metal surface in a
heterogeneous fashion.

The studies of the reaction mechanism of Pd nanoparticles provide two different theories
regarding the nature of active catalytic species wherein the reactions either proceeds
exclusively in a heterogeneous or homogeneous manner. In a purely heterogeneous
catalysis, the transformation reaction occured at the surface of metal nanoparticles and, as
such, changes in the morphology, crystalinity, and size of the nanocatalyst were minimal.
On the other hand, in a homogeneous catalytic mechanism, the active species was
abstracted from the nanoparticle surface during the oxidative addition resulting in
morphological and crystallinity changes, as well as Pd black formation. These theories
presented conflicting explanations regarding the catalytic mechanism of Pd nanoparticles
in C-C coupling reaction. Although both of these explanations are plausible, further
studies are required to fully elucidate the catalytic reactivity of Pd nanoparticles for C-C
coupling. Understanding the actual reaction mechanism can provide valuable information

for the design of new synthetic routes for the production of more efficient nanocatalysts.

1.4 Pd Nanoparticles in the Stille Coupling Reaction

The Stille coupling process was first reported in 1978 as a reaction between acid
chlorides and organostannane reagents in the synthesis of ketones, catalyzed by
phosphine-stabilized Pd catalysts.”” Since then, various modifications to the phosphine

172-174

ligands have been reported for this reaction, which takes advantage of the air- and

moisture-stable nucleophilic partner to afford C-C bond formation with substrates
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containing different functional groups. Typically, this transformation is performed at
elevated temperatures (70 — 120 °C), in organic solvents, and with catalyst loadings of >

1 mol% Pd, which can be reduced in situ.'”

In the age of nanotechnology, however,
milder reaction conditions are employed due to the nature of the ligand employed in
material production. For example, using dendritic materials for the synthesis of Pd
nanoparticles, Stille coupling was performed in water at room temperature with only 0.10
mol% Pd as the catalyst.* In this system, the Crooks group used hydroxyl-terminated
fourth generation poly(amido amine) PAMAM dendrimers to encapsulate Pd
nanoparticles using a 40:1 molar ratio of the PdCl,” metal precursor and the dendrimer
(Figure 1.82).%® Upon reduction, ~40 Pd atoms were contained within the dendrimer,
producing a nanoparticle with an average size of 1.7 + 0.4 nm.* These dendrimer-
encapsulated Pd nanoparticles (Pd DENs) were employed for Stille coupling between 4-
iodobenzoic acid and phenyltin trichloride, generating a new C-C bond in the 4-
biphenylcarboxylic acid product, as shown in Figure 1.8b. Quantitative yields were
reported after a 15 h reaction time with constant stirring at room temperature.*® Aryl
halides with different halogen species and functional groups were also employed in the
Stille reaction using the Pd DENs with results corresponding to the expected reactivity of
each substrate. To this end, the aryl halide substrates with electron-withdrawing (—
COOH) and iodide groups were more reactive than the corresponding bromide-
substituted and phenolic substrates.*® TOF values of 2000 + 200 mol product (mol Pd x

h)"! for 4-iodobenzoic acid was obtained, suggesting a highly efficient nanocatalyst.*
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Figure 1.8 a) Synthesis of dendrimer-encapsulated Pd nanoparticles, b) Stille coupling
reaction using Pd DENSs.

An interesting control reaction was performed using Pd nanoparticles generated without
the DENs to evaluate the role of the dendritic cage in catalytic reactivity. As such,
K,PdCly was reduced with NaBH4 in the absence of the dendrimers, thus producing
polydisperse particles that generated a TOF value slightly lower than that of Pd DENs
(1800 mol product (mol Pd x h)™).*® This result suggests that the size control provided by
the DENs enables the catalyst to have higher surface area than the particles without
DENSs to provide better catalytic reactivity.*® TEM analyses of the Pd DENs before and
after the catalytic reaction were performed, which showed a moderate increase in particle
size and dispersity from 1.7 + 0.4 nm to 2.7 + 1.1 nm.* These results indicated partial
aggregation of the Pd nanoparticles as a consequence of the catalytic reaction that was
attributed to leaching of Pd atoms during the catalytic cycle.*® To confirm this, the Pd
DENSs were added to an identical reaction solution but without the substrates and allowed

to proceed for 24 h. TEM analyses of the nanoparticles before and after the reaction
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showed statistically similar particle diameter indicating that the catalytic reaction was
responsible for increase in nanoparticle size.™

When the Pd DENs were employed in Stille couplings at elevated temperatures, catalyst
aggregation was observed by the appearance of black precipitate.*® As such, product
yields under these reaction conditions were lower than the reactions at room temperature,
which could arise from dendrimer degradation.*® Finally, the recyclability of the Pd
DENs was also evaluated using sequential Stille coupling between two different
substrates.*® For this, the second substrate was added after the reaction of the initial
substrate was concluded.® Specifically, a reaction solution containing 4-iodophenol and
phenyltin trichloride was added to the Pd DENs and allowed to proceed for 15 h. After
reaching completion, another reaction solution containing 4-iodobenzoic acid and
phenyltin trichloride was added to the first mixture and allowed to proceed for 15 h such
that in the end, two possible products can be observed if the Pd DENs remain active. Gas
chromatography — mass spectrometry (GC-MS) analysis of the reaction demonstrated the
quantitative formation of the anticipated two products (4-phenylphenol and 4-
biphenylcarboxylic acid), indicating that the Pd DENs were still catalytically active after
the initial cycle.*® These studies showed that Pd DENs catalyzed Stille coupling under
ambient reaction conditions, which could serve as model for designing catalytic systems.
In a separate study, the effect that the dendrimers possessed over the catalyst reactivity
and selectivity was studied by comparing different precatalysts namely: Pd DENS,
Pd(OAc),, and Pd**-PAMAM complexes.” In Stille coupling reactions employing the
same system Crooks and coworkers employed at a higher temperatures of 40 °C and 80

°C, results indicated that both Pd DENs and Pd(OAc), have similar reactivity with
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quantitative product yields after 24 h; however, the unreduced Pd**-PAMAM complex
only generated 18% product.” Furthermore, the DENs showed 100% selectivity for the
conversion of 4-iodobenzoic acid to 4-biphenylbenzoic acid, while Pd(OAc), generated
both the anticipated Stille coupling product and the undesired homocoupling biphenyl.”
When using less water-soluble substrates such as activated 4-iodoacetophenone, almost
quantitative yields were obtained using the naked precatalyst at 40 °C, while a higher
temperature of 80 °C was necessary for the DENs to generate 66% of the product with
100% selectivity.”” Similar trends were determined using aryl halides with different
functional groups, indicating that the simplest catalyst, PA(OAc),, is the fastest system,
but it was not selective for generating C-C bonds.”” When the same precatalysts were
used in recycling experiments, the materials were inactive after the initial catalytic cycle;
however, the DENs were able to complete several reaction cycles with slightly
diminished reactivity after multiple reactions.”” TEM images taken after the fourth
catalytic cycle showed an increase in the Pd nanoparticle size from 1.6 = 0.3 nm to 2.3 +
0.6 nm as a result of the reaction.” These indicated that the dendrimer was able to retain
most of the Pd species to prevent bulk Pd black formation, but that migration of Pd
materials between the dendrimers occured.

In contrast with the aqueous-based Pd DENSs, organic solvents have also been used in the
preparation of dendrimer-stabilized Pd nanoparticles. The structural difference between
DENs and dendrimer-stabilized materials is that DENs encapsulated the nanoparticle
within the void space of the polymer, while dendrimer-stabilized materials bind multiple
dendrimers to the particle surface to impart material stability. This system was prepared

by co-dissolving phosphine-oxide dendrimers and a metal precursor, Pd(acac),, in THF at
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Figure 1.9 a) Scheme for the synthesis of G,DenP-Pd nanoparticles and b) their use in
Stille coupling reaction between methyl-4-bromobenzoate and tributyl(phenyl)stannane.”
room temperature as shown in Figure 1.9a.” The resulting complex was then reduced by
H, at 60 °C overnight producing a black solution of G,DenP-Pd (n = 1 — 3) with sizes of
5.0£0.4nm, 4.6+ 0.5 nm and 3.2 + 0.5 nm for G;DenP-Pd, G,DenP-Pd and G;DenP-Pd
nanoparticles, respectively.” The dendritic-phosphine-based Pd nanoparticles were then
used for Stille coupling using methyl-4-bromobenzoate and tributyl(phenyl)stannane
(Figure 1.9b) with 1.5 mol% nanocatalyst at 40 °C and DMF-water as the solvent.”
Excellent yields of 98% after 5.0 h were reported for this model reaction, while 78 — 98%
yields were obtained for an array of aryl bromides containing electron-donating and
withdrawing substituents and heteroatom-containing substrates.” Reactivity over such a
wide variety of reagents signifies the versatility of the G,DenP-Pd system for practical
applications in organic synthesis. Furthermore, when the Stille reaction using aryl

chlorides were used at 110 °C, formation of products were observed with excellent yield
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ranging from 78 — 95%.” This was quite remarkable as aryl chlorides are difficult to get
to participate in C-C couplings. This suggests that the G,DenP-Pd system presents a
robust, highly efficient nanocatalyst with industrial and pharmaceutical applications for
organic and materials synthesis.

As a complement to the dendrimer-based systems, an aqueous-based synthesis of Pd
nanoparticle catalyts has also been accomplished using polymer ligands such as
polyethelene glycol (PEG). In this process, K,PdCly interacted with the PEG, which was
reduced by drop wise addition of a Fisher carbene complex, generating 7 — 10 nm
spherical Pd nanoparticles.”” For these materials, the Stille coupling between an aryl
bromide and phenyltributylstannane was performed in an aqueous solution of K,CO; at
80 °C for 2 — 3 h.”” Product yields of >88% were obtained using different aryl bromide
substrates with varying functional groups, indicating applicability in a wide array of
reagents.”’

Imidazolium-based ionic polymers have also been used to stabilize Pd nanoparticles as a
functionalized ionic liquid, producing 5.0 nm particles after NaBH, reduction.'*® The Pd
nanocatalyst (Pd-IP-IL) was used in coupling reactions between different aryl halides and
an organostannane reagent at 80 °C, producing quantitative yields for aryl iodides with a
variety of functional groups.'”> The recyclability of the Pd-IP-IL nanoparticles was
established wherein no loss of activity was reported after five reaction cycles.'” This
indicated that the catalyst was stable at elevated temperatures and is potentially viabile
for industrial use. Amine-rich ionic liquids, tetrabutylammonium bromide and
tetrabutylammonium acetate, were also employed for the preparation of monodisperse,

core-shell Pd nanoparticles composed of 3.3 nm metallic core and stabilized by
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tetrabutylammonium cations, Br’, and [PdBrs]*."** These nanoparticles were used for
Stille coupling using bromo- and chloro-arenes with tetrabutylphenylstannane. The
starting materials were reacted in tetraheptylammonium bromide at elevated temperatures
between 90 — 130 °C."** High product yields were generated from aryl bromides and
activated aryl chlorides at 90 °C, while higher temperatures of up to 130 °C were needed
to generate modest yields for deactivated electron-rich aryl chlorides.”** Recycling
experiments were performed after the initial catalytic cycle by first extracting the Pd
nanoparticles with cyclohexane and the resulting viscous mixture was added with fresh
starting materials."** The nanocatalyst was recycled five times with minimal loss of
activity, suggesting a practical, easily recoverable and reusable catalyst, which were the
main advantages of ionic liquid based Pd nanoparticles.'**

Another ligand system employed for nanocatalyst synthesis is Pd-substituted Keggin-type
polyoxometallates. The precursor species, Ks[PdPW;;039]*12H,0, was reacted with
acetophenone at 200 °C for 4 h with an applied H, pressure of 30 bar, which produced a
blue-black solid.'’”® Due to the polymer’s high anionic charge, the polymer-capped Pd
nanoparticles were electrostatically stabilized, forming spherical clusters of ~15 — 20 nm
in size."”® The Stille reaction between 4-bromotoluene and tetraphenyltin was performed
using these materials in a 50:50 DMF-H,0O mixture at 110 °C for 12.0 h.'”® Under these
conditions, the reaction generated a nearly quantitative yield of 93% for the 4-
methylbiphenyl product.'’® Similarly, coupling between 1-chloro-4-nitrobenzene and
tetraphenyltin produced 92% 4-nitrobiphenyl under similar conditions.'’® Together, this
suggests that these materials are highly reactive catalysts due to their reactivity with

chloro-based reagents.
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Pd?*:peptide < 90 @=Pd*

Pd nanoparticles

Figure 1.10 a) Schematic representation of the R5-templated synthesis of Pd NPNs, and
TEM images of Pd materials produced using different Pd:peptide ratios: b) Pd60, c)
Pd90, and d) Pd120.% [Jakhmola, A.; Bhandari, R.; Pacardo, D. B.; Knecht, M. R. J.
Mater. Chem. 2010, 20, 1522-1531.] - Reproduced by permission of The Royal Society
of Chemistry.

More recently, biological molecules have been employed for the synthesis of solvent-
dispersible nanocatalysts due to their ability to interact and bind with target materials.
The biotic/abiotic interaction displayed by the biological molecules and inorganic
substrates was also observed in the silaffin proteins that precipitate silica in the cell walls

of diatoms. The Kroger group isolated and identified the R5 peptide from the diatom

Cylindrotheca  fusiformis  bearing multiple basic residues (sequence =
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SSKKSGSYSGSKGSKRRIL)."” '"® This peptide self-assembles due to the hydrophobic
RRIL motif to form a bioscaffold that can interact and stabilize metal nanomaterials as
illustrated in Figure 1.10a.*” In this regard, peptide-templated Pd nanostructures were
synthesized by co-dissolving Pd*" with the R5, followed by addition of NaBH, as the
reducing agent.®” Several Pd:peptide ratios were prepared, resulting in the generation of
differently shaped materials, as shown in the TEM images of Figure 1.10.*” Using a 60:1
Pd:peptide ratio (Pd60), nearly monodisperse and spherical nanoparticles were formed
with an average diameter of 2.9 + 0.6 nm (Figure 1.10b).*” For a 90:1 ratio (Pd90), linear
nanoribbons were observed with a width of 3.9 + 0.8 nm (Figure 1.10c), while
nanoparticle networks (NPNs) were generated at a 120:1 ratio (Pd120) with an average
width of 4.1 + 1.2 nm (Figure 1.10d).”

The catalytic activity of these nanocatalysts was initially tested using the Stille coupling
reaction between 4-iodobenzoic acid and phenyltin trichloride. Quantitative yields were
observed after 24 h for reactions using low catalyst amounts (> 0.01 mol% Pd for all
Pd:peptide ratios), suggesting that these materials were highly efficient under ambient
conditions.®” TOF analysis of the different peptide-templated structures generated modest
values of ~450 mol product (mol Pd x h)" for both Pd60 and Pd120, while a value of

~350 mol product (mol Pd X h)" was obtained for Pd90.*” Although these TOF values

are lower than those reported by Crooks and colleagues™ using the same reaction, it is
worth noting that for the R5-templated Pd nanoparticles, lower catalyst amounts were
required to generate quantitative product yields.

Employing biological molecules as tools for the biomimetic synthesis of metal

nanoparticles could generate a model system for green nanocatalyis. As shown in the R5-
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templated Pd nanoparticles, highly active nanocatalysts with different morphologies can
be generated by exploiting the scaffold-like nature of the biomolecules; however, there
are limited numbers of naturally-occuring biomolecules with affinity for inorganic
substrates. Furthermore, biological molecules exhibit unspecific interactions with
different of metal ions as exemplified by the RS5 template, which showed
templating/stabilizing ability in the synthesis of Si,'” Ti0,'"® Pd,*” ¥ and Au'"

nanomaterials.

1.5 Pd Nanoparticles in Suzuki Coupling Reaction

The Suzuki reaction was first reported in 1979 where the -cross-coupling of
alkenylboranes with aryl halides was performed using a phosphine-stabilized Pd catalyst

. 4
in the presence of a base.’

This provided a new synthetic strategy to produce
stereoselective arylated alkene products from different aryl halides with activated
alkenylboranes as the nucleophilic partner. The main advantages of this coupling reaction
are the ability to tolerate different functional groups attached to the aryl ring, as well as
the relatively low toxicity of the boron reagent.* In this reaction, the presence of a base is
important as it converts the boronate species into its active form for transmetalation to
occur; absence of the base results in no product formation.** In a separate paper, Suzuki
and coworkers reported the coupling of alkenylboranes with alkenyl halides in the
presence of a base and catalytic amount of tetrakis(triphenylphosphine) Pd to produce

decent yields of conjugated dienes and enynes with high regio- and stereoselectivity.®

From these simple borane compounds, the application of the Suzuki reaction was
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expanded to different organoboranes such as boronic acids, boronate ester, and
arylboranes, providing a wide array of applications in organic synthesis.

The application of Pd nanoparticles for Suzuki coupling was first introduced by the Reetz
group.'™ For this, tetrabutylammonium (R4N)- or (PVP)-stabilized Pd nanocatalysts
were employed for the reaction between aryl bromides and aryl chlorides with
phenylboronic acid producing biaryl products.'®* The RyN* Pd clusters of 2 — 3 nm were
initially employed for the Suzuki coupling reaction between bromobenzene and
phenylboronic acid in DMF at 100 °C for 3.5 h."*> The results of these studies
demonstrated 100% conversion of the starting material based on GC and thin layer
chromatography (TLC) analyses with a 53% isolated yield for the product.'® Similar
conversion capabilities were obtained from the same reaction using PVP-stabilized Pd
materials, although significantly lower isolated yields were achieved.'®

In separate work, PVP-stabilized Pd nanoparticles were synthesized by El-Sayed and
coworkers for applications in Suzuki coupling reactions in aqueous solution.”® The TEM
analysis displayed the formation of ~3.6 nm Pd nanoparticles after heating a solution of
H,PdCly and PVP in 40% EtOH for 3.0 h.”® Cross-coupling reactions between aryl
iodides and arylboronic acids were performed in 40% EtOH and in the presence of
Na3zPOy as the base under reflux conditions for 12 h using a lower catalyst loading of 0.3
mol% Pd.” In the reaction involving iodobenzene and phenylboronic acid, 95% yield of
the biphenyl product was generated.”® On the other hand, using sulfur-containing starting
material such as 2-iodothiophene or 2-thiopheneboronic acid, resulted in decreased
product yields ranging from 26% to 92%.”° The decrease in product yield can be

attributed to poisoning of the nanocatalyst by the thiol-groups in the reactants. Although
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these reactions showed decent product yields for most of the substrates used,
precipitation of Pd black was noted during the reaction, which was attributed to the high
reaction temperatures. In another experiment, the initial rate of the coupling reaction
between phenylboronic acid and iodobenzene in acetonitrile-water solvent was
determined.”® The results indicated that the reaction rate was directly proportional to the
concentration of PVP-Pd nanocatalyst, from which the authors suggested that C-C bond
formation occured at the catalyst surface.”® While the PVP-Pd nanoparticles were
effective Suzuki coupling catalysts, the formation of Pd black decreased the overall
efficiency of the catalyst.

Another polymer ligand used for the synthesis of Pd nanoparticles is the block copolymer

polystyrene-b-poly(sodium acrylate) (PS-b-PANa).'®

The polymer structure was
composed of a hydrophobic polystyrene component and a hydrophilic poly(sodium
acrylate) component.'® This amphiphilic polymer generates a micellar structure in
solution that provides steric stabilization of nanoparticles. The block copolymer-
stabilized Pd nanoparticles were synthesized by refluxing PS-b6-PANa with H,PdCly in
EtOH, producing a clear dark brown solution containing 3.0 + 0.7 nm particles based
upon TEM analysis.'® Suzuki coupling reactions between 2-thiopheneboronic acid and
iodobenzene were performed using a 0.6 mol% Pd catalyst loading with NEt; or NaOAc
as the base, generating yields of 85% or 88%, respectively after 12.0 h under reflux.'®
Incidentally, the base influenced the stability of the Pd nanoparticles; NEt; provided
additional nanoparticle stabilization, while NaOAc resulted in particle precipitation. As

such, NEt; was used as base in subsequent Suzuki couplings between phenylboronic acid

and bromothiophene using 3:1 acetonitrile-water as solvent. In this reaction, competitive
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formation of the product (2-phenylthiophene) and homocoupling product (bithiophene)
was observed, generating similar yields of 16% with no precipitation of Pd black.'® In
contrast, when PVP-Pd nanoparticles were employed for a similar reaction between
bromothiophene and phenylboronic acid, only homocoupling products were generated;
however, comparing the catalyst stability as a function of ligands, the PS-h-PANa-based
nanoparticles were more stable than the PVP at these conditions as Pd black was not
produced in the reaction.'®

PEG-stabilized Pd nanoparticles have also been employed for Suzuki coupling reactions
in an aqueous medium between aryl halides and phenylboronic acid using K,COs5 as the
base.”” Initially, the reaction between p-bromoacetophenone and phenylboronic acid in a
1:5 dimethoxyethane (DME)/water solvent at room temperature generated the expected
product with 95% isolated yield after 3.0 h. Subsequent reactions were performed in pure
water using aryl halides with different electron-donating and electron-withdrawing
groups, producing excellent yields within 2.0 h of reaction.”’ For instance, near
quantitative yields were obtained for aryl iodides within 0.5 h of reaction at room
temperature, indicating a superior catalytic reactivity for the nanocatalyst. On the other
hand, higher temperatures were required for conversion of sterically hindered aryl
bromides, while aryl chlorides were unreactive. Recycling of the catalyst was studied
using the aqueous extract retained from product purification. Unfortunately, significant
loss of catalytic activity was recorded from these systems with decreased yields from
90% to 40%.°" This was attributed to metal leaching or incomplete extraction of the

nanocatalyst.
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Imidazolium-based ionic polymer-stabilized Pd nanoparticles in the functionalized Pd-1P-
IL decribed above were also used in Suzuki coupling at 100 °C."° Aryl iodides,
containing electron-donating or electron-withdrawing groups, were reacted with
phenylboronic acid generating coupled products from 82% upto >99% using a 1.0 mol%
Pd loading. As expected, lower yields were observed for substituted aryl bromides using
similar reaction conditions, ranging from 6% to 99%.' On the other hand, when
iodobenzene and bromobenzene were used, 90% and 55% yields were produced after 6 h
of reaction.'” Consequently, when the reaction was performed in water at 35 °C using
aryl benzoic acids, the amount of Pd nanocatalyst required was reduced from 1.0 mol% to
0.5 mol%. Interestingly, the yields of the expected products for the aqueous-based
reactions were similar to the yields of reactions in ionic liquids such that >99% yield was
generated for iodobenzoic acid and 57% yield for bromobenzoic acid.'* This suggests
that the solvent played only a minor role in controlling the reactivity.

Seed-mediated nanoparticle synthesis methods in the ionic liquids were also used to
prepare larger diameter (~10 — 20 nm) Pd nanoparticles (termed Pd-IP-IL-2).'*> These
materials were then employed for Suzuki coupling between aryl iodides and
phenylboronic acid wherein almost quantitative yields were obtained, similar to the yields
noted for the initial Pd-IP-IL nanocatalysts. As expected, significantly lower yields were
obtained when aryl bromides were employed as the substrate instead of the iodo-
derivatives.'>> TEM analysis of the nanocatalyst after the coupling reaction revealed that
the particle size decreased to ~5.0 nm, suggesting that the reaction was driven via the

catalytic leaching mechanism.'*’
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A unique polymer-stabilized Pd nanocatalysts was prepared using polyaniline nanofibers
(PANI), shown in Figure 1.11a, that function as both the reducing agent and particle

support.'®

The synthesis was accomplished by incubating the metal precursor (Pd(NOs),)
with an aqueous dispersion of PANI nanofibers for one day. This reaction results in the
formation of polycrystalline particles (Figure 1.11b) with a bimodal size distribution with

two populations centered at ~ 2 nm and ~75 nm.'®

Once fully characterized, the Pd-
PANI nanocatalyst system was then used for the coupling of aryl chlorides and
phenylboronic acid with NaOH as the base in water at 80 — 100 °C for 2 — 6 h."™ Using a
highly activated substrate, 4-chlorobenzaldehyde, almost quantitative yields were
obtained in the Suzuki reaction with phenylboronic acid.'® On the other hand, when a
deactivated substrate such as 4-chlorophenol was used for the reaction, a significant yield
of 88% was generated.'™ Hetero-substituted substrates such as pyridyl chloride also
generated yields of 89% and 96% of the expected coupling products from 4-
chloropyridine and 2,6-dichloropyridine substrates, respectively.'™ The effect of
changing the boronic acid substituent was also explored using the Pd-PANI nanoparticles
such that when activated 3,5-di(trifluoromethyl)phenylboronic acid was used, a 92%
yield was generated, while using 2,4-dimethoxyphenylboronic acid only produced a 70%
product yield."™ Taken together, these results indicate that this approach generated a
highly reactive nanocatalyst, as aryl chlorides do not usually undergo coupling reactions
under such mild conditions.

To further test the reactivity of the Pd-PANI nanoparticles, 1,4-difluorobenzene was used

as substrate for coupling with phenylboronic acid as illustrated in Figure 1.9e. As

expected, the Suzuki reaction using the fluoro-substituted substrates were much slower
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compared with the aryl chlorides due to the stronger C-F bond. Remarkably, after 24 h at
100 °C, 60% product yield was obtained, whereas when fluorobenzene and
phenylboronic acid were used for coupling reaction, 80% yield of the biphenylproduct
was generated.'® Finally, recycling of the nanoparticles was also accomplished, as
studied using the coupling of 4-acetylphenyl chloride and phenylboronic acid. For this,
minimal loss of activity was observed after ten reaction cycles, generating >89% product
yields with no noted catalyst aggregation as observed in the TEM analysis of the particles
after two reaction cycles.'™ The decreased product yield was attributed to the degradation

of the nanofiber support after several catalytic cycles.

F
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Figure 1.11 a) SEM image of PANI nanofibers, TEM images of Pd-PANI nanoparticles
b) before the reaction, ¢) halfway through the reaction, and d) after two reaction cycles. e)
Suzuki coupling reaction between 1,4-difluorobenzene and phenylboronic acid using Pd-
PANI nanoparticles.'® Reproduced with permission from ref 184. Copyright © 2007
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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While synthetic PANI was an excellent support for the catalytic nanoparticles,
biologically derived nanofibers such as bacterial cellulose (BC) can also be used.'® BC
was produced by fermentation of Acetobacter xylinum with glucose as the carbon
source.'® The three-dimensional nanofibers interactioned with metal ions to serve as a
support for nanoparticle production. The one-pot synthesis involved mixing of metal
precursors with BC nanofibers under an N, atmosphere at 140 °C."*> Once complete,
NaBH4 was added, producing polydispersed, ~20 nm Pd nanoparticles deposited on the
nanofibers (termed Pd-BC).'™ Initial catalytic analysis of the materials was performed
using the coupling of iodobenzene and phenylboronic acid, generating almost
quantitative yields of 98% after 3.5 h at 85 °C."** Recycling experiments using the same
reactants showed no loss of activity after two reaction cycles with no visible Pd
aggregation as observed by TEM; however, similar to the Pd-PANI nanoparticles, a
decline in the quality of the nanofiber support was observed after extended recycling runs
that resulted in lower product yields.'®

Suzuki reactions using aryl iodide and substituted phenylboronic acids were also studied
with the Pd-BC nanocatalyst, which generated excellent yields between 88 — 99% of the
expected coupling products depending on the substituent attached on the nucleophile.'®
To this end, when 3-methoxyphenylboronic acid was used in the reaction with
iodobenzene, a 99% yield was obtained, whereas using 4-cyanophenylbenzoic acid
generated a yield of only 88%.'® Recycling experiments were again performed for the
Pd-BC nanoparticles using the substituted nucleophiles wherein product yields > 86%

were obtained after five catalytic.'” To further explore the reactivity of Pd-BC

nanoparticles, the least reactive substrate, aryl chloride, was employed for Suzuki
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coupling with different substituted phenylboronic acids. Surprisingly, product yields
between 75 — 92% were recorded, indicating that an extremely efficient nanocatalyst was
developed.'® Finally, leaching of the active catalyst was also studied using inductively
coupled plasma — atomic emission spectroscopy (ICP-AES) analysis wherein the amount
of Pd species before and after the five reaction cycles was quantitated. The results
showed that the Pd concentration before the reaction was 5.29% and 5.26% after the
reaction, indicating a negligible amount of Pd was leached during the reaction.'® As
such, the results of elemental analysis suggested that the BC nanofibers are good
protecting ligands for the nanoparticles.

The Pd-substituted Keggin-type polyoxometalate-based nanoparticles, described above,
were also used for the Suzuki reaction.'’ For this, aryl bromides and phenylboronic acid
were reacted in an EtOH/water solvent with diisopropylamine as the base. Nearly
quantitative yields of the expected biaryl coupling products were obtained for a variety of
aryl bromide substrates in the reactions, which were heated to temperatures between 80 —
85 °C."® For example, the coupling reaction between 1-bromo-4-nitrobenzene and
phenylboronic acid generated >99% yield of 4-phenylnitrobenzene product, while using
4-bromotoluene gave an 89% yield of 4-phenyltoluene, revealing the effects of electron-
withdrawing and electron-donating groups on substrate reactivity.'’® On the other hand,
when 1-chloro-4-nitrobenzene was employed as the starting material under similar
reaction conditions, a 98% product yield was generated demonstrating the reactivity of
the materials toward difficult to use substrates.'”°

The effects of different stabilizers on the reactivity of Pd nanoparticles for the Suzuki

reaction were also investigated using hydroxyl-terminated PAMAM dendrimers.'® The
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preparation of dendrimer-encapsulated Pd nanoparticles was similar to the process
described by Crooks and coworkers, albeit with some modifications.'® To this end, the
hydroxyl-terminated PAMAM-dendrimer solution was added with an appropriate amount
of K,PdCly; prior to reduction, the pH of the solution was adjusted to 4.0 using HCI to
ensure the coordination of Pd*" ions with the interior tertiary amines of the polymer.
Upon reduction using NaBH4, 1.4 nm particles were formed using third (G3-OH(Pd)) and
fourth generation (G4-OH(Pd)) hydroxyl-terminated dendrimers, while bigger
nanoparticles (3.6 nm) were formed from second generation dendrimers (G2-OH(Pd)).'®
The Pd nanoparticles were then employed in the Suzuki coupling of phenylboronic acid
(or 2-thiopheneboronic acid) and iodobenzene in 40% EtOH under reflux for 24.0 h. The
results demonstrated that the G4-OH(Pd) nanoparticles were less efficient, generating
<35% of the expected products, compared with the G3-OH(Pd) and G2-OH(Pd)
nanoparticles, which produced >69% yields.'® Interestingly, precipitation of inactive Pd
black was generated during the reaction when using G3-OH(Pd) and G2-OH(Pd)
nanoparticles; however, no such catalyst aggregation was observed for G4-OH(Pd)
nanoparticles catalytic reaction. These results suggested that a trade off between catalyst
stability and efficiency existed, wherin the fourth generation nanopartices were more
stable with limited substrate access to the metal surface; however, for the lower
generation structures, higher catalytic efficiency and diminished stability was noted.'®
Among these materials, the third generation dendrimer provided the optimal mix of
materials stability and catalytic efficiency, although Pd black formation was observed

when using 2-thiopheneboronic acid as the substrate. This effect is possibly due to Pd
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leaching during the reaction or through the thiol moiety of the substrate coordinating to
the metallic material.

In another study of the hydroxyl-terminated dendrimer materials, Christensen and
colleagues prepared the same dendrimer-based Pd nanoparticles using fourth generation
dendrimers, where particles of ~3 nm were generated.'® These structures were then
employed for the coupling of iodobenzene and p-tolylboronic acid at 78 °C using EtOH
as solvent. From this study, product yields of 98% were determined, thus a more efficient
catalytic system was obtained using the nearly identical dendrimer-based materials,'*®
which may arise from the different reagents employed. Interestingly, no precipitation of
Pd black was noted during the reaction. Aryl bromides were also studied using this
system; however, they were not as reactive as the iodo-based substrates, requiring higher
temperatures and longer reaction time. Aryl chlorides were also shown to be completely
unreactive.'*® Finally, the recyclability of the nanocatalyst was studied using the coupling
of ethyl-4-iodobenzoate and p-tolylboronic acid wherein formation of Pd black during the
subsequent reactions was observed resulting in decreased product yield, from 99% to
80%, after the third reaction cycle.'*®

The Astruc group has developed a unique dendrimer-stabilized Pd nanoparticle system
using 1,2,3-triazolylsulphonate dendrimers, synthesized through click chemistry.' In
this system, Pd*" was introduced to the triazole ligands producing two absorption bands
in the UV-vis spectrum at 208 and 235 nm. Upon addition of NaBH,, Pd nanoparticles of
~2 — 3 nm in diameter were generated using three different dendrimer generations (Pd-

DSN-Gg, Pd-DSN-G, Pd-DSN-G,)."*” TEM analysis showed that the nanoparticles sizes

were larger than the size of the ligands, thus leading to a large degree of polydispersity
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from the materials as the generation of the dendrimers increases. Room temperature
Suzuki coupling reactions between iodobenzene and phenylboronic acid in a
water/ethanol solvent were used to examine the reactivity of the dendrimer-stabilized
materials. Using a 0.1 mol% Pd loading, product yields of 96%, 95%, and 70% were
obtained using Pd-DSN-Gy, Pd-DSN-G; and Pd-DSN-G,, respectively, suggestive of a
decrease in catalytic efficiency with respect to increasing dendrimer generation.'®’
Similar trends were observed when lower Pd loadings (0.01 mol%) were used in the
reaction. TOF analysis employing the Pd-DSNs indicated that there was no significant
difference in the values based upon dendrimer generation; however, significantly higher
TOFs of 1167 — 1533 mol PhI (mol Pd x h)" were obtained for the reaction employing
0.01 mol% Pd, while TOF values of 117 — 167 mol PhI (mol Pd x h)" were generated
when using 0.1 mol% Pd, demonstrating an effect based upon the Pd loading.'®” From on
these results, the catalytic mechanism of Pd-DSNs was suggsted to follow an atom-
leaching process wherein the TOF values of the reaction decreases as the amount of Pd
loading increases. Quantitative yields were also obtained in the coupling reaction using
bromobenzene, but the reaction needed to be heated to 100 oC.1¥7

The phosphine-based dendrimers, G,DenP-Pd, whose synthesis was discussed above,
have also been used for Suzuki coupling.” The reaction between bromobenzene and
phenylboronic acid was initially tested with different bases such as NEt;, NaOAc,
K,COs3, and K3POy4 to optimize the reaction conditions. As such, K3PO,4 was determined
to be the best base for the Suzuki reaction using the G,DenP-Pd in dioxane as the solvent
under refluxing conditions. Aryl iodides and aryl bromides with electron-withdrawing or

electron-donating groups were reacted with different phenylboronic acids, which
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generated nearly quantitative yields (= 94%) of the expected coupling products using
G;DenP-Pd nanoparticles; however, when the reaction was performed using electron-
deficient arylboronic acids, slightly lower yields of 88% to 92% were obtained.”
Interestingly, sterically hindered ortho-substituted aryl halides generated excellent
product yields between 86 — 99%.” Expanding the scope of GyDenP-Pd catalytic activity
to coupling reactions between different aryl chlorides and phenylboronic acid using
G3;DENP-Pd nanoparticles resulted in good to excellent yields (81 — 94%) even with
deactivated or ortho-substituted substrates.” Using heteoaryl bromides and chlorides as
substrates in Suzuki coupling also generated excellent yields using G3;DenP-Pd
nanoparticles, such as shown in the coupling between pyridine-derived aryl bromide and
phenylboronic acid to generate phenylpyridine product. Interestingly, even pyridine-
derive aryl chloride produces the expected product with an 82% yield.”

The recyclability of the GsDenP-Pd nanoparticles was also explored using 0.2 mol% of
the catalyst in a model reaction between 4-hydroxyphenyl iodide and phenylboronic
acid.” Using these materials, no loss of activity was observed during the first four cycles.
Lower reaction yields were recorded after the fifth run (79% yield), but when the
subsequent cycles were allowed to proceed at longer reaction times (from 20 h to 48 h),
excellent product yields (94%) were generated for three cycles before decreased activity
was observed, generating only 75% yield after the ninth cycle.”” Furthermore, only a very
small amount of Pd was leached during the recycling activity as measured by inductively
coupled plasma X-ray fluorescence (ICP-XRF); however, TEM analysis of the
nanoparticles after nine runs showed an increased particle size with irregular shape,

which was suggestive of particle aggregation.”
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Figure 1.12 Suzuki coupling reaction using dendritic bromobenzene and 4-
acetylphenylboronic acid.”

The role of GnDenP-Pd nanoparticles in the coupling reaction was further probed by
using a bulky dendritic aryl bromide substrate and 4-acetophenylboronic acid (Figure
1.12) to determine the catalytic mechanism.” The bulky substrate was anticipated to
ascertain if the catalytic reaction occurred on the metal surface inside the dendritic cage
or through potentially leached Pd species. To this end, the formation of the coupling
product will be minimized if the reaction mainly occurs on the nanoparticles surface. On
the other hand, Suzuki coupling between the dendritic aryl halide and phenylboronic acid
will proceed smoothly if the reaction follows the atom-leaching mechanism.

Interestingly, the results generated 96% yield of the coupling product, suggesting that the
Suzuki reaction could not occur completely inside the dendritic box due to the bulky aryl
substituent.”® As such, the catalytically active Pd atom species must be leached from the
G3DenP-Pd nanoparticles during the reaction, resulting in near quantitative yields for the
dendritic aryl halide substrate. To validate the results, a homogeneous catalytic complex,
Pd(PPhs)s4, was employed to drive a control analysis using the same bulky aryl halide and

phenylboronic acid under similar reaction conditions. The results from this study
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provided a 79% yield of the expected product, which was lower than the yield for
G3DenP-Pd nanoparticles.” These results suggested that the catalytic mechanism for
G3DenP-Pd nanoparticles was similar to the homogeneous catalyst although the former
was much more efficient than the latter.

In a different synthetic approach, Pd nanoparticles were generated using perthiolated
cyclodextrin (B-SH-CD) as surface passivants, where the materials were reactive for
Suzuki coupling (Figure 1.13).°® In this process, the metal precursor was added to a
solution containing NaBH4 and B-SH-CD in DMF, which resulted in the formation of 3.5
nm CD-capped Pd nanoparticles. The Suzuki coupling between aryl halides and
arylboronic acid in a 1:1 (v/v) acetonitrile/water solvent were performed using the Pd
nanoparticles under reflux for 2 h. Nearly quantitative yields were obtained for aryl
iodides with different functional groups and, as expected, lower yields were obtained
from aryl bromides even after longer reaction times.”® TOF analysis demonstrated values
ranging from 7.8 to 48 mol product (mol Pd x h)". These decreased values were likely
due to the covalently bound CD ligands, which covered ~50% of the active surface, thus
making it inaccessible for substrate interaction.”

Another unique Suzuki reaction using these materials was performed using
iodoferrocene, which can interact to form stable inclusion complexes with the surface-
bound CD, as illustrated in Figure 1.13.”® In the presence of Ba(OH), as the base under
an N, atmosphere, the coupling reaction between iodoferrocene and phenylboronic acid
was performed using 1 mol% CD-capped Pd nanoparticles, generating a 70% isolated
product yield of the product, phenylferrocene.”® The attachment of the iodoferrocene to

the CD receptor on the nanoparticle surface trapped the substrate at the active metal site,
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thus generating high product yields. In this regard, a control reaction was performed
wherein ferrocene was added to the system to compete with iodoferrocene for available
CD receptors, resulting in a much lower product yield.”® This nanoparticle system
employed CD receptors as both a nanoparticle stabilizer and as a reagent gatekeeper
wherein the specific binding between the receptor and substrates controlled the reactivity,

leading to high degrees of specificity.

Ba(OH),

@ Pd° é perthiolated cyclodextrin

Figure 1.13 Perthiolated cyclodextrin-capped Pd nanoparticles used in the Suzuki
coupling reaction between iodoferrocene and phenylboronic acid.”®

1.6 Pd Nanoparticles in Heck Coupling Reaction

Development of Pd nanoparticles for Heck coupling was pioneered by Reetz and
coworkers wherein they used tetraalkylammonium salts such as (CsH,;7)sNBr instead of
organic phosphine, as stabilizers for soluble Pd clusters.'™ Synthesis of the ligand-
stabilized Pd nanoparticles was described above wherein 2 — 3 nm particles were
produced.'® Heck coupling between iodobenzene and the acrylic acid n-butyl ester was

performed using these materials in DMF at 30 °C to produce cinnamic acid ester. Nearly
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quantitative product yields were generated after 14 h, providing initial catalytic results for
the phosphine-free Pd nanocatalysts.'®

In expanding the scope of reactivity in Heck coupling using Pd nanocatalysts, another
stabilizer was employed for the synthesis of nanoparticles using an electrochemical
method and thermolysis.'"®® For this, propylene carbonate (PC) was used for the
production of Pd nanoclusters through electrochemical methods involving anodic
dissolution of a Pd sheet at 60 °C, which formed monodisperse, nearly spherical, highly
crystalline particles of 8 — 10 nm in diamter.'™ In a separate process, Pd(0,CMe), was
mixed with PC at 100 °C while sonicating to form 8 — 10 nm particles with similar shapes
through thermal decomposition. The atalytic activities for the PC-Pd nanoparticles were
tested using the Heck reaction between aryl halides and styrene in the presence of a base
at temperatures ranging from 130 — 160 °C.'"®® The results showed excellent product
yields of 96% and 97% for activated 4-bromonitrobenzene substrate in the presence of
PC-Pd nanoparticles using NEt; and NaO,CMe as the base, respectively. On the other
hand, chlorobenzene was also able to generate significant product yields between 40% to
58%, but longer reaction times were required.'*®

Dendrimer-based Pd nanoparticles have also been used for the Heck reaction; however,
the higher temperatures that were required to accomplish the coupling necessitated the
use of highly stable dendrimers.'™ As such, poly(propylene imine) (PPI) dendrimers
were employed to passivate the Pd nanoparticles for reactions that require refluxing. The
perfluorinated polyether-derivatized PPI DENs (third and fifth generation) were exposed
to Pd*" ions to coordinate to the dendrimer interior. Addition of a reducing agent resulted

in the production of nearly monodisperse Pd nanoparticles of ~2 — 3 nm in diameter
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according to TEM analysis.'"® The PPI-Pd nanoparticles were then used for Heck
coupling between different aryl halides and n-butylacrylate to generate n-butyl-
formylcinnamate using a fluorocarbon/hydrocarbon solvent and Et;N as base at 90 °C.
The results indicated that the PPI-Pd nanocatalyst was able to drive the coupling reaction
generating modest yields; however, regioselectivity of the product was established to be
100% selective toward trans-n-butyl-formylcinnamate.' Interestingly, the fifth
generation PPI-Pd nanoparticles catalyzed higher product yields compared with the third
generation PPI-Pd nanoparticles even though the diameters of the particles were
similar."® These results suggested that the fifth generation dendrimers provided larger
encapsulated space wherein the coupling reaction could occur leading to the observed
regioselectivity and higher product yields. In contrast, the third generation dendrimers
contained less interior room such that slower reactions occurred, lowering the product
yields. Nevertheless, product regioselectivity was maintained. As anticipated, lower
yields were obtained when using aryl bromides compared with aryl iodides and no
activation of aryl chlorides was noted.'"® Finally, para-nitro-substituted aryl bromides
generated lower product yields compared with unsubstituted aryl reagents, which was
attributed to the repulsive forces between the electron-donating nitro-group and the
perfluorinated polyether dendrimer groups, making substrate incorporation difficult.'®
Taken together, these results suggested that Heck coupling using the PPI-Pd
nanoparticles occurred at the dendrimer interior.

Since the reaction using the dendrimer nanocatalysts was performed in a
fluorocarbon/hydrocarbon solvent, separation and recovery of the PPI-Pd nanoparticles

was easily achieved.'® To this end, the nanocatalysts remained dissolved in the fluorous
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phase of the solvent, as shown by the retention of the dark color of the catalyst, while the
organic phase that contained the product was colorless. Recyclability of the nanocatalyst
was performed using the separated particles in the fluorous phase wherein significant loss
of activity was observed with each reaction cycle.'™ This loss in reactivity was attributed
to changes in the morphology of the Pd nanoparticles due to the redox cycling of Pd
atoms in the Heck reaction. Control reactions were also performed to determine the effect
of base identity on the reaction.'® These results showed that even in the absence of Et;N
in the reaction, Heck coupling still occurred due to the interior tertiary amines in the
dendrimers that acted as the base. Overall, the results of these initial studies of Pd DENs
for Heck coupling showed highly regioselective intradendrimer catalytic reactivity under
relatively ambient reaction conditions.

Further DEN effects for Pd nanoparticles were performed by Kaneda et al., wherein the
Pd complex was immobilized inside the dendrimer through ionic bonds (Figure 1.14).”!
Initially, the peripheral amino groups of PPI dendrimers were functionalized with
decanoyl chloride and 3,4,5-triethoxybenzoyl chloride to produce alkylated and arylated
dendritic materials, respectively. On the other hand, Pd nanoparticles were exposed to 4-
diphenylphosphinobenzoic acid as ligands, which can then form ionic bonds between the
carboxylic acid moiety and the internal amino groups of the dendrimers. To this end, the
phosphine-stabilized Pd nanoparticles were encapsulated at the interior of the
functionalized PPI dendrimers and employed as nanocatalysts in the Heck reaction.’’
Initially, the coupling between iodobenzene and n-butyl acrylate in toluene with KOAc
was performed with the PPI modified Pd DENs. The results of the reaction showed that

the dendrimer generation directly affected the reactivity where the reaction rate increased
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with higher generations; however, when the molar ratio of phosphine ligand:Pd in the 5t
generation PPI Pd nanoparticles was increased from 1 to 4, product yields decreased from
92% to 19%.”" These results suggested that the large amounts of amino groups in higher
generation dendrimers provided complexation with the active species and as such led to

high stability and catalytic reactivity.
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Figure 1.14 Schematic illustration of the Pd complex immobilized inside the
dendrimer.”’ Reprinted (adapted) with permission from ref. 91. Copyright 2004 American
Chemical Society.

To further probe the reactivity, as well as the selectivity of the nanocatalyst, a second
Heck coupling reaction was employed using p-diiodobenzene and n-butylacrylate with
two possible products, mono- and di-substituted benzene.”' The results showed that in the
presence of the nanocatalyst, only n-butyl-p-iodocinnamate, the mono-substituted
product, was formed, indicating a highly reactive (86% yield) and selective (92%)

nanocatalyst. Furthermore, the allylic amination of cinnamyl methyl carbonate was also

catalyzed by the Pd DENSs, demonstrating that the catalytic materials were quite
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versatile.”' Finally, the recyclability of the catalyst was established wherein minimal loss
of activity was observed after four reaction cycles.””

Expanding the scope of reactivity of the PPI-Pd nanoparticles for Heck coupling under
environmentally friendly conditions was achieved using supercritical CO; (scCO,) as the
solvent."” The PPI dendrimer end groups were functionalized with a perfluoro-2,5,8,11-
tetramethyl-3,6,9,12-tetraoxapentadecanoyl  perfluoropolyether chain to enhance
solubility with scCO,, generating 1 — 2 nm Pd particles after reduction.'”® The modified
PPI-Pd nanoparticles were then used as the coupling catalyst between iodobenzene and
methylacrylate with EtsN as the base at 75 °C and 5000 psi."”® Formation of the possible
products, methyl-2-phenylacrylate and cis/trans-cinnamate, was monitored using GC
wherein 57% of the aryl iodide was consumed after 24 h.'” Characterization of the
reaction solution by 'H NMR revealed that only the methyl-2-phenylacrylate product was
formed and no cinnamate products or impurities were generated. These results indicated
high selectivity for the nanocatalyst, which was attributed to steric environment of the
dendrimer system.'”

Calculation of the turnover number (TON) generated a value of ~22 mol substrate/mol Pd
only, which was suggestive of a slow reaction using the modified-PPI Pd
nanoparticles.”” A notable change in color of the scCO, solution containing the
nanoparticles from dark-brown to dull-orange was observed after the reaction, which
likely arises from Pd’ oxidized to Pd*"."”® Upon treatment of this solution with NaBH,,
the formation of a dark-brown solution was observed, consistent with metal reduction and

nanoparticle formation. The oxidation of the catalytically active Pd species explained the
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low catalytic conversion driven by the modified PPI-Pd nanoparticles. When the reaction
was extended to 52 h, no visible Pd precipitation was observed.'”

In contrast to the low TON values obtained in the Heck coupling reaction using the
modified PPI-Pd nanoparticles, drastically higher TONs were generated using Pd-DENs
with hydroxyl-terminated PAMAM dendrimers; however, the reaction was performed
using DMA as the solvent instead of scCO,.”* In this system, the reaction between aryl
halides and acrylic acid was employed to determine the reactivity of PA@[PAMAM G4-
OH] in the presence of NaOAc as the base at 140 °C. Two different Pd:dendrimer ratios,
Pdeo and Pdy4g, were used for the reaction, where similar product yields were obtained for
both systems.” The results of the coupling reaction showed significantly higher TON
values depending on the halogen group in aryl halides such that iodobenzene gave a value
of 30,000 mol product/mol Pd, while bromobenzene generated a TON of 14,000 mol
product/mol Pd.”* No product formation was observed for chlorobenzene. As expected,
electron-withdrawing substituents on the aryl halide generated higher product yields and
TONSs, while decreasing the catalyst loading resulted in the corresponding decrease in
yields and TON values.”

Aside from Pd DENSs, other ligand stabilized Pd catalysts have also been employed for
Heck coupling. For instance, PEG-Pd nanoparticles were used for the coupling of t-
butylstyrene with aryl iodides and aryl bromides in the presence of K,COj; in water under
refluxing conditions (80 — 100 °C).”” The results demonstrated excellent yields of 90 —
92% for the reaction using activated iodo- and bromo-arenes. Interestingly, even
sterically hindered ortho-substituted aryl bromides generated relatively good yields of 72

— 80%, while the meta-substituted substrates produced poor (5%) product yields when
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coupled with t-butylstyrene.”” Overall, the PEG-Pd nanoparticles showed high reactivity
for Heck coupling under relatively mild reaction conditions with water as the solvent,
indicating a positive development towards environmentally friendly, but highly efficient
nanoparticle catalysts.

Another polymer-based catalytic system used for Heck coupling was the ionic polymer-
ionic liquid stabilized Pd nanoparticles, Pd-IP-IL."*> The 5 nm Pd-IP-IL nanoparticles
were used in the Heck reaction between aryl halides and ethyl acrylate using
tributylamine as the base in the ionic liquid at 80 °C. The results displayed quantitative
yields (>99 %) of the expected products were obtained from activated aryl halides after
only 2 h. Todobenzene, on the other hand, only managed to generate 49% of the product
after 1.5 h, while increasing the reaction time to 4 h showed a corresponding yield
increase to 81%."*° These results indicated that the ionic liquid was a great solvent for the
Heck reaction and the use of Pd-IP-IL nanoparticles show excellent reactivity under
ambient reaction conditions.

Finally, the Keggin-type polyoxometallate-stabilized Pd nanoparticles were also
employed for the Heck coupling reaction.'”® Initially, the reaction between bromotoluene
and styrene was performed employing diisopropylamine as the base in a water/ethanol
solvent. Interestingly, excellent yields of 95% were obtained for the Heck coupling
product, stilbene, at 80 — 85 °C after 16 h. When activated aryl chloride, 1-chloro-4-
nitrobenzene, was used under similar reaction conditions, a 91% product yield was
obtained.'’® Similarly, for the Heck reaction between aryl halides and methyl acrylate,
almost quantitative yields (97 %) of methyl cinnamate was generated from aryl bromide,

while a 94% product yield was obtained using aryl chloride.'” The mild reaction
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conditions employed in the coupling reaction suggested a highly efficient nanocatalyst

that was operational under environmentally friendly conditions.

1.7 Summary and Conclusions

In this chapter, we presented the recent advances in Pd nanoparticles research with
regards to their applications in select C-C coupling reactions. Significant numbers of
studies have been devoted in the development of new nanomaterials in the past few
decades leading to the production of remarkably efficient nanocatalysts. The advantages
of nanomaterials in catalytic transformations include the use of very low metal loading,
their ability to catalyze reactions in ambient conditions, their use in energy-efficient
reactions, and their recyclability with minimal activity loss; however, the catalytic
mechanism driven by these Pd nanoparticles remains a subject of debate with two
different theories suggested for C-C couplings. The surface-based mechanism invokes a
truly heterogeneous catalyst in which the reaction occurs directly at the surface of the
nanoparticles. As such, minimal morphological changes should be observed for these
nanoparticles. In contrast, the atom-leaching mechanism indicates that the active Pd’
atoms are abstracted from the nanoparticle surface during the reaction. In this process,
changes in size, shape and crystal structure should be observed during the catalytic cycle.
Although each of these theories can be supported by available evidence, additional
studies are necessary in order to verify the reaction mechanism. Compounding this issue,
different reaction mechanisms may be possible for different materials, which may give

rise to the disparate set of results present in the literature. Nevertheless, Pd nanoparticles
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have demonstrated excellent reactivities for C-C coupling catalytic reactions, which may
serve as model systems for the development of sustainable materials for future chemical

transformations.



Chapter 2. Biomimetic Synthesis of Green Nanocatalyst for the Stille Coupling
Reaction

2.1 Overview of Study

In this chapter, the results of the study on the biomimetic synthesis of Pd nanoparticles
for use as models of green catalytic systems were presented. The nanomaterials are
synthesized using peptides isolated via phage-display techniques that are specific to Pd
surfaces. Using this synthetic strategy, peptide functionalized Pd nanoparticles of 1.9 +
0.3 nm in diameter are produced, which are soluble and stable in aqueous solutions.
Once characterized, these bio-based materials were then used as catalysts to drive the
formation of C-C bonds using the Stille coupling reaction. Under the conditions of an
aqueous solvent at room temperature, quantitative product yields were achieved within
24.0 h employing catalyst loadings of =0.005 mol% Pd. Additionally, high TOF values
of 3,207 + 269 mol product (mol Pd*h)" have been determined for these materials. The
catalytic reactivity was then examined over a set of substrates with substitutions for both
functional group and halide substituents, demonstrating that the peptide-based Pd
nanoparticles are reactive towards a variety of functionalities. Taken together, these bio-
inspired materials represent unique model systems for catalytic studies to determine

ecologically friendly reactive species and conditions.

2.2 Motivation

The fabrication of green catalysts that address environmental and energy concerns is both
strategically and ecologically important.”” ' Traditional homogenous and heterogeneous
catalysts used on the industrial scale produce toxic waste materials that necessitate

60
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specialized disposal means and can require thermal activation for reactivity, both of
which can result in inflated production costs. To alleviate these costly conditions, highly
active green catalytic systems that employ an aqueous medium at room temperature with
low catalyst loadings are desirable.”® Metallic Pd nanoparticles have demonstrated some
positive progression towards these goals;*> '*" "' however, it is rare for one system to
address all three principles simultaneously. One further compounding issue is the fact
that different catalyst structures can be required for their individual activity;> '
therefore, a “magic bullet” system that can be employed for all reactions is unlikely. As a
result, different catalytic architectures may be required for specific reactions, depending
upon their structure-based functionality; however, a subset of reactions that follow
similar pathways may be addressable by a single generated catalytic structure.

One area where a green reaction system is attractive is for catalytic C-C bond formation.
A variety of reactions have been developed such as Stille coupling, Suzuki coupling, and
Heck coupling that use Pd catalysts of similar morphologies.” > ' 1°!- 13 Thege reactions
traditionally require single molecule Pd catalysts, either in zerovalent state or a Pd*
oxidation state that is reduced in situ, which require high thermal activation temperatures
(70-100 °C) and organic solvents such as toluene.”'” Since similar reaction mechanisms
have been proposed for these reactions with only slight changes in specific steps, it may
be possible to design and develop a single catalytic architecture that is functional for a
select number carbon coupling reactions using green conditions. This would be highly
desirable as these reactions are used as necessitated by the functionalities and specific
reaction steps required during chemical synthesis. Previous results employing Pd

nanomaterials as the catalyst with different surface protection techniques have
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demonstrated a degree of success with these reactions individually > % 14!, 187, 191, 192, 194-196

Unfortunately, ideal materials that fully address the principles of green C-C coupling
catalysis have yet to be isolated.
In contrast, biological systems have developed ambient synthetic routes to reactive

197200 Through biomineralization processes,”™ ' highly intricate

nanostructures.
nanomaterials can be produced for structural, catalytic, and bioremediation purposes.
While a select number of inorganic minerals are fabricated biologically, a complete set of
technologically interesting materials is not produced. To overcome this limitation, phage
display technologies have been developed as a means to expand the toolkit of
bionanotechnology through the isolation of non-natural peptide sequences with the ability
to control the fabrication of nanomaterials under biological conditions."”” """ *>** From
this method, peptides responsible for the production of Ag,'”” Au,”*® FePt,”” BaTiO,,* as
well as other technologically interesting materials have been elucidated. The synthetic
methodologies employed for biomimetic fabrications are relatively green and produce
quality nanomaterials with exacting control over their final structural properties.* 2!
Indeed, multicomponent functional nanostructures have been fabricated such as PdAu
bimetallic catalysts,” Pt-CdS enzyme mimics,”"' and Au-Co,0, bio-batteries.”” These
unique structures possess their intrinsic activities under biological-based conditions,
suggesting that their activities can be tailored to address green technologies. While these
materials may not be immediately feasible to replace current technologies, their final
products can act as model systems to generate an understanding of the structure required

for specific functionality. This may lead to the realization of next generation materials to

address the current global environmental and energy concerns.
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Figure 2.1 Biomimetic synthesis of Pd nanoparticles and their use for green Stille
coupling.

Here we demonstrate that peptides isolated via phage-display are able to mediate the
production of highly active model green Pd nanocatalysts, as shown in Figure 2.1. Using
the peptide-based system, nearly monodisperse, and aqueously soluble peptide stabilized
Pd nanoparticles are synthesized with a small average particle diameter of 1.9 = 0.3 nm.
This particle size is optimal for catalytic designs as it maximizes the surface-to-volume
ratio without reaching the molecule to particle electronic transition of small
nanomaterials.”> These nearly monodisperse bio-based nanoparticles were then

175, 212 under

catalytically tested for C-C bond formation activity using Stille coupling
environmentally friendly reaction conditions. From this analysis, quantitative catalytic
formation of C-C bonds was observed within 24.0 h in water, at room temperature, using

catalyst loadings of =0.005 mol% Pd. These results are important as this representative

system addresses all three green concerns, which is likely due to the peptide-metal
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surface structure that can allow for interactions between the catalytic surface and the
reagents in solution.*” In addition, we demonstrate that the bio-inspired Pd materials are
active with a variety of substrates, suggesting that the system is versatile and may

translate to various other chemical reactions.

2.3 Methods

2.3.1 Chemicals

All FMOC-protected amino acids used in peptide synthesis were purchased from
Advanced ChemTech (Louisville, KY). NaBH4 was purchased from EMD (Gibbstown,
NJ), K,PdCls, 2-iodobenzoic acid, 4-bromobenzoic acid, 4-iodophenol, and 4-tert-
butylphenol were purchased from Sigma-Aldrich (Milwaukee, WI), and 4-iodobenzoic
acid, 3-iodobenzoic acid, 4-chlorobenzoic acid, 4-bromophenol, 4-chlorophenol were
purchased from TCI America (Wellesley Hills, MA). Phenyltin trichloride, N-methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA), CCI;D, anhydrous Na,SO4, NaCl, and KOH
were purchased from Fisher (Pittsburgh, PA). All reagents were used as received. Milli-

Q water (18mQecm; Millipore, Bedford, MA) was used throughout.

2.3.2 Peptide Synthesis
The Pd4 peptide was prepared using a Tetras peptide synthesizer (CreoSalus, Louisville,

KY) employing standard FMOC peptide synthesis protocols.
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2.3.3 Preparation of Pd Nanoparticles

The Pd nanoparticles were prepared as follows. 100 puL of a 10.0 mg/mL Pd4 peptide
solution was added to a vial containing 25.0 pl of 100 mM K,PdCly in 4.775 mL H,O.
The solution was completely mixed using a vortexer and allowed to stand for 30.0 min.
The reaction was then reduced by adding 100 ul of a 0.100 M freshly prepared NaBH4

solution. The reaction was then allowed to stand for 1.00 h at room temperature.

2.3.4 Catalytic Reaction

The coupling reaction of 4-iodobenzoic acid and phenyltin trichloride is presented as the
model procedure in this analysis; however, identical protocols are used for all aryl halides
employed. In 20.0 mL reaction vials, 124 mg (0.500 mmol) of 4-iodobenzoic acid and
98.5 uL (0.600 mmol) of phenyltin trichloride (PhSnCl;) were dissolved in 6.00 mL of
3.00 M aqueous KOH and 2.00 mL H,O. Different amounts of Pd nanoparticle catalyst
were then added to the reaction mixtures, namely 1.00 mL (0.100 mol%), 0.500 mL
(0.050 mol%), 100 pL (0.010 mol%), 50.0 uL (0.005 mol%), 10.0 pL (0.001 mol%),
5.00 pL (0.0005 mol%) and 1.00 uL (0.0001 mol%). The reactions were allowed to
proceed for 24.0 h with constant stirring at room temperature. The reactions were then
quenched with 50.0 mL of 5.00% aqueous HCI. The product of the reaction was
extracted from the aqueous mixture using diethyl ether (thrice, 30.0 mL each). The
organic layer was treated with saturated NaCl solution (twice, 20.0 mL each), dried with
anhydrous Na,;SQOy, and filtered. 75.0 mg (0.500 mmol) of 4-¢-butylphenol was added to

the organic layer to serve as the internal standard in determining the percent yield of the
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reaction. The organic solvent was then removed using a rotary evaporator and the

product was analyzed using GC-MS and 'H NMR.

2.3.5 TOF Measurement

In determining the TOF of the catalyst, the reaction was monitored for 1.00 h at time
intervals of 0.00, 5.00, 10.0, 15.0, 20.0, 25.0, 30.0, 40.0, 50.0, and 60.0 min. The
coupling reaction between 4-iodobenzoic acid and phenyltin trichloride was scaled up
by 10.0 fold and 8.00 mL aliquots were obtained after each time interval. In a 250
mL beaker, 1.240 g of 4-iodobenzoic acid (5.00 mmol) and 986 pL of PhSnCl; (6.00
mmol) were dissolved in 60.0 mL of 3.00 M aqueous KOH and 20.0 mL H,O. Then,
5.00 mL of the Pd nanoparticle catalyst (0.050 mol%) was added to the reaction
mixture and an 8.00 mL aliquot was immediately quenched with 50.0 mL of 5.00%
aqueous HCI. Aliquots were then taken after the specified time intervals and

extracted as described above.

2.3.5 Characterization

UV-vis spectra of the Pd nanoparticles were obtained on an Agilent 8453 UV-vis
spectrometer using a 1.00 mm path length quartz cuvette (Starna). The spectra obtained
were background subtracted against water. Electron microscopy images were obtained
using a JEOL 2010F TEM operating at 200 keV with a point-to-point resolution of 0.19
nm. Samples were prepared on 400 mesh Cu grids coated with a thin layer of carbon
(EM Sciences). The solution (5.00 uL) was pipetted onto the surface of the grid and

allowed to dry in air.
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GC-MS spectra of the products were obtained using an Agilent 6890N Network GC
system with an Agilent 5973 Network Mass Selective Detector. Products possessing
carboxylic acids and phenols were converted to their trimethyl silyl ester analogs prior to
analysis. Approximately 3 — 6 mg of the product was added with 200 uL of N-methyl-N-
(trimethylsilyl)-trifluoroacetamide (MSTFA). The reaction was stirred for 2.00 h, which
resulted in the complete dissolution of the product and formation of the trimethyl silyl
ester. The reaction mixture was then diluted in CH»Cl, and analyzed by GC-MS.

NMR spectra were obtained using a Varian Inova 400 MHz NMR with a quadruply-
tuned switchable probe. The product (1.0 — 2.0 mg) was dissolved in 1.50 mL
deuterated chloroform in a standard 5.00 mm NMR tube (Wilmad). The integration
of the peak at 6 8.2 ppm (product) was compared with the integration of the peak at &

6.8 ppm (internal standard) to obtain the percent yield of the reaction.

2.4 Results and Discussion

Pd-binding peptides were identified from a phage displayed combinatorial peptide
library. Commercially available Pd nanopowder (particle size < 25 nm) was used as the
target for identifying Pd-binding peptides from the peptide library using established
procedures.'””"*** As shown in Table 1, two 12-mer sequences were identified, termed
Pd2 and Pd4, respectively. Both peptide sequences possessed basic pl values; however,
the Pd4 peptide sequence possessed more basic and hydroxyl-containing residues,
comparatively. Additionally, theoretical modeling of the Pd4 peptide Pd surface binding

capabilities suggests that the two histidine residues bind to the materials surface in a
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pinched arrangement, which will likely lead to open interaction sites between the solution

and the metallic surface.”"

As such interactions are key to catalysis, this peptide was
selected for nanoparticle synthetic analysis. The linear peptide was produced using
standard FMOC synthesis, purified by HPLC methods, and confirmed by MALDI-TOF
mass spectrometry. Upon sequence confirmation, the peptide was then dissolved in
deionized water to a concentration of 10 mg/mL, from which 100 L was added to a vial
containing 25.0 uL. of 100 mM K,PdCl, in 4.775 mL H,O. The solution was allowed to
stand for 30.0 min, after which 100 pL of a 100 mM NaBH, solution was added for metal
reduction. Prior to reduction, the solution was a pale yellow color, owing to the PAC1,” in
solution; however, after reductant addition, a rapid color change to brown was

immediately observed. The solution was allowed to stand and reduce for 1.00 h prior to

use.

peptide amino acid sequence pl?

Pd2 NFMSLPRLGHMH 0.8
Pd4 TSNAVHPTLRHL 9.5

@ pl calculated at http://ca.expasy.org.

Table 1 Pd binding peptide sequences identified using phage display.

Initial characterization was performed using UV-vis spectroscopy, as shown in Figure
2.2. The black spectrum presented for the peptide in solution displays a featureless
absorbance spectrum as anticipated. Upon incubation of the Pd4 peptide with the Pd*
ions, red spectrum of Figure 2, formation of an absorbance shoulder at 224 nm is

observed. This absorbance is likely due to the ligand to metal charge transfer band
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associated with Pd-amine binding. The Pd4 peptide possesses histidine and arginine
residues, which are readily able to coordinate Pd** ions in solution to give rise to this
spectral absorbance.”'**"> Upon reduction, represented by the blue spectrum, this band
disappears with formation of a broad absorbance characteristic of nanoparticle
formation.”'**'° An increase in absorbance towards lower wavelengths is observed for the
reduced species, corresponding to the brown solution described above. Previous
syntheses of small Pd nanoparticles have demonstrated similar colorimetric and UV-vis
spectroscopic properties.’”” ' Additionally, no materials precipitation was observed at
any point during the nanoparticle synthesis, suggesting that the interaction between the
peptide and the nascent nanoparticle surface is sufficient in magnitude to prevent bulk

material aggregation.
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Figure 2.2 UV-vis spectra for the biomimetic synthesis of Pd nanoparticles. The black
spectrum is for the Pd4 peptide, the red spectrum represents the Pd4-Pd** complex, while
the blue spectrum corresponds to the Pd nanoparticles after reduction. All spectra were
background subtracted against water.

TEM confirmed the fabrication of nanoparticles, as displayed in Figure 2.3a. Using this

peptide, nearly monodisperse, spherical Pd nanoparticles are produced with an average
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diameter of 1.9 + 0.3 nm, which is highlighted in the particle size histogram presented in
Figure 2.3b. Based upon theoretical calculations assuming an empirical Pd atomic radius
of 140 pm, Pd nanoparticles of this size would contain approximately 312 metal atoms.”"’
Such small particles are ideal for catalysis with their large surface-to-volume ratio for
maximal catalytic activity. Additionally, the particles are large enough to avoid any

undesired electronic effects that can be observed from smaller Pd nanostructures.*
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Figure 2.3 TEM analysis of the Pd nanoparticles. Part a) displays the TEM image of the
Pd nanoparticles, while part b) presents their size distribution histogram.

To confirm that the synthetic protocol produced spherical Pd nanoparticles in response to
the Pd4 peptide, rather than through generalized binding processes, control studies were
conducted using a different peptide sequence of similar biological characteristics. In this
analysis, the Pd4 peptide was substituted with the RS peptide, which has been implicated
in the biosilicification process of the diatom Cylindrotheca fusiformis."””'” Similar to the
Pd4 peptide, the RS peptide possesses a basic pl value (11.22) and a high percentage of
basic and hyroxyl-terminated residues. Analysis of the materials prepared using this

peptide resulted in the production of large, non-spherical Pd nanostructures of irregular
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networks, which are shown in the Chapter 6, Figure 6.1. No spherical particles were
observed and only wire-like structures were produced using the non-Pd specific peptide.
This dramatic change in shape and dispersity results in a minimization of the Pd surface
area for interactions with the catalytic reagents, whereby decreasing their overall
reactivity. This indicates that the Pd4 peptide possess significant control over the
fabrication of Pd nanomaterials, which can be synthetically preferred for the present
catalytic applications.

Upon confirmation of the fabrication of Pd metallic nanostructures, the materials were
studied for catalytic reactivity for the formation of C-C bonds. This family of reactions
can follow various pathways; however, the overarching mechanism driving product
generation is relatively similar from reaction to reaction. Initially, Stille coupling between
an aryl halide and an organostannane compound was selected for analysis. This reaction
was selected for three specific reasons. First, the final organic product of the catalytic

reaction possesses a newly formed C-C bond, which is important for pharmaceutical

8 9

production,”'® molecular electronics,””® and fossil fuel processing.” Second, previous
reports have suggested that routes towards more environmentally responsible synthetic
conditions for this carbon-coupling scheme may be readily achievable.”® Third, many of
the reagents, both aryl halides and organostannanes, are commercially available to be
used for facile characterization of the reactivity of the newly produced biomimetic Pd
nanoparticles. Additionally, the solubility of the reagents can be tailored to fit a variety of

solvent polarities and reaction conditions, thus facilitating a broad set of analyses of the

Pd nanomaterial’s catalytic activity.
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For catalytic analysis of the biomimetic materials, green synthetic conditions were
initially employed for the coupling of 4-iodobenzoic acid and phenyltin trichloride to
produce biphenyl carboxylic acid (BPCA), which was used as a model system.* For this
reaction, 0.500 mmol of the aryl halide was codissolved in solution with 0.600 mmol of
phenyltin trichloride using 8.00 mL of 2.25 M aqueous KOH. To this solution, varying
amounts of the Pd materials (O — 0.500 mol% Pd) were added and the reaction was stirred
for 24 .0 h. In this sense, the mol% Pd refers to the amount of Pd in solution and not the
concentration of nanoparticles, which would be quite lower. Once complete, the reaction
was quenched with HCI, extracted using diethyl ether, and quantitated.

Initially, the model reaction was studied using 0.100 mol% Pd. This concentration was
used to determine the feasibility of the reaction under the described synthetic conditions
employing the peptide-stabilized Pd nanoparticles. Visual monitoring of the solution
during the reaction occurred from which the precipitation of a fine white solid within
<10.0 min after initiation was observed. This event suggests that a successful catalytic
reaction is progressing as the final product, BPCA, is not soluble in the hydrophilic
solution. After reaction workup from which the organically soluble materials were
extracted into diethyl ether, the final products were analyzed using GC-MS and 'H NMR.
For GC-MS analysis, the carboxylic acid containing species were converted into
trimethyl silyl esters to prevent hydrogen bonding and increase the volatility for gas
chromatographic analysis. Figure 2.4a presents the gas chromatogram of the reaction
after functionalization. In this sample, 4-z-butyl phenol (TBP) was added as an internal
standard. The chromatogram possesses two distinct peaks at elution times of 7.29 and

11.04 min, which were analyzed by mass spectrometry in Figures 2.4b and c,
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respectively. Analysis of the materials from the 7.29 min peak (Figure 2.4b) indicates that
it is the TBP internal standard, with an m/z = 222. The second peak observed at 11.04
min and analyzed in Figure 2.4c, possessed an m/z = 270, which is in agreement with the
calculated mass of the anticipated final BPCA product with the silyl-derivatized
carboxylic acid. Additionally, no peak was isolated for the starting materials. While these
results indicate a successful coupling reaction, spectroscopic characterization of the final

product is required to confirm its identity.
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Figure 2.4 Characterization of the catalytic reaction between 4-iodobenzoic acid and
phenyltin trichloride to produce BPCA. Part a) displays the gas chromatogram for the
final products after addition of the TBP internal standard. Part b) presents the mass
spectrum of the 7.29 min peak of the chromatogram, while part c) presents the mass
spectrum of the 11.04 min peak of the chromatogram. Analysis of each spectrum
confirms that part b) represents the TBP internal standard, while part c) represents the
anticipated silyl-functionalized BPCA final product. Part d) presents the NMR spectrum
of the physical mixture of 4-iodobenzoic acid and phenyltin trichloride prior to catalyst
addition and part e) displays the NMR spectrum of the materials attained after catalytic
reactivity with the bio-inspired Pd nanoparticles. A new signal is observed at 8.2 ppm,
consistent with the BPCA product.
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Spectroscopic identification of the final materials was conducted using 400 MHz 'H
NMR. Figure 2.4d presents the NMR spectrum of a mixture of the 4-iodobenzoic acid
and phenyltin trichloride starting materials prior to catalysis initiation dissolved into a
CDCl, solution. In this spectrum, peaks are observed at 7.78 and 7.87 ppm with a
coupling constant of J = 8.8 Hz. Such results are anticipated for the para disubstituted
benzene ring of the aryl halide substituent. The signals observed over the 7.5 — 7.7 ppm
region are consistent with the known spectrum of the organostannane species.*® Taken
together, this indicates that only signals directly attributable to the starting materials are
present, confirming that no reaction has taken place in the absence of the Pd
nanoparticles. Analysis of the extracted products post-reaction is shown in Figure 2 .4e.
This NMR spectrum demonstrates that the starting material peaks have disappeared and
are replaced by a new signal at 8.17 ppm. Such clear results are consistent with the BPCA
final product,’® thus indicating that a successful catalytic carbon coupling reaction
occurred in the presence of the bio-inspired Pd nanomaterials. For this spectrum, an
additional peak at 6.80 ppm is due to the TBP internal standard, whose individual
spectrum was attained and is presented in the Chapter 6, Figure 6.2. The reaction was
quantitated using the TBP, which indicates that a 100% product yield is attained within
the 24.0 h reaction time frame.

To determine the extent of catalytic reactivity of the peptide functionalized Pd
nanoparticles, the model reaction was conducted at decreasing catalyst-loading values.
This process was studied down to a loading of 0.001 mol% Pd with surprising product
yields. As shown in Figure 2.5a, quantitative reaction yields were consistently achieved

after a 24.0 h reaction time period down to a catalyst loading value of 0.005 mol% Pd.
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Note that this percentage represents the amount of Pd atoms in solution, not the
concentration of Pd nanoparticles; therefore, the loading value is even further minimized
for the nanoparticle catalyst species. Remarkably, when a catalyst loading of 0.001 mol%
was studied, an average product yield of ~64% was observed. While such catalyst
loadings are below traditional values, these reactions were also conducted in an aqueous
solvent at room temperature, suggesting that the bio-inspired Pd nanomaterials may
represent a model catalytic system for understanding the structural requirements of green
catalysts. To confirm that the observed results were facilitated by the Pd nanoparticles
rather than by an uncontrolled autocatalytic event, a control study was conducted in
which no Pd nanoparticles were added to the two starting materials in a typical reaction
solution. After 24.0 h, the sample was quenched and extracted using the standard
purification and reaction procedures. Final analysis of the resultant materials indicated

that no product was generated and that only the initial starting materials were retained.
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Figure 2.5 Analysis of the catalytic reactivity of the peptide functionalized Pd
nanoparticles. Part a) displays the effect of Pd catalyst loading on the model reaction for
the production of BPCA, while part b) displays the TOF determination employing a
catalyst loading of 0.050 mol% Pd for the model reaction.
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To determine the efficiency of the peptide functionalized Pd nanomaterials, the turnover
frequency (TOF) of the reaction was determined. For this study, a Pd loading of 0.050
mol% was employed in a scaled up reaction volume of 80.0 mL. This system was used
where the ratio of starting materials to catalyst remained constant to allow for additional
time-based aliquot removal and analysis. Immediately after catalyst addition, one 8.00
mL aliquot was extracted from the reaction and quenched. From that time point, aliquots
were taken and analyzed at 5.00 min intervals for 30.0 min and then at 10.0 min intervals
for a total time of 1.00 h. The quantitation of the reaction yields at time points < 30.0 min
are plotted in Figure 2.5b, which represents the linear region of the analysis. The TOF
value of this catalyst can then be extrapolated from the slope of the line over this portion
of the plot as the y-axis incorporates both the mols of final product and catalyst. From
this analysis, a TOF value of 3,207 + 269 mol BPCA (mol Pdeh)"' was determined for the
model reaction system. This value is larger than those previously reported for similar
systems and represents an enhancement in reactivity .*> "'

An expanded analysis of the catalyst reactivity and specificity was further studied, as
demonstrated in Table 2. For this analysis, the aryl halide was substituted at different
positions and the halide functionality was varied over I, Br, and Cl substituents.
Switching of the iodo substituent to the 3-position (Entry 2) over the 4-position (Entry 1)
retained activity; however, when the iodo group was placed at the 2-position (Entry 3), no
product was generated. A lack of reactivity for this molecule was not unexpected due to
irreversible binding to the Pd surface through the electronic interactions of the closely
spaced functional groups.*® ' "' Substitution of the halide for bromide or chloride

functionalities resulted in a decrease in reactivity. Such results were anticipated due to the
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lesser activity of the lighter halides.'”> *'* For the bromo-species, when 0.100 mol%
(Entry 4) catalyst was used, a 7.9% or 43.2% yield was observed after 72 or 168 h of
reactivity at room temperature, respectively. However, when 0.500 mol% (Entry 5)
catalyst was employed, an increased yield of 40.0% or 84.7% was attained after 72 or 168
h, respectively. Unfortunately, the 4-chlorobenzoic acid species (Entry 6) was non-

reactive towards carbon cross coupling.

Entry Aryl Halide Product Yield
1 HOOCOl HOOC 100
. O
HOOC HOOC
TGS o
cooH cooH
b c
4 HOOC—O& HOOC 7.9 (43.2)
d c
5 HOOCOBr Hooc 40.0 (84.7)
6 b HoocOCl HOOC 0
b c
8 HOOm Ho 6.23 (26.8)
d c
9 HOOBr HO 12.8 (48.4)
b

aReaction Conditions: 1.0 equiv. of aryl halide, 1.2 equiv. of PhSnCl;, 0.05 mol% Pd,
8.0 mL of 2.25 M KOH, 25°C, t = 24 h; 0.1 mol% Pd nanoparticles; ¢t =72 h or 168
h in parenthesis; 40.5 mol% Pd nanoparticles

Table 2 Stille cross coupling reactions using the bio-inspired Pd nanoparticles.
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Further reactivity was probed using aryl-phenols. Again, quantitative yields for the 4-
iodo species (Entry 7) were observed after 24.0 h. Substitution of the halide similarly
resulted in decreased reaction yields; however, a significant product yield was still
observed for the bromo-species at either 0.100 mol% (Entry 8) or 0.500 mol% (Entry 9)
catalyst after 72 — 168 h. The changes with this species, as compared to the carboxylic

acid species, is likely due to the electronics of the molecule,'” "

as well as catalyst
concentration effects,'”* both of which are known to alter reactivity in solution. Overall,
while varying yields can be achieved with differently substituted starting materials, final
products are readily producible using green synthetic conditions catalyzed by the bio-
inspired Pd materials.

Based upon the hydrophilic peptide coating of the biomimetic Pd nanoparticles, the
system is likely to be optimized for aqueous-based reactivity. To probe this level of
functionality, the model reaction using 4-iodobenzoic acid was studied in a solvent
mixture of 3 EtOH: 1 H,0. This reaction system was required to permit solubility of all
the regents and the peptide-functionalized nanocatalysts, while being able to be compared
to the aqueous-based results to generate an understanding of solvent effects. Using these
conditions and a catalyst loading of 0.050 mol% Pd, at a reaction time of 24 h, a BPCA
final product yield of only 44.9% was achieved (Chapter 6, Figure 6.16). This is
significantly lower than the quantitative yields observed under aqueous conditions. These
results are likely due to the solvent polarity, which can cause changes to the particle

surface, such as tighter ligand packing, to alter the specific interactions that drive the

chemical reactions in solution.
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The above catalytic results indicate that the inorganic metallic surface must be solvent
exposed in some manner. If the surface was completely bound and passivated by the
peptides, then specific reactivity would not be observed. Previous computational studies
have suggested that the two histidine residues of the Pd4 peptide are responsible for the
surface binding ability.”” As such, it may be possible for the peptides to form a bidentate
interaction, thus arranging in a specific fashion on the three-dimensional Pd nanoparticle
surface. Due to steric and geometric constraints of the large peptide framework, it would
be unlikely for the peptides to tightly pack on the small particle surface; therefore,
pockets of exposed metallic regions are likely to exist. It is from these regions that the
initial oxidative addition process can occur to drive the Stille coupling reaction. While it
is known that the reaction does occur, it is difficult to determine whether this process is
progressing at the surface of the particle, or whether Pd-ions are chemically extracted
from the nanomaterial and the reaction is driven by these liberated species in solution.’
Future research on this mechanism is required and presently being conducted.

The catalytic reaction conditions demonstrated herein adhere to green synthetic
conditions; however, the peptide synthesis required to achieve the templating ligands
employs traditional synthetic organic mechanisms. While such routes are less than
desirable, the main focus is to understand the materials structure of the peptide
functionalized Pd nanoparticles in an attempt to generate an image of the structural
requirements for enhanced green catalyst. As such, the peptide functionalized Pd
nanoparticles represent unique models to understand these structural properties as
they possess inherently efficient nearly green catalytic abilities. In addition, further

steps to enhance the green aspects of these catalytic conditions can be achieved by
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using less harmful boron reagents in Suzuki coupling over the organotin species of
Stille coupling. Further research is required; however, the initial steps towards this

goal have been demonstrated.

2.4 Summary and Conclusions

Herein we have demonstrated the use of peptides for the specific fabrication of highly
active model green catalysts. These materials were synthesized using basic peptide
sequences isolated via phage display techniques with the ability to recognize and bind
metallic Pd surfaces. Using standard reduction techniques, small, monodisperse Pd
nanoparticles are formed. These materials are reactive for Stille coupling employing
the environmentally friendly conditions of a water-based solvent at room temperature,
using low Pd loadings of >0.001 mol% Pd. Large TOF values have also been
achieved using these materials, indicative of active catalysts. Additionally, these
biomimetic Pd nanocatalysts have demonstrated reactivity across a set of chemical
compounds, suggesting that their activity may be open to a variety of chemical
reactions. This unique catalytic property is likely dependent upon the nanoparticle
surface structure, which is directly controlled by the orientation and surface binding
of the Pd4 peptide. Theoretical calculations show that only the histidine residues of
the peptide bind to the surface,”’” suggesting that a significant fraction of the surface
Pd atoms are solvent exposed. While varying reaction yields were observed with
chemically different starting materials, the main message is that the reaction

efficiently progresses with a variety of species. The methods described represent only
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a fraction of those that can be employed while retaining environmentally friendly
conditions. Small changes can be used for enhanced reactivity from the starting point

described herein, which are presently being studied.

“Reprinted (adapted) with permission from (Pacardo, D. B.; Sethi, M.; Jones, S. E.; Naik,
R. R.; Knecht, M. R. ACS Nano 2009, 3, 1288-1296). Copyright (2009) American

Chemical Society.”



Chapter 3. Interrogating the Catalytic Mechanism of Nanoparticle Mediated Stille
Coupling Reactions Employing Bio-inspired Pd Nanocatalysts

3.1 Overview of the Study

In this chapter, the results of mechanistic studies of peptide-capped Pd nanoparticles
were presented. To address issues concerning the global environmental and energy
state, new catalytic technologies must be developed that translate ambient and
efficient conditions to heavily used reactions. To achieve this, the structure/function
relationship between model catalysts and individual reactions must be critically
discerned to identify structural motifs responsible for the reactivity. This is especially
true for nanoparticle-based systems where this level of information remains limited.
Here we present evidence indicating that peptide-capped Pd nanoparticles drive Stille
C-C coupling reactions via Pd atom leaching. Through a series of reaction studies, the
materials are shown to be optimized for reactivity under ambient conditions where
increases in temperature or catalyst concentration deactivate reactivity due to the
leaching process. A quartz crystal microbalance analysis demonstrates that Pd
leaching occurs during the initial oxidative addition step at the nanoparticle surface
by aryl halides. Together, this suggests that peptide-based materials may be optimally
suited for use as model systems to isolate structural motifs responsible for the

generation of catalytically reactive materials under ambient synthetic conditions.

82
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3.2 Motivation

Nanoparticles are uniquely positioned for catalysis due to their high surface to volume

. . 2, 221, 222
ratio that maximizes catalyst exposure.’> **"

Beyond the size of the particle, the
inorganic/ligand interface also plays a significant role in the reactivity by controlling
particle stability and facilitating the molecular interactions between the surface and

: . 33, 94, 223, 224
substrates in solution.””

To that end, the ligands must be designed to allow
inorganic surface exposure; however, this exposure must be displayed in such a
manner as to prevent nanoparticle aggregation. Such an ability remains challenging
using present day nanocatalyst synthetic approaches, which either results in unstable
nanoparticles or catalytically poisoned surfaces. We have used a unique peptide-based
approach®®’ towards the synthesis of Pd nanoparticle catalysts employing the Pd4
peptide (TSNAVHPTLRHL) isolated via phage display.*™ ** Theoretical calculations
suggest that the Pd4 peptide anchors to the Pd surface through the binding of the
histidine residues, which generates a kinked-loop structure to expose the reactive
surface.”’> Once fabricated, these materials are highly efficient for Stille coupling'™
212 reactions between aryl halides and organostannanes employing a water-based
solvent at room temperature with ultra low Pd concentrations (0.001 mol% Pd).**
Consequently, this system is suited for studies concerning the reactivity of
nanocatalysts under conditions that are both eco-friendly and energy neutral, which
represents major milestones for the advancement of catalytic technologies.??" 22% 226

More recently, we have demonstrated that modifications to the peptide binding at the

histidine residues can be used to modulate reactivity. Here, alanine substitution of the
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histidine at the sixth position results in an approximate doubling of reactivity, while
modification of the histidine at the eleventh position produces materials with
diminished reactivity,”® thus directly correlating with the modeling data.?"’
Unfortunately, the actual mechanism of Stille coupling driven by these structures
remains unclear. By elucidating this mechanism, key structural motifs of the
peptide/inorganic surface could be extrapolated to expand the reactivity. Such an
understanding of the peptide interface is also important in the development of
biomimetic materials for other applications, which are poised to make significant
201, 203, 210, 211, 222, 227, 228

advancements.
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Figure 3.1 Schematic diagram of the atom leaching mechanism for the Stille coupling
reaction employing the Pd bionanocatalysts.

Previous studies of nanoparticle driven C-C coupling mechanisms have focused on

52, 194, 229-232

the Heck reaction, which couples aryl halides with alkenes, and Suzuki
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coupling'® 17! 18- 91 petween aryl halides and organoboranes. At present, to the best
of our knowledge, very little information is available concerning the Stille
mechanism.*® While these three reactions are similar, they are optimized for different
substrates, thus a critical analysis of each individual mechanism is important as subtle
differences could yield substantial variations in reactivity. For the Heck and Suzuki
reactions using a variety of nanoparticles with different surface ligands, two possible
mechanisms have been proposed.’® In the first method, the reaction occurs directly on

171, 233

the nanoparticle surface, thus maintaining the structure of the material. While

such a process would seem to be reasonable, other evidence suggests against a simple

2 191, 194, 232 .
52, 86, 191, 194, 232 1) this

surface reaction, wherein Pd atom leaching drives the process.
approach, oxidative addition oxidizes a Pd atom to Pd*’, which is then abstracted
from the nanoparticle surface to solution. After this step, the reaction cycle proceeds
in which a bare Pd-atom is released to solution. At this point, the Pd atoms can follow
one of the three paths as illustrated in Figure 3.1 following traditional Stille coupling.
In path one, if the concentration of starting materials is high, the Pd atom can be
recycled through the reaction; however, as the reagents become exhausted in path
two, the Pd atoms can be quenched by the remaining nanoparticles.’” Path three is
achieved if a high concentration of nanocatalysts is employed. In this event, excessive
Pd leaching can occur to generate a large Pd atom concentration resulting in the
precipitation of catalytically dead Pd black. Based upon these two different
mechanisms, altered reactivity is envisioned, which could control the catalytic

capabilities of the materials; therefore, it is essential to determine the mechanism and

effects of solution conditions to optimize and enhance each reaction. It should be
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noted that leaching for Heck and Suzuki coupling has been proposed for a variety of
nanoparticles with vastly different passivating ligands; however, different TOF values
can be achieved for the individual reactions. This suggests that while the ligand
surface controls the catalytic activity, the actual mechanism of the reaction is
independent of the surface structure.

While the mechanisms of Heck and Suzuki couplings may provide insight towards the
pathway employed by the Stille reaction, it is probable that significant differences are
present. For instance, nanoparticle driven Heck coupling requires very high reaction
temperatures (80 °C — 130 °C) and organic solvents to activate the reaction.’” 2°2%?
Furthermore, most Suzuki reaction studies also employ organic solvents or co-

52, 166, 187, 191
solvents; ’ ’

however, they have recently been processed at room
temperature.'®” '°! Changes in temperature and solvent are known to alter catalytic
pathways, especially for C-C coupling reactions due to changes in solvent shielding

. 1 212
and intermolecular forces.’® 7>

In contrast to these reaction conditions, the
peptide-capped Pd materials employ low temperatures and aqueous conditions, which
could significantly change the catalytic pathway. Additionally, different
transmetalation reagents are employed for Stille coupling, where various mechanisms

have been proposed for this single step.*'?

To advance this model Stille system that
operates under highly desirable conditions, it is important to fully elucidate the
mechanism employed from the initial oxidative addition to the final reductive
elimination. Once a step-by-step mechanism is determined, it could then be exploited

for selective catalytic abilities, which would find immediate use in fine-chemical

synthesis applications.
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Here we present studies that indicate that Pd atom leaching controls the reactivity of
the biomimetic Pd nanoparticles for Stille coupling (Figure 3.1), which is optimized
for ambient and energy neutral conditions. By monitoring the TOF values of the
system as a function of reagent identity, Pd concentration, and temperature, we have
observed key effects that support a temperature and Pd concentration sensitive
leaching mechanism that is not observed for other coupling reactions. The results
indicate that the initial oxidative addition step at the nanoparticle abstracts a Pd
species; however, the leached Pd*"/aryl halide complexes are highly sensitive to the
reaction temperature and Pd concentration. To that end, when the reaction is
processed at temperatures >60°C or at Pd concentrations of >0.050 mol% Pd, rapid
consumption of the catalyst to Pd black occurs to attenuate the catalytic capabilities.
Furthermore, a highly unique aspect of this study is that the leaching process was
analytically confirmed to occur during oxidative addition of the aryl halide via a
quartz crystal microbalance (QCM) analysis. These results suggest that the bio-based
Pd materials may be optimally situated for reactivity under eco-friendly and energy

efficient conditions.

3.3 Methods

3.3.1 Chemicals
FMOC-protected amino acids and WANG resins substituted with the first amino acid
were purchased from Advanced ChemTech (Louisville, KY). K,PdCly, 4-

bromobenzoic acid, 4-biphenylcarboxylic acid, phenyltin trichloride (PhSnCls), and
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4-t-butylphenol were purchased from Sigma-Aldrich (St. Louis, MO), while NaBH4
was purchased from EMD (Gibbstown, NJ) and 4-bromophenol was purchased from
TCI America (Portland, OR). Divinyltin dichloride (DVT) was purchased from Alfa
Aesar (Ward Hill, MA). Anhydrous Na,;SO4, CCI3D, 4-iodobenzoic acid, NaCl, and
KOH were purchased from Fisher (Pittsburgh, PA). All reagents were used as

received. Milli-Q water (18mQecm; Millipore, Bedford, MA) was used throughout.

3.3.2 Preparation of Pd Nanoparticles

The Pd4 peptide was prepared using a TETRAS synthesizer (CreoSalus, Louisville,
KY) employing automated FMOC protocols, purified via HPLC, and confirmed by
MALDI TOF.** To fabricate the Pd nanoparticles using the peptides, a previously
reported synthesis was used.®® To a vial, 100 pL of a 10 mg/mL Pd4 peptide solution
was diluted with 4.775 mL of water, to which 25.0 uL of 0.10 M K,PdCl4 in water
was added. The solution was completely mixed and allowed to stand for 30.0 min.
The reaction was then reduced by adding 100 uL of a 0.10 M freshly prepared NaBH4
solution. The reaction was allowed to stand for 1.00 h at room temperature to ensure
complete Pd*" reduction. UV-vis characterization of the materials was conducted
using an Agilent 8453 spectrometer employing a 1 cm quartz cuvette. Transmission
electron microscopy (TEM) analysis of the materials was performed using a JEOL
2010F TEM operating at 200 kV. 5.0 uL of the Pd materials were pipetted onto a Cu

grid coated with a thin layer of carbon and allowed to dry in a dessicator.



89

3.3.3 TOF Measurements

Determination of TOF values for the Stille coupling of 4-iodobenzoic acid and
PhSnCl; was achieved using previously described methods.*® Briefly, in a 250 mL
beaker, 1.24 g of 4-iodobenzoic acid (5.00 mmol) and 986 pL of PhSnCl; (6.00
mmol) were co-dissolved in 80.0 mL of 2.25 M aqueous KOH. The required amount
of Pd nanocatalyst was then added to the reaction mixture for each concentration
(10.0 mL for 0.100 mol% Pd, 7.50 mL for 0.075 mol% Pd, 5.00 mL for 0.050 mol%
Pd, 1.00 mL for 0.010 mol% Pd, and 0.500 mL for 0.005 mol% Pd). For each
concentration, additional water was added such that the total volume of the reaction
mixture was 90.0 mL. An 8.00 mL aliquot was immediately quenched with 50.0 mL
of a 5.00% aqueous HCI solution, which represented a 0.00 min time point. Aliquots
were then taken and quenched after selected time intervals.

The product of the quenched aliquot was extracted three times using diethyl ether
(30.0 mL). The organic layer was twice treated with a saturated NaCl solution (20.0
mL), dried with Na;SO4, and filtered. 75.0 mg (0.500 mmol) of 4-¢-butylphenol was
then added to the organic layer as an internal standard for product yield
determination. The organic solvent was removed using a rotary evaporator and the
product was quantified using a Varian Inova 400 MHz NMR. The product (~1.0 — 2.0
mg) was dissolved in 1.00 mL of CCI3D in a standard 5.00 mm NMR tube. The
integration of the peak at & 8.17 ppm (product) was compared with the integration of

the peak at 6 6.80 ppm (internal standard) to obtain the yield.
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3.3.4 Temperature Controlled Stille Coupling

The coupling between 4-bromobenzoic acid and PhSnCl; was analyzed at seven
temperatures (30 °C, 40 °C, 50 °C, 60 °C, 70 °C, 80 °C, and 90 °C), and at four Pd
loadings (0.005 mol%, 0.010 mol%, 0.050 mol%, and 0.100 mol%). The reaction was
performed using 20.0 mL vials containing 100.5 mg of 4-bromobenzoic acid (0.500
mmol) and 98.5 pL of PhSnCl; (0.600 mmol) dissolved in 8.0 mL of 2.25 M aqueous
KOH. The Pd nanoparticles were then added to the reactions to achieve the desired
loading (1.00 mL for 0.100 mol%, 0.500 mL for 0.050 mol%, 100 pL for 0.010
mol%, and 50 pL for 0.005 mol%). The reaction vials were then placed in an oil bath
thermostated at the specified temperature for 24.0 h with vigorous stirring. Upon
completion, the reactions were quenched and the product was extracted and
characterized using the procedure described above. The exact same procedure was
followed for the coupling reaction of 4-bromophenol (86.5 mg, 0.500 mmol) and
PhSnCl;; however, 4-biphenylcarboxylic acid was employed as the internal standard.
For this system, 'H NMR-based product characterization was completed using the

peaks at 8 6.88 ppm for the product and 6 8.17 ppm for the internal standard.

3.3.5 Effect of the Transmetalation Agent

The Stille coupling reaction between 4-iodobenzoic acid and DVT was monitored at
room temperature using different loadings of the Pd nanoparticles. The same
conditions were employed as described above; however, the PhSnCl; was substituted
with 82.9 uL of DVT (0.600 mmol). The mixture was allowed to stir for 24.0 h at

room temperature. The reaction was then quenched and the product was extracted as
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described above, using 4-biphenylcarboxylic acid as the internal standard. The
percent yield was determined by comparing the 'H NMR peak at & 8.05 ppm

(product) with that of 6 8.17 (internal standard).

3.3.6 QCM Analysis

QCM analysis was completed using a Au resonator chip coated with Pd. The Pd
surface was prepared with a thickness of 100 — 200 A via sputter coating on a Au
sensor (QSX-301 from Q-Sense). The final Pd film was cleaned in a heated solution
of 5:1:1 water, 25% ammonia, and 30% H,0O, for 10.0 min, followed by thorough
rinsing with water and 99% EtOH to remove any bound organic contaminants. QCM
was then completed at room temperature using a Q-Sense E4 system with dissipation
(QCM-D). In an open QCM sensor module, 4-iodobenzoic acid was added to the
system (5.00 mmol in 2.25 M KOH) and the third overtone resonance frequency was
monitored from which the mass loss of Pd over time was calculated using the

Sauerbrey equation.

3.4 Results and Discussion

The peptide-capped Pd nanoparticles were prepared and employed for Stille coupling

using standard procedures.*™ **

Figure 3.2 presents a complete TEM analysis of the
materials prepared at a Pd:peptide ratio of 3.3. As shown in Figure 3.2a, a low-

resolution micrograph displays highly dispersed Pd nanoparticles. Particle size

distribution analysis, displayed in Figure 3.2c, indicates that the materials are nearly
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monodisperse with a size distribution of 2.0 = 0.4 nm. Such a value is consistent with
previous studies.®® Figure 3.2b presents a high-resolution analysis of the materials
displaying a resolved image of the material’s crystal structure. In the inset of the
figure, a single particle is presented where the fringes of the Pd (111) plane are
displayed with a d-spacing of 2.4 A, consistent with the face-centered cubic structure
of zero valent Pd.*” Furthermore, from this image, it is evident that the peptide-
capped Pd nanoparticles are single crystalline, which suggests a highly controlled

synthetic process is occurring to mediate the final structure.
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Figure 3.2 TEM analysis of the Pd nanocatalysts prepared using the Pd4 peptide. Part
a) presents a low magnification micrograph, while b) presents a high-resolution
image. The inset of b) presents the (111) lattice fringes of a single crystal particle.
Part ¢) displays the particle size distribution analysis for the materials with an average
0f2.0 £ 0.4 nm.
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Figure 3.3 Comparison of the TOF value as a function of Pd concentration for the
model Stille reaction displayed in the insert employing 4-iodobenzoic acid as the aryl
halide.
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With confirmation of the materials structure, the catalytic mechanism of nanoparticle-
driven Stille coupling was probed. To discriminate between the two possible
pathways, the TOF for the model reaction of 4-iodobenzoic acid coupling with
PhSnCl; to produce biphenylcarboxylic acid (BPCA) was studied as a function of
nanoparticle loading between 0.005 mol% Pd and 0.100 mol% Pd. As shown in
Figure 3.3, using a loading of 0.050 mol% Pd, a TOF value of 2436 + 74 mol product
(mol Pd x h)"' was achieved, which is consistent with previous results.**" ** As the Pd
reaction concentration decreases, the TOF value remains constant. Here, TOFs of
2438 + 218 mol product (mol Pd x h)" and 2473 + 651 mol product (mol Pd x h)’
were achieved for the reactions with Pd loadings of 0.010 mol% and 0.005 mol%,
respectively. Since equivalent TOF values are achieved, this suggests that the TOF is
being normalized to the actual reactive sites for Stille coupling as previously

32, 171

demonstrated for nanoparticle-driven reactions. Note that the TOF value is
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Figure 3.4 Effects of the reaction temperature for the Stille coupling of a) 4-
bromobenzoic acid and b) 4-bromophenol with PhSnCls. The left figure presents the
overall reaction yield, while the right figure displays the TOF values at specific
temperatures using a Pd loading of 0.050 mol%.

determined using the total Pd concentration in solution and not the nanoparticle

. . . - . 88, 94, 191
concentration, consistent with previous studies.®® % °*

Interestingly, as the
concentration of Pd increases above 0.05 mol%, a decrease in the TOF is observed.
For instance, using a Pd loading of 0.075 mol%, a TOF of 2290 + 148 mol product
(mol Pd x h)" was observed that further decreased to 1656 + 126 mol product (mol
Pd x h)" at 0.100 mol% Pd. While quantitative BPCA production is observed under
these conditions,*® the decrease in TOF suggests that an altered catalytic process is

occurring at higher Pd concentrations as compared to those studied at loadings <0.05

mol% Pd. Note that for previous studies of Heck and Suzuki coupling using
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nanoparticle catalysts, the TOF value continued to increase at lower Pd loadings,™
191. 194,232 which is quite different than the presently observed trend.

As 1s evident from above TOF data, the reaction rapidly takes place using 4-
iodobenzoic acid as the aryl halide reagent; however, a Br substitution has been
shown to result in significantly lower product yields.*® To achieve observable product
amounts for 4-bromobenzoic acid, a catalyst loading of 0.500 mol% Pd and 7.0 days
was required for a product yield of 84.7%.% To optimize the activity, the reaction was
heated between 25°C and 90°C, where the BPCA yield after 24 h was quantitated
(Figure 3.4a). This experiment was anticipated to significantly increase the BPCA
yield, proportional to the reaction temperature, until saturation of product generation
was achieved. The black plot of Figure 3.4a shows the product percent yields
achieved using a loading of 0.100 mol% Pd. For this reaction, negligible BPCA was
produced at room temperature; however, when the reaction was studied at 30°C, a
product yield of 2.4 + 0.4% was determined. Surprisingly, when the reaction was
gently heated to 40°C, a dramatic increase in the product yield was observed to 72.4 +
4.3%. This degree of reactivity was maintained through a reaction temperature of
60°C; however, at higher temperatures, the amount of BPCA produced steadily
decreased. At 70°C, a yield of 55.6 £ 2.7% was determined that further diminished to
20.6 = 3.5% at 90°C. A nearly identical trend was observed for a Pd loading of 0.050
mol%, but a slightly altered trend was observed for those reactions with lower Pd
concentrations. For the 0.010 mol% and 0.005 mol% Pd reactions, higher
temperatures are required to reach maximum product yields. These effects are likely

due to the lower concentration of catalytic species in the reaction.
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The right panel of Figure 3.4a demonstrates the effect of temperature on the TOF
values for reactions with 0.050 mol% Pd at temperatures between 50°C and 80°C. At
50°C, a TOF of 294 + 31 mol product (mol Pd x h)"' was observed, which is
significantly lower than the values achieved when using 4-iodobenzoic acid. As the
reaction temperature increased to 60°C, a similar TOF was achieved; however, a jump
in the TOF was observed at 70°C to 546 + 142 mol product (mol Pd x h)". This is
quite intriguing as product yields are maximized at 60°C, but begin to decrease at
temperatures >70°C. Note that TOF values are calculated at short time frames
immediately after Pd nanoparticle addition. This suggests that while the rate of Stille
coupling is initially faster at temperatures >70°C, the catalytic species is consumed
during the reaction to give diminished product yields. Such effects are different than
the reactivity observed for other C-C coupling reactions where higher temperatures

52, 230-232
’ Recent

are required for reaction activation, especially for Heck coupling.
studies of nanoparticle driven Suzuki coupling at room temperature do demonstrate
product formation;'”' however, higher temperatures can also be employed, which are
within the range that result in dramatic catalyst deactivation of the present study.’>

Similar effects were observed when an identical temperature-based analysis was
conducted using 4-bromophenol (Figure 3.4b). Employing this substrate, lower
product yields were achieved, consistent with previous results,*® due to changes in the
aryl halide electronic structure. For the 0.100 mol% Pd reaction, negligible yields
were achieved after 24.0 h at room temperature; however, a 38.7 + 1.8% yield was

observed when the reaction temperature was increased to 40°C. Similar product yields

were obtained at 50°C, but at subsequently higher reaction temperatures, a linear
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decrease in product formation was noted until an 8.1 £ 3.2% yield was determined at
90°C. Similar trends were observed for the lower Pd loadings; however, for the 0.010
mol% and 0.005 mol% samples, maximum product yields were not achieved until
60°C due to the lower catalyst concentration. Consistent with the lower product
yields, TOF values were observed as a function of temperature that were lower than
those determined for the 4-bromobenzoic acid substrate. For this system, a TOF of
144 + 23 mol product (mol Pd x h)" was observed for the 0.050 mol% Pd reaction at
a temperature of 50°C that increased to 216 + 14 mol product (mol Pd x h)™ at 70°C.
This trend of increasing TOF values with lower product yields is consistent for both
brominated species, thus suggesting that the actual mechanism plays a role in the
reactivity. Furthermore, while such results suggest optimized activity at slightly
elevated temperatures, heating of the reaction system to significantly higher
temperature causes catalyst deactivation.

While the results above suggest that the reaction temperature plays a unique role in
the reactivity, such observations could arise from the degradation of the biomimetic
Pd nanoparticles at the elevated temperatures, thus spontaneously releasing reactive
species to solution. In addition, at the highest temperatures, particle aggregation may
occur to deactivate the materials, leading to the low product yields. To ensure that the
materials remain unaltered at elevated temperatures, UV-vis and TEM analyses were
conducted, as presented in Figure 3.5. Here, a fresh solution of the peptide-capped Pd
nanoparticles was synthesized. Immediately after reduction, a UV-vis spectrum of the
materials was obtained, which was identical to previous results.®® Next, the solution

was then heated at 70°C for 24.0 h, from which the materials were analyzed by UV-
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vis and TEM at selected time points. Throughout the heating process, identical UV-
vis spectra of the materials were observed (Figure 3.5a), as compared to the spectrum
taken immediately after reduction. TEM analysis of the materials after 0.0 h, 12.0 h,
and 24.0 h of heating are shown in Figures 3.5b, ¢ and d, respectively. Here, a particle
size distribution of 2.2 + 0.6 nm was observed prior to heating, while values of 2.1 £
0.5 nm and 2.0 £ 0.5 nm were observed after 12.0 h and 24.0 h of heating,
respectively, thus indicating that the biomimetic Pd nanoparticles remain stable in

solution under the high temperature reaction conditions.
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Figure 3.5 Analysis of the stability of peptide-capped Pd nanoparticles after heating
at 70 °C for 24.0 h. Part a) presents the UV-vis spectra of the materials before
reduction (black spectrum) and at various time points after reduction during the
heating process that demonstrates no significant changes. Parts b-d present TEM
images of the materials at time points b) 0.0 h, ¢) 12.0 h, and d) 24.0 h. Minimal to no
changes in the particle size distribution are observed during the heating process.
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Figure 3.6 Reactivity analysis using DVT. Part a) presents the reaction scheme, part
b) displays the percent yield of the 4-vinylbenzoic acid product as a function of
catalyst concentration at room temperature, while part c) presents the product yield as
a function of reaction temperature for a set of catalyst loadings.

While we have monitored the effects of the aryl halide, the tin complex used for
transmetalation could play a large role in the reactivity and catalytic mechanism.
Typically, PhSnCl; is employed, but other reagents are available, including DVT. As
shown in Figure 3.6a, using this reagent with 4-iodobenzoic acid, 4-vinylbenzoic acid
(VBA) 1is the anticipated product. Studying this specific reaction with the
bionanocatalysts at room temperature, production of VBA was observed with Pd
loadings >0.005 mol% (Figure 3.6b). Interestingly, lower yields were achieved using

DVT as compared to PhSnCls; however, as the Pd concentration increased, the overall

product yield also increased to a maximum of 40.0 + 2.4% for a Pd loading of 0.250
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mol%. To achieve larger VBA yields, the reaction was processed at temperatures
between 20°C and 90°C, with Pd loadings ranging from 0.005 mol% to 0.100 mol%,
(Figure 3.6¢). For the reactions employing 0.100 mol% Pd at room temperature, a
VBA percent yield of 32.7 + 0.92% is quantitated; however, when the temperature
was raised to 40°C, the product yield increased to 75.4 £ 1.1%. As the temperature
was further increased to <60°C, equivalent amounts of the product were achieved, but
at a temperature > 60°C, a decrease in the product amount was observed. It is worth
noting that this is the same temperature where the percent yield decreased for the
temperature-based studies of 4-bromobenzoic acid. Such results are consistent with
the PhSnCl; results that show a proportional increase in product yields with Pd
loadings and similar trends in product yields as a function of reaction temperature
until catalyst deactivation at the highest temperatures.

The effects of catalyst concentration and reaction conditions demonstrate critical
information regarding two features of the bionanocatalysts: the degree of reactivity
and the mechanism for Stille coupling employing nanoparticles. The results suggest
that the biomimetic materials possess a broad reactivity for Stille coupling with
significant yields achieved using very low catalyst concentrations. Furthermore, the
materials display a degree of sensitivity for the halogen identity of the aryl halide.
While the iodo-based reagents readily react at room temperatures, bromo-based
substrates require slightly elevated temperature conditions to drive the catalytic cycle.
As a result, selective reactivity is envisioned based upon the reaction temperature,
which could prove to be useful for complex synthetic protocols. In addition, reactivity

is achieved across both electron donating and withdrawing groups,®® as well as a
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variety of tin compounds, which represent a diverse set of possible reagent candidates
for low-temperature (< 50.0 °C) catalytic reactivity.

A second intriguing aspect is the implication of the results on the catalytic mechanism
of nanoparticle-based Stille coupling. Two mechanisms are possible where the
reaction occurs on the nanoparticle surface, or Pd*" ions are abstracted from the
nanoparticle to drive the reaction in solution. The two pathways are quite different
where the altered steps could affect the reactivity and possible applications. In the
second mechanism, the nanoparticle would serve as a catalyst reservoir where the
reactive species must be extracted through the ligand shell, thus raising the
importance of understanding the effects of the surface peptides. Our recent results
indicate that the peptides strongly influence the reactivity due to their binding and
orientation.”* To fully elucidate these effects, which may have implications in other

201, 222

biomimetic materials, it is critical to determine the fundamental reaction

mechanism, which has proven to be challenging due to limited analytical techniques
that probe such small materials (< 5.0 nm) at highly dilute concentrations.’* 8¢ '1- 194

Based upon these results, an atom leaching mechanism is most likely employed by the
peptide-capped nanoparticles for Stille coupling (Figure 3.1). Furthermore, the results
suggest that the these materials are optimized for reactivity under green conditions,
thus indicating that they may serve as model catalytic materials for future studies. The
leaching mechanism for Stille coupling likely begins with Pd atom abstraction
induced by oxidative addition at the nanoparticle surface. This is facilitated by the

peptide ligands that form the kinked-loop structure, as discussed in the introduction,

which expose the catalytic surface to drive the chemical process. After reductive
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elimination, a free Pd” atom is generated in solution. The fate of the atom depends
upon two reaction conditions: the ratio of starting materials to Pd atoms and the free
Pd atom concentration. If there is a significant excess of reagents, the Pd atoms can be
recycled into the catalytic process (Figure 3.1, path 1). As the reaction ensues, the
amount of starting material decreases. When a minimal reagent concentration is
reached, the Pd atoms can no longer cycle through the reaction. As a result, highly
reactive Pd atoms will accumulate in solution. If this concentration is low, based upon
the amount of nanoparticles initially used, then it is likely that the atoms could be
quenched with the remaining Pd particles (Figure 3.1, path 2). Additionally, if all of
the Pd is leached such that no particles remain, the Pd4 peptide remains in solution,
which would be responsible for controlling the renucleation and growth of the
particles upon completion of the Stille coupling. Note that for reactions at elevated
temperatures, particle nucleation and growth could be altered as compared to the
process that occurs at room temperature. If the concentration of free Pd atoms is high,
then uncontrolled aggregation could occur, resulting in the production of non-reactive
Pd black during the catalytic process (Figure 3.1, path 3).""* ?*? Such an event would
be anticipated when the concentration of the Pd nanoparticles used in the reaction is
high.

The results obtained from the present study correlate well with the catalytic leaching
mechanism. As shown in Figure 3.3, at low concentrations of Pd in the reaction, a
stable TOF was observed. As the TOF is normalized to reactive sites and the total Pd
concentration was used to calculate this values, this suggests that nearly all of the Pd

from the particles is leached to drive the reaction. At Pd loading values > 0.075
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mol%, a steady decrease in the TOF was indicated, which could result from two
different possibilites. First, incomplete leaching of Pd from the particles could occur,
thus some of the Pd could remain sequestered from the Stille coupling. In this case,
the TOF value would decrease as not all of the Pd would be directly involved in the
reaction. In the second case, at the high nanoparticle concentrations, significant Pd
leaching would occur, thus generating a very high concentration of unstable, highly
reactive Pd atoms in solution that would favor the formation of bulk Pd black, thus
lowering the amount of active catalyst over time. Interestingly, for the reactions with
lower TOF values (> 0.075 mol% Pd), a black precipitate was observed, thus
suggesting that consumption of the catalyst occurs to generate the non-reactive bulk
species. While quantitative product yields are achieved, it is likely that some Pd does
remain in solution to drive the reaction during bulk precipitation. If a surface based
mechanism was driving the reaction, no change in TOF would occur, regardless of the
Pd concentration, as catalyst degradation would not be anticipated due to the
stabilizing effects of the surface-bound peptides. Furthermore, these effects are
similar to other nanoparticle-catalyzed coupling reactions that have been suggested to
follow a leaching mechanism, which demonstrated larger TOF values with
diminishing Pd concentrations.'”* >

In addition, the results of the temperature studies are likely consequences of Pd’
leaching. For both 4-bromobenzoic acid and 4-bromophenol at room temperature,
minimal product generation occurs; however, heating at < 70°C considerably
increases product yields. This effect enhances the Stille reaction rate to maximize

product yields; however, at > 70°C, diminishing production is observed where Pd
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black formation is likely maximized that competes with the catalysis. While the Stille
TOF is higher at the elevated temperatures as anticipated, such values are measured at
very short time periods after reaction initiation. In addition to this increase, the rate of
bulk Pd black formation is also enhanced at the higher temperatures to diminish the
number catalytic moieties. To that end, the reactive species are continually being
depleted throughout the reaction, where such negative effects would be enhanced at
longer time periods. As a result, lower yields are observed.

While a catalytic leaching mechanism is postulated for the biomimetic nanoparticles
in the Stille reaction, significant differences are noted as compared to other C-C
coupling processes that suggest that these materials are optimal choices for
environmentally friendly and energy efficient reactivity. As is evident from the results
above, optimal reactivity for these materials occurs at low concentrations of the
precious metal catalysts (<0.050 mol% Pd), with temperatures that consume minimal
to no energy (40°C), in a biologically and environmentally preferred medium (water).
In fact, should these be changed towards harsher conditions, the reactivity can
become inhibited. For instance, heating of the system to levels required to drive Heck

coupling using nanoparticles (>60 °C)*% **'

causes rapid consumption of the reactive
species to decrease product yields. Furthermore, the present system reaches a
saturation point for the activity (TOF) at low catalyst concentrations. This suggests
that at Pd loadings of <0.050 mol%, the leached Pd species are stable in solution to
drive the process. Should the formation of Pd black be occurring at these values to

produce the non-reactive bulk species, saturation would not occur. In this event, the

rate of Pd black formation would continually decrease for lower catalyst
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concentrations, thus allowing for a higher percentage of the Pd atoms to participate in
the reaction. To that end, a continual increase in the TOF value at progressively lower
Pd concentrations would be noted, which is observed for Heck and Suzuki coupling
where TOF saturation typically does not occur at the low Pd concentrations of the

2,1 191, 194
present study.’> '*7- 191 19

This suggests that the peptide-based nanomaterials and the
leached species are likely to be more stable against bulk Pd formation, to allow for
nearly all of the leached Pd materials to participate in the reaction rather than
precipitate as unreactive aggregates. Finally, consistent with previous results, the
peptide-capped materials present maximum activity in an aqueous solvent.*® Should
organic co-solvents be added, decreased product yields are achieved, which likely is
due to changes at the bio/nano interface as a results of the solvent dielectric. Overall,
the present results indicate that the biomimetic nanoparticles are likely to be
optimized model materials for efficient reactivity under green conditions.

To physically demonstrate the effects of the leaching mechanism, TEM and QCM
analyses were employed to monitor the Pd abstraction process. As changes in the

particle size are possible from the leaching mechanism,’* *°

we first attempted to
observe the materials by TEM after the reaction. At the highest concentrations, we
know that the particle size does increase due to bulk precipitation; however at the
lower Pd concentrations, no precipitation is detected. This is likely due to the
reformation of Pd nanoparticles upon Stille coupling completion, thus possibly
resulting in altered particle size distributions. Due to the extremely low nanoparticle

concentrations in these reactions, no materials were able to be observed by TEM post-

reaction. To fully characterize these effects, in situ spectroscopic methods are
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required,”'* which are presently being conducted; however, QCM analysis of a Pd

source indicates that the leaching process does occur during the reaction.
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Figure 3.7 QCM analysis demonstrating the mass loss from a bare planar Pd surface
during oxidative addition with 4-iodobenzoic acid. As a control, when no aryl halide
reagent is added to the system, no change in the mass of the Pd surface is noted.

To address Pd leaching, QCM analysis was used to measure and quantify the metallic
mass loss from a bare Pd surface during the course of oxidative addition with 4-
iodobenzoic acid. QCM 1is a highly sensitive technique used to probe surface
interactions upon the adsorption or desorption of molecules by measuring a change in
frequency of an oscillating quartz crystal. QCM has been successfully used to monitor
the dissolution and extraction of metal atoms from a Au coated quartz crystal in the
presence of low concentrations of cyanide.””” In this case, the dissolution of Au by
cyanide produced a reasonable increase in the resonance frequency of the metal

coated quartz chip due to a loss of mass from the bulk Au surface. This suggests that

similar studies could be employed to confirm and monitor Pd leaching during the
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oxidative addition step of Stille coupling using a Pd coated surface. To that end, as
shown in Figure 3.7, the mass loss of Pd from a cleaned metallic source (100 — 200 A
thick Pd film) mounted in an open QCM sensor module was directly studied in the
presence of 4-iodobenzoic acid using a QCM with dissipation at room temperature.
Consequently, in the presence of aryl halide, the frequency of the third overtone
resonance increased by 4 to 47 Hz over three independently prepared Pd coated
surfaces, which is equal to a mass loss of between 62 ng/cm’ and 834 ng/cm’,
respectively. This significant loss in mass and the large range of values is likely
attributable to the slight differences in the thicknesses of the individual Pd surfaces.
Ultimately, these results support a catalytic mechanism of nanoparticle mediated
Stille coupling involving abstraction of Pd atoms during the oxidative addition step,

which is controlled by the aryl halide.

3.5 Summary and Conclusions

In conclusion, from a catalytic reaction analysis, critical information concerning the
reactivity and mechanism of C-C coupling employing biomimetic Pd nanoparticles
has been achieved. These results suggest that the materials are highly reactive for
Stille coupling and that they follow an atom leaching mechanism that is highly
sensitive to the reaction conditions. By elucidating the reaction mechanism, a more
complete analysis of the peptide-capped surface can be completed to understand the
role of the biotic/abiotic interface in controlling and optimizing the functionality of

bio-inspired nanomaterials. Such structures represent promising materials for future
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eco-friendly and energy efficient processes and may serve as model systems to isolate
surface structural motifs responsible for driving these applications. Furthermore, these
results may serve as a basis for understanding the catalytic mechanism of
nanoparticle-based Stille C-C coupling, which could prove to be useful in the design
of selective and enhanced catalytic approaches for applications ranging from
pharmaceutical production to molecular electronics design. To more fully determine
the mechanistic aspects of the nanoparticle-driven reaction, in situ analysis of kinetic
rates is required, which is presently being conducted in our labs and will be reported

shortly.

“Pacardo, D. B.; Slocik, J. M.; Kirk, K. C.; Naik, R. R.; Knecht, M. R. Nanoscale 2011,

3,2194-2201. — Reproduced by permission of The Royal Society of Chemistry.”



Chapter 4. Exploring the Mechanism of Stille C-C Coupling via Peptide-capped Pd
Nanoparticles Results in Low Temperature Reagent Selectivity

4.1 Overview of the Study

In this chapter, we systematically probed the atom-leaching mechanism of Pd
nanoparticle-driven Stille coupling to further elucidate the fate of the highly active Pd"
atoms released in solution. In this regard, initial oxidative addition at the particle surface
results in Pd atom abstraction for reactivity in solution. As a result, two reaction sites are
present, the particle surface and pre-leached Pd atoms, thus differing degrees of reactivity
are possible. This effect was probed via aryl halide combinations that varied the halogen
identity allowing for oxidative addition of two substrates simultaneously. The results
demonstrate that the system was highly reactive for iodo-based compounds in the mixture
at room temperature; however, reactivity at bromo-based substrates was only observed at
slightly elevated temperatures of 40.0 °C. As such, substrate selectivity was evident from
the catalytic materials that can be controlled based upon the aryl halide composition and
reaction temperature. Furthermore, both intermolecular and intramolecular selectivity is

possible, thus raising the degree of reaction complexity that can be achieved.

4.2 Motivation

Recent advances in nanotechnology have enabled the design and fabrication of new
materials with unique properties for a wide range of applications. An emerging important

application for nanomaterials focuses on their use in catalytic technologies.’> For
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instance, a variety of different materials have been realized for reactivity in C-C

58, 86, 88, 95, 134, 233, 236-239 31, 32, 223, 240

coupling, olefin hydrogenation, nitro-group reduction,’®

37, 241 242-244

and remediation of trichloroethene. This reactivity typically arises from the
inorganic core; however, catalytic activity can also be achieved via the ligands bound to
the particle surface.”* **® While the basic catalytic properties of these materials have
been demonstrated, enhancing and/or expanding their functionality is highly desirable.
Typically, this can be achieved in two manners: optimization for reactivity under
ambient/green conditions or increasing the degree of catalytic selectivity based upon the
reagents.”*”>>" Together, such approaches are important as they lower the environmental
impact of catalysis, minimize energy consumption required to drive the reaction, as well
as limit the degree of separation steps required to purify the final product. The latter point
of separations is critically linked to catalyst selectivity that minimizes byproduct
formation, thus also enhancing the carbon efficiency of the reaction. To achieve these
capabilities, it is important to fully understand and exploit the mechanism employed by
the catalytic nanomaterials, which can be challenging to study due to the complexity of
the system and the limited analytical techniques available. Through this understanding,
individual steps of the catalytic cycle could be exploited to enhance the system and/or
realize reagent selectivity.

We have previously reported the biomimetic synthesis of nanocatalysts designed using

88, 251

Pd-specific peptides that bind directly to the nanoparticle surface. In this regard, the

Pd4 peptide (TSNAVHPTLRHL) caps growing Pd nanoparticles upon recognition of the

face centered cubic (fcc) metallic structure through the strong interactions of the histidine

83, 88, 94, 213, 251, 252

residues. From this approach, ~2 nm Pd nanoparticles can be generated
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that are highly reactive for the Stille C-C coupling reaction.® As such, the reaction can be
employed to elucidate important surface structural effects of the biotic/abiotic interface of
the materials that would be difficult to study. Using the Pd4-capped Pd nanoparticles for
Stille coupling under non-traditional conditions of an aqueous solvent at room
temperature, quantitative product yields were observed at low catalyst loadings (> 0.001
mol% Pd).** #°! Furthermore, both the particle size and catalytic reactivity can be tuned
as a function of the peptide sequence, where minor structural changes can result in

83, 94, 252

significant alterations in the catalytic functionality. Taken together, these

materials represent a model system for studying ligand-capped catalysts that could

: 88, 251
address environmental and energy concerns.
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Figure 4.1 Representative scheme for reagent selectivity of the peptide-capped Pd
nanoparticles for two aryl halide substrates at different reaction temperatures based upon
the catalytic mechanism.

Given the advantages of generating efficient catalytic systems, it is important to

understand the underlying principles driving the reaction. Recent studies of the Stille

coupling reaction using the Pd4-capped Pd nanoparticles suggest that an atom-leaching
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mechanism is possible (Figure 4.1).””" In this mechanism, the particles act as catalytic

reservoirs containing the active metal species, which has been similarly proposed for

1 1 2 251, 253, 254
other C-C coupling reactions.>> %% 2> 2% 23

During the initial oxidative addition step of
the reaction, Pd atoms are abstracted from the nanoparticles, from which the catalytic
cycle can then occur in solution to produce the final product and regenerate the Pd’
species. These free Pd” atoms can then be recycled through the catalytic process until

reaction completion, upon which the atoms are quenched by the remaining particles.’> **

! These Pd nanoparticles also demonstrated varying degrees of reactivity with aryl
halides as a function of the halogen group. To that end, iodo-derivatives are typically
reactive for Stille coupling at room temperature, while bromo-based species require a
slight increase in temperature to 40.0 °C for reactivity.”' This temperature effect could
be directly related to the bond dissociation energies of the carbon-halogen bond wherein
C-Br (285 kJ/mol) > C-I (232 kJ/mol).*>> While it is clear that aryl bromides are unable to
abstract Pd” atoms from the nanoparticle surface at room temperature,”' it is unclear if
the abstracted Pd” atoms can insert across the C-Br bond to drive the reaction under such
conditions. As such, to more fully understand and elucidate the fundamental catalytic
properties of the system and the overall mechanism, additional studies are required that
could be used to enhance the reactivity of the materials.

Here we report on the reactivity and substrate selectivity of peptide-capped Pd
nanoparticles in a mixture of reagents. This study provides important information
concerning the catalytic reaction mechanism and degree of reactivity. By employing

different aryl halide substrates, Stille coupling with an organostannane reagent can be

achieved, where selectivity is observed as a function of the reaction temperature, aryl



113

halide composition, and the catalytic mechanism. As summarized in Figure 4.1, the Pd
nanoparticles selectively couple aryl iodide substrates over bromo- or chloro-derivatives
in the same reaction mixture at room temperature generating the anticipated product;
however, a mild increase in system temperature to 40.0 °C enables reactivity at the bromo
substrate. These results indicate functional group catalytic selectivity that is inversely
related to the strength of the carbon-halogen bond. By increasing the reaction temperature
to 60.0 °C, catalytic selectivity is lost wherein reactivity at both iodo and bromo
substituents is observed. Furthermore both infermolecular (separate reagents) and
intramolecular (two reactive sites in a single reagent) selectivity is observed, raising the
level of reaction complexity possible under low-temperature conditions using the peptide-
capped materials. This selectivity is achieved based upon the catalytic leaching
mechanism, where an apparent energy barrier is present that prevents bromo-based
reactivity at room temperature.

This suggests that oxidative insertion of the Pd’ materials across the C-Br bond is
prevented, regardless of whether the metallic component is constrained within the
zerovalent particle or pre-leached into solution. These results are important for advancing

catalytic nanotechnologies to achieving energy- and carbon-efficient systems.

4.3 Methods

4.3.1 Chemicals
4-iodobenzoic acid (1), NaBH4, CDCls, NaCl, 4-tert-butylphenol, KOH, N-methyl-N-

(trimethylsilyl) trifluoroacetamide (MSTFA), and dichloromethane were purchased from
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Acros Organics. 4-bromobenzoic acid (2) was acquired from Alfa Aesar. 4-chlorobenzoic
acid (4) and 3-bromo-5-iodobenzoic acid (5) were purchased from TCI America. 3-
chloro-5-iodobenzoic acid (8), 3-bromo-5-chlorobenzoic acid (10) and 2-chloro-5-
iodobenzoic acid (19) were obtained from Oakwood Products, while 3,5-diiodobenzoic
acid (11) was acquired from Spectra Group Limited. PhSnCl;, K,PdCl,, 3,5-
dibromobenzoic acid (13), 2-bromo-5-iodobenzoic acid (17) and 2-chloro-4-iodobenzoic
acid (21) were obtained from Sigma-Aldrich. Finally, 2,5-diiodobenzoic acid (14) was
purchased from MP Biomedicals. Diethyl ether was obtained from VWR and 18 mQecm
water (Millipore) was employed throughout. All reagents were used as received without

additional purification.

4.3.2 Characterization

The reaction products were characterized using GC-MS and 'H NMR. For GC-MS
analysis, ~1 mg of the product was dissolved in 200 pL of MSTFA, which was allowed
to react for 2.00 h.*® The sample was then diluted with 2.00 mL of dichloromethane
before analysis using an Agilent 5975C GC-MS system. All products, including those
generated using both the mono- and di-substituted aryl halides, were processed using this
approach. For '"H NMR analysis, a Bruker 400 MHz spectrometer with an autotuning
multinuclear probe was employed. The percent yields of the products were determined
by comparing the peaks of the internal standard (#-butyl phenol) with the product peak.
For the reactions using 1 and 2, the peak at 8.17 ppm corresponds to the
biphenylcarboxylic acid (3) product while the peak at 6.7 ppm corresponds to the internal

standard. The ratio of the integration of these two peaks was used to calculate the percent
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yield of the reaction as previously demonstrated.*® Furthermore, the amount of unreacted
starting materials was determined by comparing the ratio of the peaks at 7.8 ppm (1),
7.93 ppm (2), and 8.0 ppm (4) with that of #-butyl phenol. For the di-substituted aryl
halides, identical methods were employed where peaks associated with the mono- and di-

substituted products were used to determine the product yield.

4.3.3 Catalytic Reactions with Multiple Aryl Halides

For all reactions, Pd nanoparticles capped with the Pd4 peptide were prepared at a
Pd:peptide ratio of 3.3 using previously described methods.* For the catalytic reactions
involving two separate aryl halide substrates, a system composed of 1 and 2 is described;
however, identical procedures and conditions were employed for reactions with two
reagents. In a reaction flask at room temperature, 5.00 mmol of 1 and 5.00 mmol of 2
were co-dissolved in 160 mL of 2.25 M KOH. To this solution, 12.0 mmol of PhSnCl;
was added, followed by the direct injection of 10.0 mL of the freshly prepared Pd4-
capped Pd nanoparticles. Under these conditions, a reaction with 0.05 mol% Pd was
generated with respect to the total aryl halide concentration in solution. Immediately
upon nanoparticle addition, 8.00 mL aliquots were extracted, separated into vials, reacted
while stirring, and subsequently quenched with 50.0 mL of 5% HCI at specified time
intervals. After 2.0 h at room temperature, the remaining reaction vials were placed in an
oil bath at 40.0 °C and then quenched at selected time points. For all of the quenched
reactions, the product was extracted, characterized, and quantitated by "H NMR and GC-

MS.
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This same system was also studied at 60.0 °C throughout the reaction to determine the
effect of higher temperature. In this set up, the reaction was prepared and mixed in the
flask, from which the aliquots that were transferred to separate vials were immediately
placed in an oil bath heated to 60.0 °C. At selected time points, the reactions were

quenched and the products were extracted and quantitated using the standard approach.

4.3.4 Aryl Dihalide Reactivity

The effects of multiple halogen functional groups within a single molecule on both the
catalytic mechanism and the reaction selectivity were initially studied using 5. In a
reaction vial, 0.25 mmol of 5 and 0.6 mmol of PhSnCl; were dissolved in 6.00 mL of 1.5
M KOH. To this mixture, 0.25 mL of the freshly prepared Pd nanoparticles (0.05 mol%
Pd) was added and the reaction was stirred at room temperature for 24.0 h. Once
complete, the reaction was quenched using 50.0 mL of 5% HCI. The products of the
reaction were extracted and quantitated as described above. Additional variations to this
basic procedure were also studied by changing the Pd catalyst concentration and/or
reaction temperature while holding all other conditions constant. The same procedure was
employed for the following aryl dihalides: 8, 10, 14, 17, 19 and 21. For 11 and 13,
identical procedures were also used; however, the starting materials were dissolved using
15.0 mL of 1.0 M KOH and 7.0 mL of 1.5 M KOH, respectively, due to reagent
solubility.

The time-resolved formation of the coupling products between 5 and PhSnCl; was
monitored by scaling up the reaction and extracting aliquots at selected time intervals.

Specifically, 3.75 mmol of § and 9.0 mmol PhSnCl; were co-dissolved in 90.0 mL of
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1.50 M KOH. When the reagents were dissolved, 5.00 mL of the freshly prepared Pd
nanoparticles (0.05 mol% Pd) was added. 6.00 mL aliquots were then taken and
quenched every 30.0 min for 5.0 h followed by product extraction and quantitation. A
similar procedure was used for 11; however, product formation was monitored every 10.0

min for 1.00 h, followed by 30.0 min intervals over an additional 2.00 h.

4.4 Results and Discussion

Based upon the proposed Pd leaching mechanism, aryl halide oxidative addition occurs at

two specific locations: at the nanoparticle surface and at free Pd” atoms in solution.”> **

231. 253, 254 1hitially, oxidative addition at the nanoparticle surface occurs to leach the Pd
atoms to solution, from which subsequent oxidative addition processes can occur with
additional aryl halide reagents.”' Intrinsically, the reactivity for these two steps could be
significantly different based upon the aryl halide substrate. For instance, from previous
studies using the peptide-capped materials, it is known that aryl iodides can oxidatively
add to the Pd metal at the nanoparticle surface, while aryl bromides cannot;*® **'
however, different reactivity for the leached Pd’ atoms could be observed as a function of
the halogen group.

In this regard, while no reaction is observed for aryl bromides with the Pd nanoparticles,
Stille coupling could be noted from such reagents using the leached Pd” atoms. Such
mechanistic information could be quite useful in the design of selective catalytic

materials. As such, equal amounts of aryl halides that varied the halogen only were co-

reacted with the peptide-capped Pd nanoparticles to monitor product formation. Initially,
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1, 2, and 4 were used since the substrates exhibited different levels of reactivity: 1 is
known to readily react for Stille coupling at room temperature, slightly higher

temperatures of 40.0 °C are required to drive the same reaction with 2, while 4 does not

typically react. *% !
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Figure 4.2 Effects of aryl halide mixtures for the Stille coupling reaction using peptide-
capped Pd nanoparticle catalysts. Part (a) presents the reaction between 1 and 2 at the
indicated temperatures. Part (b) displays the time based analysis for the reactions using 1
and 2 at 25.0 °C (blue region) for 2.0 h, followed by heating the reaction to 40.0 °C (red
region), while part (c) presents the Stille coupling analysis over time using 1 and 2 at 60.0
°C throughout the study.

Figure 4.2a schematically presents the process employed for using two different aryl
halide substrates in the reaction. For this, 1 and 2 are commixed in the reaction medium

with PhSnCl; and sufficient Pd nanoparticles to reach a concentration of 0.05 mol% Pd.

The reaction is initially monitored at room temperature (~25.0 °C), followed by heating
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to 40.0 °C after 2.00 h. The progress of the reaction, monitored at selected time points, is
shown in Figure 4.2b. The plot represents the amount, in mmoles, of 1 (blue triangles), 2
(red circles), and of the product, 3 (green squares), present in the reaction at the given
time. Immediately after catalyst addition at room temperature, rapid consumption of 1
was observed as shown by the exponential decrease in the amount of reagent in the
reaction. After 1.0 h, only trace amounts of this reagent were present in the mixture,
which reached complete consumption at 2.0 h. Consequently, the quantity of product 3
rapidly increased over the initial 1.0 h time frame to eventually saturate. Conversely, the
amount of 2 remained constant for the first 2.0 h of the reaction at room temperature. A
minor decrease may be present; however, this is within the statistical noise of the study.
After 2.0 h at room temperature, the reaction was mildly heated to 40.0 °C, where

previous results demonstrated maximal reactivity for 2.%'

At the elevated temperature,
the bromo-based substrate is consumed, concomitant with an increase in the product
quantity. Interestingly, the rate of consumption of 2 at 40.0 °C was slower than the
consumption of 1 at room temperature, suggesting a change in the reaction rate as a
function of halogen identity.

These results indicate that the peptide-capped Pd nanoparticles preferentially drive
coupling at the iodo-derivative over the bromo-species at room temperature, regardless of
whether Pd’ atoms are pre-leached into solution. Pd’ atoms are abstracted from the
nanoparticle surface by aryl iodide oxidative addition, thus they would be available for
reactivity with the aryl bromide compound upon completion of the first Stille coupling

cycle. As such, this suggests that an energy barrier exists for aryl bromide oxidative

addition at both the nanoparticle surface and the highly reactive Pd° atoms in solution.
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To probe this mechanistic observation, additional studies of different aryl halide
combinations and selected reaction temperatures were employed. Initially, an identical
coupling system was studied with 1 and 2; however, the reaction was processed at 60.0
°C throughout the experiment. At this temperature, both substrates should readily
undergo coupling to generate common product 3, as shown in Figure 4.2c. In this study,
rapid consumption of 1 is observed, faster than at room temperature, resulting in
complete reagent consumption within 40.0 min. Additionally, immediate coupling is
observed for 2; however, the rate of the reaction for the bromo-derivative is slower
compared to the iodo-derivative. Complete exhaustion of 2 is not observed, resulting in

251 Burther co-

~70% of the substrate generating product, consistent with previous studies.
reactivity studies were also conducted using a mixture of 1 and 4, as presented in Figure
4.3. Figure 4.3a specifically presents the study of the reaction at room temperature, while
Figure 4.3b presents the analysis of the reaction at 60.0 °C. As anticipated, when the
reaction was processed at room temperature, rapid formation of product 3 (green squares)
was observed from 1 (blue triangles), with complete reagent consumption at 2.00 h, while
no coupling was noted from 4 (black diamonds) throughout the process. When the
reaction was studied at the elevated temperature of 60.0 °C (Figure 4.3b), rapid
consumption of 1 was noted over a 40.0 min time frame with no product formation
arising from the chloro-derivative. Additional Stille coupling studies of mixtures of 2 and
4 were performed using the peptide-capped Pd nanoparticle catalysts. Figure 4.3c
presents the catalytic analysis for the Stille coupling reaction using these two reagents at

room temperature with a 0.05 mol% Pd catalyst concentration. Under these conditions,

no coupling product is observed after 5.00 h. When the reaction was studied at a
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temperature of 60.0 °C, Figure 4.3d, consumption of 2 is noted (red circles) along with an
increase in the formation of 3 (green squares). Again, no reactivity from 4 is observed
even at the higher temperature with leached Pd’ present in the medium. Figure 4.3e,

presents the scheme for the competition reaction between 2 and 4 at different

temp eratures.
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Figure 4.3 Parts a) and b) present the time resolved analysis of the Stille coupling
process employing mixtures of 1 and 4 at room temperature and at 60.0 °C, respectively,
while parts c¢) and d) display the same temperature analysis for mixtures of 2 and 4 at the
same temperatures. The scheme for the reaction of 2 and 4 at different temperatures is
shown in part e).
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Taken together, these studies demonstrate important results concerning the reactivity of
Pd nanoparticles for C-C coupling reactions based upon the catalytic mechanism. In the
proposed leaching mechanism (Figure 4.1), aryl halide oxidative addition occurs at the
nanoparticle surface, which abstracts reactive Pd species. After completion of the
catalytic cycle, highly reactive Pd’ components are released in the reaction medium, from
which secondary oxidative addition with additional substrates can occur to recycle
through the process. Eventually, these reactive Pd’ species are quenched by the remaining
particles in the mixture; however, two different oxidative addition steps are present that
are likely to be both thermodynamically and kinetically different. These results indicate
that while the two oxidative additions are indeed different, the reactivity for the separate
processes remains similar. To that end, aryl iodides are reactive for oxidative addition at
room temperature at both the nanoparticle surface and the leached Pd’ atoms, while
elevated temperatures are required for reactivity in both processes for aryl bromides.
Regardless of the oxidative addition step, aryl chlorides remain unreactive. Such results
are likely to be related to the relative values of the C-X bond dissociation energies
associated wherein C-I (232 kJ/mol) < C-Br (285 kJ/mol) < C-CI (338 kJ/mol).”>> As
such, in the Stille coupling reaction, the aryl iodide substrate reacts rapidly at room
temperature, indicating that both oxidative addition steps readily occur without the need
for thermal activation. On the other hand, the bromo-species require mild heating to 40.0
°C for the coupling reaction to occur due to the stronger C-Br bond. The aryl chloride,
however, does not undergo coupling even at 60.0 °C due to the greater energy required
for activation of the C-Cl bond. Mechanistically, these results provide a greater

understanding of the different factors that affect the oxidative addition processes and
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could potentially be applied to different C-C coupling reactions. Furthermore, these
capabilities could also be exploited to engender the biomimetic system with catalytic
selectivity. In that regard, these studies suggest selectivity for iodo-based substrates over
bromo- and chloro-based reagents as a function of temperature. This selective reactivity
is based upon the mechanism of the reaction and the thermodynamics of the system.
While this was observed for infermolecular reaction systems, intramolecular reactivity
and selectivity may also be possible; however, the electronics of the system may change
the degree of reactivity.

The reactivity of aryl dihalide substrates was initially studied using a benzoic acid
derivative containing two different halide groups, S (Table 3, entry 1). In this reaction,
the effect of having two reaction centers on the aryl ring was investigated through the
formation of two likely products, 3-bromo-5-phenylbenzoic acid (6) and 3,5-
diphenylbenzoic acid (7); the former is generated from the reaction of the iodo-
component of the substrate, while the latter from the reaction of both the iodo- and
bromo-components. A third product is possible, 3-iodo-5-phenylbenzoic acid; however,
this product is unlikely based upon the observed reactivity of iodo over bromo groups.
Using 0.05 mol% Pd at 25.0 °C, 70.8 £ 0.9% of 6 and 22.1 £+ 2.5% of 7 was produced
after 24.0 h. These results suggest that the iodo-component of the aryl dihalide
preferentially undergoes Stille coupling at room temperature leading to the formation of
the mono-substituted product. Interestingly, the generation of the di-substituted product at
room temperature indicates that the C-Br bond in the mono-substituted product is
potentially activated to undergo oxidative addition and eventual Stille coupling

(discussed below).



Possible Products
E Aryl
ntry Dihalides Percent Percent
Mono-substituted . Di-substituted .
Yield Yield
COOH COOH COOH
70.8+0.9 221%25
33.6+x1.9 60.9+1.3
1 19.3+6.0 80.6 + 6.4
| Br Ph Br Ph Ph
5 6 7
COOH COOH COOH
88.2%4.6 0.0
89.2+9.0 0.0
2 97.2£3.5 0.0
| Cl Ph Cl Ph Ph
8 9 7
COOH COOH COOH
0.0 0.0
3 0.0 0.0
0.0 0.0
Cl Br Cl Ph Ph Ph
10 9 7
COOH COOH COOH
0.0 88.6 £9.0
0.0 87574
4 0.0 96.6 £ 3.8
| | | Ph Ph Ph
1 12 7
COOH COOH COOH
0.0 0.0
0.0 0.0
325+3.0 246 £3.7
5
Br Br Br Ph Ph Ph
13 6 7
Reaction conditions: 0.05 mol% Pd, 25°C, 24 h; 0.10 mol% Pd, 25°C, 24 h; 0.10 mol% Pd, 40°C, 24 h;
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Table 3 Stille coupling analysis of reactions using aryl dihalide substrates and the
peptide-capped Pd nanoparticle catalyst.

To further understand the dynamics of the system, time-based analysis for the reaction
was employed to monitor product formation (Figure 4.4). Over the first 5.00 h of the
reaction at room temperature, formation of mono-substituted product 6 (blue circles) is
observed from coupling at the iodo-group of 5 (green squares). Minor formation of the

di-substituted product, 7 (red triangles) is observed 1.50 h after reaction initiation. Note
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Figure 4.4 Part a) presents the likely reaction scheme for the Stille coupling process
using the peptide-capped Pd nanoparticles employing 5 as the aryl dihalide reagent, while
part b) displays the time-based results for the reaction at room temperature.

that the formation of the mono-substituted product is noted first, followed by production
of the di-substituted species. Furthermore, the rates of C-C coupling are also quite slower
as compared to 1 and 2 above. As such, these results suggest that coupling at aryl
dihalides provides changes to the electronics of the system that impact the coupling
reactions; however, the general selectivity of the catalyst remains. This results in slower
coupling reactions, as well as activation of the second halogen group within the ring
system. To that end, the electron-donating phenyl ring in 6 possibly activates the bromo-
component at room temperature. As a result, a weakening of the C-Br bond could occur,
thus making it more susceptible to oxidative addition. The C-Br species from 6 could

then participate in the atom abstraction process or react with the free Pd” atoms available
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in solution after the initial catalytic cycle of reaction at the iodo-component; however,
only minimal di-substituted product yields are observe.

When the same reaction was performed at a higher catalyst loading of 0.10 mol% Pd, the
amount of di-substituted product 7 generated increased to 60.9 = 1.3%, while that of
mono-substituted product 6 decreased to 33.6 £ 1.9% (Table 3, entry 1). Such changes
are likely due to more rapid product formation rates based upon the higher catalyst
loading. Further shifting of the reaction towards the di-substituted product (7) was
observed by heating the reaction system. When studying the process at 40.0 °C using
0.10 mol% Pd, the yields of 7 reached 80.6 + 6.4%, while the yields for 6 were 19.3 +
6.0%. When the reaction was heated to 60.0 °C, the yields of the two products were
statistically similar to the results at 40.0 °C, indicating a potential saturation point for
product formation at higher temperatures. These results suggest that at elevated
temperatures, the formation of di-substituted product 7 increases due to the additional
thermal energy where both the C-I and C-Br bonds can now undergo oxidative addition
with both the particle surface and leached Pd” atoms. This process, however, could still
occur in a step-wise fashion due to the more rapid reaction event at iodo group over the
bromo group, giving rise to the formation of intermediate 6. Furthermore, no evidence of
the 3-iodo-5-phenylbenzoic acid intermediate was ever observed. These results
demonstrate that intramolecular selectivity is possible for the peptide-capped Pd
nanocatalyst at ambient/low temperature conditions using low catalyst concentrations
based upon the reaction mechanism and system thermodynamics.

Expanding the scope of the inframolecular selectivity of the nanocatalyst was explored

using different derivatives of benzoic acid dihalides (Table 3). For the reaction using 8,
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only the mono-substituted product, 3-chloro-5-phenylbenzoic acid (9) was generated at
an 88.2 + 4.6% yield after 24.0 h at room temperature using 0.05 mol% Pd (Table 3,
entry 2). Increasing the catalyst loading and/or raising the reaction temperature generated
increasing amounts of mono-substituted product 9 to nearly quantitative yields. As
expected, the chloro-component of the reagent was not reactive, thereby the formation of
di-substituted product 7 was not observed; the formation of intermediate 9 did not
significantly activate the C-Cl bond to facilitate coupling. Interestingly, when employing
10 as the substrate, no coupling was observed for either the bromo or chloro groups under
any reaction conditions (Table 3, entry 3). Such results may arise from inductive effects
of the electronegative chloro-component, which could cause deactivation of the bromo-
component, even at higher temperatures. In general, the different halide groups of the aryl
dihalide systems follow a similar trend observed above with the mono-substituted
reagents. In this regard, the Pd nanoparticles generally react at the iodo-component first,
followed by the bromo-component, with no reactivity for the chloro-component under the
selected conditions. Activation of the second functional group is also possible, but the
low coupling rates at these positions still allow for selective coupling at the initial
reactive site (i.e. 10do over bromo).

Reactions of aryl dihalide substrates with the same halogen group at the 3 and 5 positions
were also studied. Initially, 11 was employed for Stille coupling using 0.05 mol% Pd at
room temperature (Table 3, entry 4). The two highly reactive iodo-components generated
di-substituted product 7 at 88.6 £ 9.0% vyield, after 24.0 h. A general increase in the

formation for the di-phenyl product was observed proportional to the catalyst loading and
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reaction temperature, as anticipated. Interestingly, the mono-substituted intermediate, 3-

iodo-5-phenylbenzoic acid (12), was never observed under any conditions.

a COOH COOH

PhSnCl,
25°C

I I Ph Ph
1 6

0.15 - : : : . ,

b ® 3,5-diiodobenzoic acid (11)
® 3,5-diphenylbenzoic acid (6)

0.00

1 2
time (h)
Figure 4.5 Part a) presents the likely reaction scheme for the Stille coupling reaction
using the peptide-capped Pd nanoparticles employing 11 as the aryl dihalide reagent,
while part b) displays the time-based results for the reaction at room temperature.
To probe the reaction mechanism for 11, a time-based analysis of the reaction at room
temperature with a catalyst loading of 0.05 mol% Pd was studied, as shown in Figure
4.5a. The results (Figure 4.5b) indicate that after 10.0 min, the di-substituted product, 7
(blue squares), was the only isolated product of the coupling reaction; an increase in

formation of 7 over the time frame of the study was observed with a complementary
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consumption of the starting material (11, red circles). Throughout the study, mono-
substituted intermediate 12 from coupling at a single iodo group was never observed. To
produce such results two likely reaction mechanisms are possible: 1. simultaneous
coupling at both iodo- groups using separate catalytic Pd materials or 2. coupling at a
single group to produce intermediate 12 that activates the second iodo-group to
substantially increase the second-step reaction rate. Based upon the results of the
coupling reaction for 5, the latter mechanism for the di-iodo reagent is more likely. In this
regard, the initial attachment of the phenyl group from the coupling reaction of one of the
iodo-species produces the bi-aryl ring system that activates the second C-I bond. This
then results in exceedingly rapid coupling, generating the di-substituted product (7). In
this regard, the coupling at the first iodo-group is likely to be the rate-limiting step,
otherwise mono-substituted product 12 should have been observed. This step-wise
reactivity is more probable due to the kinetic consideration of the atom-leaching
mechanism wherein there is a higher probability of a single halogen site reacting with a
Pd atom, rather than the two halogens simultaneously coupling with separate catalysts.

Changing the halogen groups to bromides such as in 13 demonstrated an additional
change in reactivity. For this system, the two possible products, 6 and 7 from coupling at
either one or both of the halogens, respectively, were not obtained at room temperature
using either 0.05 or 0.10 mol% Pd (Table 3, entry 5). Such results were expected based
upon the energy required for oxidative addition using bromo-based reagents. When the
reaction was heated to 40.0 °C with 0.10 mol% Pd, however, the reactivity of the di-
bromo substrate was increased, generating both the mono-substituted intermediate 6 and

the di-substituted final product 7 with yields of 32.5 £ 3.0% and 24.6 + 3.7%,
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respectively, after 24.0 h. When the reaction was performed at 60.0 °C with 0.05 mol%
Pd, the yield of the di-substituted product increased to 39.5 + 1.4%, with a mono-
substituted product yield of 30.9 £ 3.2%. The increase in the amount of 7 at 60.0 °C was
attributed to the activating effect of the biphenyl moiety in the mono-substituted

intermediate to the C-Br bond and the increased thermal energy, driving the catalytic

reaction to produce more of the di-substituted product.

Possible Products
Entry Di}grlli,ées P t P t
Mono-substituted :.(l_'cen Di-substituted SLESH
ield Yield
COOH COOH COOH
1 | 0.0 Ph 0.0
0.0 0.0
1 0.0 0.0
| Ph Ph
14 15 16
COOH COOH COOH
Br Br 0.0 Ph | 00
6.8+ 0.9 g-g
2 23.3%1.6 :
| Ph Ph
17 18 16
COOH COOH COOH
0.0 0.0
ci Cl |70.1+15.8 Ph 0.0
83.1+6.0 0.0
3
| Ph Ph
19 20 16
COOH COOH COOH
Cl (o] Ph
73.9+4.0 0.0
4 92.8 +4.3 0.0
97.9+24 0.0
| Ph Ph
21 22 23
Reaction conditions: 0.05 mol% Pd, 25°C, 24 h; 0.10 mol% Pd, 25°C, 24 h; 0.10 mol% Pd, 40°C, 24 h;

Table 4 Effects of the halogen group position in the aryl ring for the Stille coupling

reaction employing peptide-capped Pd nanoparticles.
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The reactivity of the Pd nanoparticles towards aryl dihalides was further explored using
substrates containing halogen groups at different positions in the benzoic acid ring.
Initially, the 2,5-orientation of halide groups was studied using the Stille coupling
reaction of 14 with PhSnCl;; however, no reactivity was observed at either iodo group
(Table 4, entry 1). This is likely due to irreversible binding of the carboxylic acid moiety
to the nanoparticle surface during the oxidative addition of the iodo group in the 2-
position. This binding event allows for the additional interaction of the acid group with
the Pd surface leading to catalyst deactivation. When the halide at the 2-position was
changed to bromide in 17, no reactivity was observed for coupling at either position after
24.0 h at room temperature using 0.05 mol% Pd (Table 4, entry 2). Interestingly, when
the catalyst loading was increased to 0.10 mol% Pd, a 6.8 + 0.9% yield of the mono-
substituted product, 2-bromo-5-phenylbenzoic acid (18) was obtained. Increasing the
temperature of the reaction to 40.0 °C with a Pd loading of 0.10 mol% resulted in a
substantial increase in the formation of 18, generating a 23.3 + 1.6% yield after 24.0 h.
When the reaction was performed at 60.0 °C with a catalyst loading of 0.05 mol% Pd, a
further increase in the yield of 18 (41.3 + 1.4%) was obtained after 24.0 h. No indication
of reactivity towards the bromo-substituent was noted under any of the reaction
conditions. Catalytic poisoning of the nanoparticle surface was not observed due to the
required thermal activation of the C-Br bond for reactivity and due to the more reactive
C-I bond driving oxidative addition. As a result, the interaction between the carboxylic
acid functional group and the Pd surface was minimized. When 19 was used in the
reaction (Table 4, entry 3), no detectable product was generated at room temperature with

0.05 mol% Pd; however, when the catalyst loading was increased to 0.10 mol% Pd, the
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mono-substituted product, 2-chloro-5-phenylbenzoic acid (20) was generated with a yield
of 70.1 = 15.8% over 24.0 h. Increasing the temperature of the reaction generated an
increasing amount of 20 with 83.1 + 6.0 % (0.10 mol% Pd) and 88.0 + 8.3% (0.05 mol%
Pd) yields at 40.0 °C and 60.0 °C, respectively. Since the chloro-component was not
reactive under the given conditions, catalyst surface poisoning was not observed. The
reactivity differences between the 1odo-component in these two compounds likely arise
from changes in the electronics of the rings structure.

The 2,4-position of the halide groups in benzoic acid was also examined using 21 (Table
4, entry 4). The initial reaction was performed at room temperature using 0.05 mol% Pd,
generating 2-chloro-4-phenylbenzoic acid (22) with 73.9 + 4.0% yield after 24.0 h. When
the catalyst load was increased to 0.10 mol% Pd, the yield increased to 92.8 + 4.3% after
24.0 h, while at elevated temperatures, almost quantitative yields were obtained for
mono-substituted product 22 at the selected catalyst loadings. The increase in the product
yield for the reaction of iodo-component 21 compared with 19 suggests that the coupling
reaction was accelerated by the combined effect of the chloro-component in the 2-
position and electron-withdrawing carboxylic acid moiety, which is para to the iodo
group.

The results of the aryl dihalide reactions demonstrate the degree of intramolecular
selectivity of the peptide-capped Pd nanocatalysts given two different halide groups in
the same substrate. Similar to the results of the intermolecular reactivity, the observed
trend for the catalyst selectivity towards aryl dihalides directly relates to the increasing
bond strength of the C-X species; however, the orientation of the two halogens within the

ring structure can lead to activating and/or deactivating effects. The reactivity of the aryl
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dihalide substrates likely follows a step-wise process wherein the mono-substituted
intermediate was generated first by the reaction of the more active C-I component. To
this end, the orientation of the halide groups in the aryl dihalide substrate affects the
reactivity of the halide components, but not the selectivity of the nanocatalyst. The 1,4-
position of the halogens tends to deactivate the carbon-halogen bond such that higher Pd
loadings are required to drive the reaction at room temperature; however, the 1,3-
orientation likely activates the bond for the coupling reaction using less Pd. The presence
of activating or deactivating groups in the aryl ring did not alter the selectivity of the Pd

nanocatalyst with respect to halide identity.

4.5 Summary and Conclusions

We have studied the reactivity of different aryl halide substrates in a single reaction
system to probe the reactivity, catalytic mechanism, and selectivity of peptide-capped Pd
nanoparticles. While a variety of catalytic nanoparticles have been studied for C-C

. . 134, 2
coupling reactions,*® % 3% 23

the peptide-based materials are interesting as they react in
an aqueous-based solvent, with very low Pd concentrations and reaction temperatures. To
further such materials for enhanced reactivity, a fundamental understanding of the
reaction mechanism is required. In this sense, the release of free Pd° atoms to the solution
after the initial catalytic cycle of highly active iodo-components does not allow for
coupling at less active bromo-groups. The results indicate that the oxidative addition of

the C-Br bond requires thermal activation at 40.0 °C, suggesting that an energy barrier

must be overcome to enable coupling, thereby allowing for a degree of thermal-control
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for reaction selectivity at low temperatures. In both intermolecular and intramolecular
systems, the selectivity trend for the Pd nanoparticles directly correlates to the strength of
the C-halide bond dissociation energy wherein the weakest C-1 bond readily reacts at
room temperature, while the C-Br bond requires mild heating and the C-Cl bond does not
readily react. Consequently, in aryl dihalide systems, the presence of
activating/deactivating groups in the ring alters the electronics and reactivity of the halide
components, but the selectivity of the catalyst is generally retained with regards to the
halide identity. These results present a deeper understanding of the catalytic mechanism
for nanoparticle-driven C-C coupling reactions, which could be useful for the design of

optimized systems.

“Pacardo, D. B.; Knecht, M. R. Catal. Sci. Technol. 2013, 3, 745 — 753. — Reproduced by

permission of The Royal Society of Chemistry.”



Chapter 5. Probing the Reactivity of Peptide-templated Pd Nanoparticles as
Catalyst for Hydrogenation Reaction of Olefinic Alcohols

5.1 Overview of the Study

In this chapter, we present the results of the studies on the catalytic applications of the
R5-templated Pd nanomaterials with different morphologies towards hydrogenation of
olefinic alcohols employing mild reaction conditions of aqueous solvent, room
temperature and low catalyst loading. Different primary, secondary and tertiary alcohols
were employed for hydrogenation reactions using biotemplated Pd nanomaterials wherein
TOF analysis showed similar values for each substrate regardless of catalyst morphology.
However, low TOF values were obtained for the primary alcohols with increasing TOFs
for secondary and tertiary alcohols. These results were attributed to the degree of isomer
formation, the highest of which was observed in primary alcohols, that hindered the
formation of hydrogenated products. For the competition reaction between allyl alcohol
and a secondary olefinic substrate, the biotemplated Pd nanomaterials exhibit non-
specific catalytic activity, wherein simultaneous product formation from the two
substrates occur on the surface of the nanostructures. Furthermore, the reactivities of
substrates with two reactive centers were explored using 1,4-pentadien-3-ol and 3-
methyl-1-pentyn-3-ol resulting in step-by-step hydrogenation for the biotemplated

nanomaterials.

135
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5.2 Motivation

The catalytic application of transition metal organometallic small molecules has been

greatly studied due to their unique ability to enable industrially significant chemical

transformations such as C-C couplings,® ** ** hydrogenations,” *! 12~ 159 240, 236, 257

258-261 262, 263

hydrodesulfurization, and oxidations. These processes are employed in

265

applications such as materials synthesis,* petrochemical refinement,” pharmaceutical

53, 54 6

production, natural products synthesis,”® and bioremediation;*’ however, harsh
reaction conditions that employ organic solvents, high temperatures, and significant
catalyst loadings are typically required. As a result of the high production costs and
environmental impacts, these reactions have become unsustainable over the long term.”
>! Given their necessity, however, studies have been conducted to diminish the ecological
effects and energy consumption of these reaction systems to conserve limited resources.’
For this, new catalytic materials that are reactive under milder conditions without
sacrificing efficiency are required. Furthermore, significantly increased catalytic
functionality is desirable to employ lower catalysts loadings, especially for limited
precious metal systems.

A unique avenue to realize these sustainable systems is through the use of nanoscale
materials that maximize the surface-to-volume ratio. By manipulating the particle
structure, incorporation of highly reactive surface defect atoms may be possible, which
could prove to be critically important for catalysis. Both size- and shape-controls for the
268-

synthesis of nanomaterials are dictated by using different surface passivating ligands.

" These functional molecules, typically composed of thiols, amines, and carboxylic
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acids, interact with the metal surface, thus inhibiting particle growth to generate the final
stable materials. In a separate area, the use of molecular templates has become
increasingly important for nanocatalysis, where semi-hollow dendrimer represent a model

template.””’

To this end, the nanoparticle guests are encapsulated within the void interior
space of the dendrimer host, thus sterically stabilizing the materials to more efficiently
expose the catalytic structures to the reagents. In recent years, the use of biological
templates has been explored for the production of nanocatalytic materials.’" %> > 27> 27
One such species is the naturally occurring and self assembling RS peptide
(SSKKSGSYSGSKGSKRRIL), responsible for silica precipitation in diatoms.'”” '”* The
peptide was isolated via HF-extraction from the cell walls of Cylindrotheca fusiformis,"””
' where previous studies have shown that the —RRIL motif at the C-terminus of the
sequence enhances peptide self assembly in water, resulting in the formation of a
biotemplate for nanostructure encapsulation.”” ' A particularly interesting catalytic
system templated by the R5 scaffold is that of Pd, which can control the morphology of
the metallic materials via the reaction conditions.®” In this process, the biomolecule is
dissolved in water, resulting in peptide assembly and template formation.*” To this, Pd**
ions are added, which can complex to the functional groups of the template that are
presented at the interior of the structure. Upon the incorporation of a strong reducing

agent, NaBH,, formation of the zerovalent materials occurs.”

Interestingly, the
morphology of the inorganic structures is directly dependent upon the Pd:RS5 ratio
employed during the synthesis.*” *’* For instance, at a Pd:R5 ratio of 60 (termed Pd60),

spherical nanoparticles are formed, while when the ratio was increased to 90 (Pd90),

linear Pd nanoribbons can be obtained.’”*"* Conversely, at the highest stable ratio of 120
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(Pd120), branched nanoparticle networks (NPNs) are generated within the bioscaffold.*”
" These different metallic morphologies are observed due to the template-based
synthesis. In this regard, immediately after Pd** reduction, zerovalent Pd nanoparticles
are formed within the bioframework. At low Pd:RS5 ratios, the particle density is low, thus
the interparticle distance is high.*” ?’* As this ratio increases, the number of particles
deposited within the scaffold increase, thus decreasing the interparticle distance.®” >
When this distance is sufficiently small, the particles can aggregate, likely in a linear
pattern due to the template structure.’” *"* As the Pd:R5 ratio is further increased, more
particle aggregation is anticipated, leading to NPN formation at the highest ratios.*”*"*

Initial catalytic applications for the R5-templated Pd nanoparticles involved the Stille
coupling reaction between aryl halides and organostannanes.”’” For this, the reaction
efficiency depended upon both the metallic surface area and the penetration depth of the
reagents to reach the catalytic structure within the bioscaffold.” *” As such, the Pd60
nanospheres and Pd120 NPNs displayed similar catalytic activities as determined by the
turnover frequency (TOF) analysis due to their enhancement of the metallic surface area
(Pd60) or minimization of the penetration depth and reagent diffusion (Pd120).””* For
the Pd90 nanoribbons, slower reactivity was evident as both of these structural
characteristics are not optimized.” * Similar reactivity results were observed for a
separate reaction, 4-nitrophenol reduction, which displayed an identical trend for catalyst
performance.”’ Interestingly, the R5-templated Pd materials have also demonstrated
reactivity for the hydrogenation of allyl alcohol to 1-propanol; however, no dependence

upon the material structure was evident.”’”* For this reaction, the catalytic surface is

saturated with hydrogen before introducing the olefin substrate.”* *** The substrate, such
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as an alkene, is then reduced at the metallic surface to produce the hydrogen-saturated
product. As noted, the differences in material morphology of the R5-templated Pd
structures did not have significant effects on the hydrogenation of allyl alcohol.””* These
results were attributed to the small size of the substrate that allowed for it to rapidly
diffuse through the bioscaffold, as well as the exceedingly fast rate of the hydrogenation
reaction itself.””* Together, these effects are anticipated to mask any structural-based rate
limiting factors observed for the different reactions that are significantly slower and more
sensitive to the material morphology based upon their bulkier reagents. Unfortunately,
the effects of substrate molecular structure remain unclear using the biotemplated
materials, which could be important for reactivity control.

Here we explore the reactivity of the biotemplated Pd nanostructures for the
hydrogenation reaction based upon the molecular size, composition, and reactive groups
of the substrate. Initially, olefinic alcohols were examined due to their broad range of
synthetic use. The TOF analysis of each substrate revealed that the different olefinic
alcohols reacted across all of the Pd nanostructures; however, an interesting trend was
noted based upon the substitution of the molecule. To this end, when primary alcohols
were employed as the starting materials, lower TOF values, on average, were observed
that increased for secondary and tertiary alcohol substrates. Such effects were attributed
to isomerization events that impeded the intended hydrogenation reaction. Furthermore,
competition reaction studies were performed using a combination of allyl alcohol with a
secondary olefin reagent in a single solution. These results indicated that the interaction
between substrate and catalytic surface was important for controlling the overall

reactivity, which may serve as a structural source to direct complex functional reactions.
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Finally, the hydrogenation reaction was explored using both a diolefin, 1,4-pentadien-3-
ol, and an alkyne, 3-methyl-1-pentyn-3-ol, to explore the multistep reactivity of the
materials. Both systems demonstrated a stepwise reaction, resulting in the final fully
saturated product after short reaction times. Taken together, such results are important for
three key factors. First, high degrees of reactivity are demonstrated for a variety of
different substrates in aqueous solvents, where minimal material structural affects are
apparent. Second, from the competition studies, important nanomaterial structural
information is presented, which indicates that the reactivity and interactions with the
material surface may be sensitive to the morphology of the materials (spherical versus
linear). Third, multistep reactivity is presented from the biotemplated nanomaterials,
indicating a high degree of reactivity over short time scales using ambient conditions.

Together, such materials may prove to be important as models for sustainable reactivity.

5.3. Methods

5.3.1 Chemicals

K,PdCl,, anti-foam SE-15, allyl alcohol, 3-buten-1-ol, 4-penten-1-ol, 3-buten-2-ol, 1-
penten-3-ol, 2-methyl-3-buten-2-ol, 3-methyl-2-penten-3-ol, 1-propanol, 1-butanol, 1-
pentanol, 2-butanol, 3-pentanol, 2-methyl-2-butanol, 3-methyl-3-pentanol,
propionaldehyde, crotyl alcohol, 2-butanone, and 3-pentanone were purchased from
Sigma-Aldrich, while NaBH, was obtained from Acros Organics. All reagents were used

as received. Finally, Milli-Q water (18m€ecm) was used throughout.
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5.3.2 Synthesis of Peptide-templated Pd Nanoparticles

The fabrication of the peptide-templated Pd nanomaterials was processed using standard
methods.””*"* Briefly, 4.93 uL of a 10.0 mg/mL R5 peptide stock solution was diluted in
3.0 mL of water. To this solution, 14.7, 22.0, and 29.4 pL of a freshly prepared 0.10 M
K,PdCl, aqueous solution was then added, corresponding to a Pd:peptide ratio of 60, 90,
and 120, respectively. After 15 min of stirring at room temperature to allow for
complexation of the metal ions to the bioscaffold, 75.0 pL of a freshly prepared 0.10 M
NaBH, solution was added. The reactions were allowed to reduce 1.0 h, after which the
nanostructures were dialyzed overnight using Spectra/Por® dialysis tubing with MWCO

of 12k — 14k.

5.3.3 Catalytic Hydrogenation Reactions

The olefin hydrogenation reactions were carried out using previously described methods
with appropriate modifications.”® Specifically, 1.316 mL of the templated Pd
nanostructures was added to 25.0 mL of water in a three-neck round bottom flask, along
with 20 pL of anti-foam SE-15, a 10% solution of active silicone polymer and non-ionic
emulsifier, with constant stirring at room temperature. This nanostructure solution
volume was selected to result in a final catalyst loading of 0.05 mol % Pd in the reaction.
Next, 50 kPa of H, gas was bubbled through the system for 30 min using a standard gas
dispersion tube. After saturation of the solution with H,, 25.0 mL of a 50 mM olefinic
alcohol solution prepared in water was introduced to the reaction vessel. Immediately

after addition, a 1.0 mL aliquot was extracted and transferred to a vial to mark the start of

the reaction (t = O min). Subsequent aliquots were then taken at selected time points,



142

where they were directly injected into the gas chromatograph (GC) and the products were
characterized and quantitated as described below.

The hydrogenation reaction of two different olefinic alcohols was also carried out using
the R5-templated materials. For this setup, identical reaction conditions and product
characterization methods were employed; however, the 50 mM substrate solution was

composed of equimolar amounts (25 mM) of the two selected alcohols.

5.3.4 Characterization and Retention Factor Determination

Characterization of hydrogenation products was accomplished using an Agilent 7820A
GC operated with a DB-ALC1 column and a flame ionization detector. Using this
system, the reaction solution was directly injected into the GC without further
purification. The percent yield of the hydrogenation reaction was calculated using
previously described methods by the Bruening group.”® Initially, the GC retention times
of the olefinic alcohols and their expected products and isomers (if available) were
established using standard solutions of each component. The retention factors (k) were
then determined by GC analysis of a standard solution containing equimolar amounts of
the starting material, expected product, and main isomer. Once the retention factors were
determined, the hydrogenation percent yield during the reaction can be calculated using

the peak areas of the starting material, product, and isomer, using established methods.**

5.4 Results and Discussion

R5-templated Pd nanostructures were prepared using established procedures.*”> *’* For

this, three different nanomaterials were synthesized using Pd:R5 ratios of 60, 90 and 120
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to span the range of known structural morphologies prepared via this approach:
nanoparticles, nanoribbons, and NPNs, respectively.”” *’* In this method, the amount of
R5 peptide was held constant while varying the amount of Pd** added, followed by the
addition of a strong reducing agent, NaBH,.*”** Characterization using TEM, as shown
in Figure 5.1, demonstrated the formation of different morphologies as a function of the
amount of added metal precursor, consistent with previous results. For instance, the
generation of spherical Pd nanoparticles (Figure 5.1a) was achieved for the Pd60 sample
due to a high interparticle distance in the biotemplate as a result of low metal
concentration. In contrast, at higher Pd:R5 ratios, such as in the Pd90 and Pd120 samples,
decreased interparticle separation occurred, resulting in the formation of nanoribbons
(Figure 5.1b) and Pd NPNs (Figure 5.1c¢), respectively. Upon confirmation of their unique

morphology, the materials were employed as catalysts for olefin hydrogenation.

Figure 5.1 TEM images for the R5-templated Pd nanomaterials showing a) Pd60
nanospheres, b) Pd90 nanoribbons, and ¢) Pd120 NPNss.

The hydrogenation reaction was initially performed using allyl alcohol as the smallest

olefinic substrate. In this reaction, a solution containing 0.05 mol% Pd from the different



144

Entry # | Starting Material Product mol product (mol Pd*h)-!
Pd/C Pd60 Pd90 Pd120
(o]
1 o Fay 1232+43 | 3019+120 | 3012=76 | 2961 =101
2 T SN Ny | 1064£405 | 3099+86 | 3150+231 | 2992 +80
OH OH
3 NN NN 1380+ 182 | 2996 + 292 3311 +38 | 2993 + 618
7=
4 16814242 | 3458 +30 | 3451+ 148 | 3456 + 251
OH OH
AN
5 161550 | 3292+298 | 3328+409 | 2632 +283
OH OH
6 /\}/ /\{/ 1676 £256 | 4892 +433 | 4418+ 736 | 4426 + 1439
OH OH
7 A}/\ /\{/\ 13154272 | 37484469 | 3912350 | 3256 +474
OH OH

Table 5. TOF analysis for hydrogenation of olefinic alcohols using biotemplated Pd
nanomaterials

Pd nanostructures was saturated with H, for 30 min under constant stirring at room
temperature.”® *** Once complete, a 50 mM allyl alcohol solution was added and 1.0 mL
aliquots were taken at specific time points to be quantitated via GC methods.”® In the
case of allyl alcohol, both the expected product, 1-propanol, and the propionaldehyde
isomer were observed during the reaction; however, the isomer was eventually fully
converted to the final product. Using this method, TOF values for the reaction can be
calculated, thus allowing for a direct comparison of the reactivity between the different
substrates. The catalytic TOF results for the three different biotemplated Pd
nanostructures using allyl alcohol as the substrates are presented in entry 1 of Table 1.
For this, the three different systems demonstrated TOFs of 3019 + 120, 3012 + 76, and
2961 + 101 mol product (mol Pd x h)' for the Pd60, Pd90, and Pd120 materials,

respectively. These TOF values, which showed no differences based upon the structure of
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the materials, were equivalent with previously reported results for this reaction.””* This
suggests that the small allyl alcohol substrate can readily diffuse through the bioscaffold
and react at the hydrogen-saturated metal surface. Comparing these results with a control
reaction employing commercially available Pd on C (Pd@C) as the catalyst, a TOF of
1232 + 43 mol product (mol Pd x h)' was obtained, indicating a much slower
hydrogenation process, likely due to the larger size of the metallic materials.
Furthermore, in the absence of the Pd, no catalytic turnover was noted, as anticipated.

Interestingly, when the substrate was changed to another primary alcohol in 3-buten-1-ol,
the TOF values (Table 1, entry 2) obtained were similar to those of allyl alcohol: 3099 +
86, 3150 + 231 and 2992 + 80 mol product (mol Pd x h)", for Pd60, Pd90, and Pd120,
respectively. The subtle, one carbon chain difference between allyl alcohol and 3-buten-
1-ol did not have any effect on the reactivity of this substrate, generating similar TOF
values for all three of the templated metallic structures. Again using the Pd@C control
materials with 3-buten-1-ol, a TOF of 1064 + 405 mol product (mol Pd x h)' was
observed, which was nearly equivalent to the value calculated for allyl alcohol. To further
probe the reactivity of peptide-templated Pd nanoparticles with respect to primary alcohol
substrate, 4-penten-1-ol was employed as the hydrogenation substrate. For this substrate,
formation of two isomers, 2-penten-1-ol and 3-penten-1-ol, were observed and as such,
calculation of TOF values was modified as shown in Supporting Information, S1.
Interestingly, the TOF results for this reagent (Table 1 entry 3) showed similar values as
those of the other two smaller chained primary alcohols. For instance, a TOF of 2996 +
292 mol product (mol Pd x h)" was calculated when using Pd60, while the values for the

Pd90 nanoribbons and Pd120 NPNs were 3311 + 38 and 2993 + 618 mol product (mol Pd
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x h)", respectively. Again, diminished reactivity was noted from the Pd@C control,
consistent with the smaller chained primary alcohol substrates.

Expanding the scope of the catalytic reactivity of the peptide-templated Pd materials
towards secondary alcohols was further studied to increase the complexity of the
substrate. Initially, 3-buten-2-ol was employed, as shown in Table 1, entry 4.
Identification of the retention factors for this reaction was done using standard solutions
of the substrate, the expected product, 2-butanol, and the isomer, 2-butanone. Like the
other alcohol substrates, TOF analysis generated similar values of 3458 + 30 mol product
(mol Pd x h)" for Pd60, 3451 + 148 mol product (mol Pd x h)" for Pd90, and 3456 + 251
mol product (mol Pd x h)" for Pd120. These TOF values were slightly higher than those
obtained for the primary alcohols. Similarly, the control reaction using Pd@C showed a
slightly higher average TOF value of 1681 + 242 mol product (mol Pd x h)', as
compared to the control reactions using the primary alcohol substrates. Further studies of
the catalytic activity of peptide-templated nanomaterials employed another secondary
alcohol substrate, 1-penten-3-ol. To determine the TOF values using the GC method,
retention factors for the reagent, the 3-pentanol anticipated product, and the 3-pentanone
isomer were determined and subsequently used. From this study, TOF values (Table 1
entry 5) of 3292 + 298, 3328 + 409, and 2632 + 283 mol product (mol Pd x h)" were
determined for the Pd60, Pd90, and Pd120 materials, respectively. Interestingly, the TOF
results for the Pd60 and Pd90 materials were similar; however, the Pd120 structures
demonstrated a diminished TOF, which was still higher than the Pd@C control that

demonstrated a TOF value of 1615 + 50 mol product (mol Pd x h)™.
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To further broaden the extent of the catalytic activity for R5-templated Pd nanoparticles,
tertiary alcohols were employed in the hydrogenation reaction. Initially, 2-methyl-3-
buten-2-ol was used as the substrate, where 2-methyl-2-butanol was anticipated as the
product, and no isomer was produced. Interestingly, this reaction generated even higher
TOF values (Table 1, entry 6) of 4892 + 433 mol product (mol Pd x h)" for Pd60, 4418 +
763 mol product (mol Pd x h)" for Pd90, and 4426 + 1439 mol product (mol Pd x h)" for
Pd120. In contrast, the control reaction using PA@C produced a much lower TOF value
of 1676 + 256 mol product (mol Pd x h)", similar to the range of values obtained for the
control reactions using the secondary alcohols. Finally, a second tertiary alcohol substrate
was studied, 3-methyl-1-penten-3-ol, which was converted to 3-methyl-3-pentanol during
the reaction with no isomer formation. Note that this substrate is nearly identical to that
of entry 5 of Table 1; however, one additional methyl group is present in the structure.
Results of the TOF analysis (Table 1 entry 7) generated TOF values for the Pd60, Pd90,
and Pd120 materials of 3748 + 469, 3912 + 350, and 3256 + 474 mol product (mol Pd x

h)", respectively.
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Figure 5.2 GC chromatograms illustrating isomer formation during hydrogenation
reaction using Pd60 at 20.0 min for a) allyl alcohol, b) 1-penten-3-ol, and ¢) 3-methyl-1-
penten-3-ol.
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Taken together, these results provide important information concerning the catalytic
reactivity of the biotemplated materials. In general, when considering a single substrate,
similar degree of catalytic reactivity were observed for the Pd60, Pd90, and Pd120
materials, regardless of the nanomorphology; however, a general trend of increasing TOF
with increasing the alcohol order (primary, secondary, and tertiary) was noted. These
surprising results are likely due to the degree of isomerization observed in each alcohol
system. To this end, the primary alcohols form the greatest amount of isomers among the
three groups, followed by the secondary alcohols that produce more modest amounts of
isomers. Finally, the tertiary alcohols do not isomerize in the reaction at all. Figure 5.2
specifically presents the GC chromatograms of the reactions using the indicated olefinic
alcohols illustrating the degree of isomerization at 20.0 min of reaction employing the
Pd60 sample as the nanocatalyst. For allyl alcohol (Figure 5.2a), 30.0 + 2% of the isomer
was formed midway through the reaction while for the secondary alcohol, 1-penten-3-ol,
only 7.5 + 3% (Figure 5.2b) of the substrate was converted to the isomer. On the other
hand, the tertiary alcohol, 3-methyl-1-penten-3-ol, did not form any isomers throughout
the reactions. As such, those reactions in which isomers were formed resulted in lower
TOF values. Furthermore, the degree of isomerization had an effect on the overall TOF
such that those systems that generated greater isomer amounts generally yielded lower
reaction TOFs. Note that regardless of the amount of isomerization, each system studied
resulted in 100% product yields of the anticipated saturated product in ~1.0 h. This
isomerization process requires interactions with the catalytic surface to drive the process,
thus occupying the site to prevent the hydrogenation reaction from occurring. Those

systems with increased amounts of isomerization occurring thus more substantially
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compete for the catalytic surface with the intended reaction, thus lowering the TOF

values, which is observed in Table 5 and Figure 5.2 for the peptide-templated materials.
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Figure 5.3 Parts a — ¢ show the TOF analysis for hydrogenation competition reactions
while parts d — e show the reaction profiles for allyl alcohol and 4-penten-1-ol (a and d),
allyl alcohol and 1-penten-3-ol (b and e), and allyl alcohol and 3-methyl-1-penten-3-ol (¢
and f).

Once the TOF analysis of individual olefinic alcohols was better understood, competition
experiments were performed between multiple substrates in the same reaction system. In
this method, allyl alcohol was combined with equimolar amounts of each of the following
substrates: 4-penten-1-ol (primary alcohol), 1-penten-3-ol (secondary alcohol), and 3-
methyl-1-penten-3-ol (tertiary alcohol). With this mixture, hydrogenation reactions were

performed using the peptide-templated Pd materials under the standard conditions, from

which TOF values for the two different substrates were quantitated. The resulting TOF
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values from the competition reactions could then be compared with the values for the
individual hydrogenation reactions to determine the catalytic effects of the mixtures.
Initially, the competition between two primary alcohols, allyl alcohol and 4-penten-1-ol,
was employed. Figure 5.3a presents a bar chart of the analysis where the calculated TOF
values of each substrate in the competition experiment are represented by a solid bar,
which is superimposed with the TOF values from the individual hydrogenation reactions,
presented as an empty bar. For the allyl alcohol substrate (blue plot) using the Pd60
nanospheres, a similar TOF value was obtained from the competition experiment (3187 +
833 mol product (mol Pd x h)") as compared to the value obtained when the substrate
was hydrogenated separately (3019 + 120 mol product (mol Pd x h)™"). Similarly, the 4-
penten-1-ol substrate (red plot) generated a comparable TOF value of 3098 + 593 mol
product (mol Pd x h)' in the competition reaction as to the TOF calculated in the
individual reaction (2996 + 292 mol product (mol Pd x h)"). When the Pd90 nanoribbons
were employed, however, a more substantial difference in the TOFs was noted for the
larger substrate. To this end, only a minor change in values for allyl alcohol were
observed (3012 + 76 mol product (mol Pd x h)" versus 2949 + 516 mol product (mol Pd
x h)™"); however, the TOF for 4-penten-1-ol decreased from 3311 + 38 mol product (mol
Pd x h)' to 2766 + 330 mol product (mol Pd x h)"' in the competition experiment.
Finally, for the Pd120 NPNs, both substrates demonstrated roughly equally diminished
TOFs in the competition experiment as compared with the values obtained in individual
reactions.

The second competition reaction experiment was performed using a mixture of allyl

alcohol and the secondary alcohol 1-penten-3-ol, as presented in Figure 5.3b. For this
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combination of alcohols, negligible changes in the TOF values for the Pd60 nanospheres
was again observed. To this end, TOF values in the competition experiment for the allyl
alcohol and 1-penten-3-ol substrates were 2904 + 399 mol product (mol Pd x h)"' and
3086 + 564 mol product (mol Pd x h)", respectively, which are quite similar to the values
of Table 1. When the competition studies were carried out using the linear Pd90 and
Pd120 materials, however, a marked decrease in reactivity was observed for both
alcohols. For instance, for the Pd90 nanoribbons, the allyl alcohol substrate displayed a
TOF value of 1951 + 570 mol product (mol Pd x h)', while the 1-penten-3-ol
demonstrated a value of 2199 + 637 mol product (mol Pd x h)". This continued for the
larger Pd120 NPNs, where the co-hydrogenation of the two substrates resulted in TOFs
of 2066 + 94 mol product (mol Pd x h)" for allyl alcohol and 2312 + 105 mol product
(mol Pd x h)"! for 1-penten-3-ol.

For the final competition experiment, allyl alcohol was co-reacted with 3-methyl-1-
penten-3-ol, a tertiary alcohol starting material. Similar to the results of other competition
reactions for Pd60, retention of reactivity was observed, as shown in Figure 5.3c. To this
end, the allyl alcohol reagent demonstrated a TOF value of 3364 + 169 mol product (mol
Pd x h)"', while the 3-methyl-1-penten-3-ol substrate resulted in a value of 3254 + 667
mol product (mol Pd x h)"'. Meanwhile, using the Pd90 structures, a significant decrease
in reactivity was noted for the tertiary alcohol, but only a minor change in the reactivity
for the allyl alcohol substrate was noted. For instance, when hydrogenating allyl alcohol
in the competition experiment, a TOF of 2742 + 511 mol product (mol Pd x h)"' was
determined, which is similar to the value presented in Table 1. When using 3-methyl-1-

penten-3-ol in the presence of allyl alcohol, however, the reactivity decreased to 2189 +
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748 mol product (mol Pd x h)", as compared to 3912 + 350 mol product (mol Pd x h)"
achieved for this substrate when reacted in isolation. Similar results were observed for the
Pd120 materials, but with more reactivity decreases for allyl alcohol. To this end, TOF
values of 2180 + 387 mol product (mol Pd x h)" and 1583 + 161 mol product (mol Pd x
h)' were noted for allyl alcohol and 3-methyl-1-penten-3-ol in the competition
experiment, where a significant reactivity decrease for both substrates was noted.

In general, the changes in the reactivity observed in the competition experiments as
compared to the single substrate studies is likely due to a combination of two factors:
substrate isomerization and molecular size. When considering the competition reaction of
allyl alcohol, a primary alcohol, and 3-methyl-1-penten-3-ol, the effects of isomerization
and substrate size are most apparent. To this end, both substrates coreact on the particle
surface, which is displayed in Figure 5.3f. As such, no selectivity between the two
substrates was observed; however, based upon the data of Figure 5.2, no isomerization is
noted for the tertiary alcohol, while the most significant isomerization of the present
study was indicated from allyl alcohol. In this regard, the allyl alcohol substrate spends a
greater amount of time reacting at the surface, either through the hydrogenation reaction
itself, or through the isomerization reaction. Furthermore, the propionaldehyde isomer
itself must then compete for the surface, either to reisomerize back to allyl alcohol or to
hydrogenate the aldehyde to an alcohol; at present, it is unclear which stepwise reaction
is required to reach the final saturated 1-propanol product. From this, TOF decreases
would be anticipated for the 3-methyl-1-penten-3-ol substrate, which does not isomerize,
requiring less time at the particle surface for the hydrogenation process. That said, the

tertiary alcohol substrate is larger in size, thus while it is reacting at the Pd surface, it is
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anticipated to cover a more substantial surface area per molecule as compared to the
significantly smaller allyl alcohol. From this, less availability of reactive Pd metal would
be present for the primary alcohol, resulting in the observed diminishment of its TOF
value. As such, similar effects are anticipated for the competition reactions employing
allyl alcohol and the other primary and secondary reagents (Figures 5.3 a and b);
however, these reaction effects are somewhat more complicated as both reagents can now
isomerize, which works in combination with molecular size effects to explain the
observed TOF differences for the selected substrates. Note that for all of these
experiments, both substrates coreact at the particle surface simultaneously (Figures 5.3d-
f), supporting the effects of isomerization and molecular size. While general trends for
the competition reaction studies are prevalent, it is interesting to point out that these two
effects of the substrates are somewhat diminished for the spherical Pd60 materials, as
compared to the linear Pd90 nanowires and Pd120 NPNs. This is indicated by the very
minimal differences in the TOF values for the competition experiments as compared to
the reactions done with a single substrate. Such results may be due to particle curvature
effects altering the interactions between the substrate and the metallic surface; however,
further studies are required to confirm this hypothesis.

Once single step reactions were analyzed, multistep reactive substrates were studied, first
employing the di-ene alcohol 14-pentadien-3-ol. In this experiment, the formation of two
products is possible: an intermediate 1-penten-3-ol and the final 3-pentanol species

(Figure 5.4a). Initially, the retention factors were determined such that the equation for
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Figure 5.4 a) Reaction scheme for the hydrogenation of 1,4-pentadien-3-ol. Plots of the
results of hydrogenation reaction of 14-pentadien-3-ol using biotemplated Pd
nanomaterials b) Pd60, ¢) Pd90, and d) Pd120.

percent hydrogenation could be used to determine the moles of the starting material,
intermediate, and final product (Supporting Information, S2). The hydrogenation reaction
was then performed similar to the method used for other systems; however, the reaction
time was probed for up to 3.0 h due to the multistep nature of the system. The results of
the study for the diene are presented in Figure 5.4. Analysis of the reaction using the
spherical Pd60 materials is specifically presented in Figure 5.4b. For this, a rapid
decrease in the amount of the starting material was noted, such that the initial substrate
was fully consumed in 1.0 h. From this consumption, the formation of the mono-
hydrogenated intermediate, 1-penten-3-ol, was noted at the onset of the reaction. Rapid
formation of 1-penten-3-ol was observed, reaching a maximum at 30 min, at a value of
0.014 mmoles (~60% yield). After this time point, the intermediate is fully consumed,
resulting in production of the final, saturated 3-pentanol product. Full consumption of the
intermediate was not noted until the 3.0 h time point. Interestingly, the formation of 3-

pentanol was noted 5.0 min after reaction initiation, indicating that the hydrogenation of
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both the initial substrate and the intermediate are occurring simultaneously at the Pd
surface. After this time, the amount of the final product continually increased until
reaching quantitative yields at 3.0 h.

When the linear Pd90 nanoribbons were used as the catalyst, similar stepwise reactivity
was observed; however, changes in the reaction profile were noted. To this end, while the
1 4-pentadien-3-0l was consumed at the beginning of the reaction, the rate of
consumption decreased, and was not fully consumed until 140 min. From this
consumption, generation of the 1-penten-3-ol intermediate was observed in the reaction
reaching a maximum amount of 0.012 mmoles at 80 min, representing 47% yield. After
this time, the intermediate was again consumed to the final 3-propanol product, but
complete consumption was not observed after 3.0 h of reaction, where 10% of the
intermediate remained. Finally, formation of the final product was noted throughout the
reaction, which linearly increased to near quantitative values, again indicating
simultaneous hydrogenation of the initial substrate and intermediate. As anticipated,
quantitative product yields were not observed over the time frame of the study as a small
fraction of the intermediate remained unreacted. Interestingly, when the Pd120 NPNs
were employed as the catalyst, increased degrees of reactivity were noted. To this end,
the reaction of the 1,4-pentadien-3-ol reagent was similar to the Pd60 nanospheres;
however, the consumption of the intermediate was significantly faster. This is noted by
the exhaustion of the 1-penten-3-ol intermediate in the reaction system at a time of 100
min, compared to 3.0 h or greater for the Pd60 and Pd90 materials, respectively. As a
result, quantitative final product yields were observed at 2.0 h after reaction initiation for

the Pd120 NPNs.
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From the results of the diene alcohol hydrogenation, a stepwise mechanism was observed
starting with the formation of the 1-penten-3-ol intermediate, followed by production of
the fully hydrogenated 3-pentanol product. Interestingly, based on the reaction profile,
the Pd60 and Pd120 materials demonstrated similar degrees of reactivity wherein the
starting material was rapidly consumed to generate the intermediate product that was
quickly converted to the final product. In contrast, the Pd90 nanoribbons took nearly
twice the time to consume the starting materials completely and the intermediate was

slowly converted to the fully hydrogenated product.
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Figure 5.5 a) Reaction scheme for the stepwise hydrogenation of 3-methyl-1-pentyn-3-
ol. Plots of the results of hydrogenation reaction of 3-methyl-1-pentyn-3-ol using R5-
templated Pd nanomaterials a) Pd60, b) Pd90, and c) Pd120.

In the second multistep hydrogenation reaction system, the reactivity of the R5-templated
Pd nanomaterials was explored using an alkyne alcohol, 3-methyl-1-pentyn-3-ol, as the

starting material. In this reaction, the first step involves the hydrogenation of the alkyne

group to an alkene, producing 3-methyl-1-penten-3-ol as the initial product, after which
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the alkene is converted to the fully saturated 3-methyl-3-pentanol product, as illustrated
in Figure 5.5a. For this stepwise hydrogenation reaction, the conversion of the substrate
to products was monitored for 2.0 h as the reaction was faster as compared to the 1,4-
pentadien-3-ol system. This observation can likely be attributed to placement of the
reactive functional groups for hydrogenation, which were at the same location in the
substrate molecular structure, as compared for the di-enes that positioned the reactive
groups at different regions of the molecule. Using the Pd60 nanospheres as the catalyst,
the starting material was rapidly hydrogenated in the reaction resulting in an exponential
decay such that full consumption was observed at 30 min, as shown in Figure 5.5b.
Consequently, the intermediate, 3-methyl-1-penten-3-ol, was immediately formed
reaching a maximum yield of 0.017 mmoles, representing a 66% yield, at this time point.
In contrast, the fully hydrogenated product, 3-methyl-3-pentanol, was not formed in
significant amounts until ~20.0 min; however, rapid generation of this final product was
observed after 30 min such that quantitative yields were obtained after 1.0 h.
Interestingly, similar reaction profiles were observed when using the Pd90 nanoribbons
(5.5¢) and Pd120 NPNs (Figure 5.5d) as the catalyst. For Pd90, the starting material was
completely consumed at 30 min, while the intermediate product reached maximum yield
of 67% also this time point. Conversely, for the Pd120 NPNs, a rapid decrease in the
amount of starting material was observed at the onset of the reaction with complete
consumption at 40.0 min; however, the formation of the intermediate product peaked at
20.0 min generating a yield of 63%.

Generally, the results showed that the hydrogenation of 3-methyl-1-pentyn-3-ol to 3-

methyl-1-penten-3-ol and eventually 3-methyl-3-pentanol occurred in a stepwise fashion
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using the peptide-templated Pd nanomaterials as the catalyst. For this system, the reaction
was much faster than the 1.4-pentadien-3-ol substrate due to the positioning of the
reactive functionalities within the molecule. Additionally, the reaction profiles for Pd60,
Pd90 and Pd120 were nearly identical, indicating a similar reaction mechanism for the
biotemplated Pd nanostructures; in contrast with the diene reaction discussed above, the

reactivity of Pd90 was comparable with the catalytic activities of Pd60 and Pd120.

5.5 Summary and Conclusions

In conclusion, these studies have expanded the catalytic application of peptide-templated
Pd nanomaterials towards new substrates that demonstrated highly interesting results
based upon the molecular substitution. The results indicated that the inherent reaction
TOF values for olefinic alcohols depended directly upon the substitution of the molecule.
In this regard, the TOF values of primary alcohols, were generally lower compared with
those of secondary and tertiary alcohols, due to the degree of isomerization that hampered
product formation. In the competition reaction between allyl alcohol and another olefinic
alcohol substrate, non-specific reactivity of the Pd nanomaterials was observed wherein
the two substrates undergo hydrogenation reaction at the same time. However, the effects
of isomer formation and substrate molecular size were significant factors in the catalytic
activities of Pd nanomaterials. To this end, considerable decreases in TOF values were
observed for bulkier substrates due to the competition from allyl alcohol hydrogenation
and isomerization reactions occurring simultaneously at the catalyst surface, rendering

limited availability of reactive Pd atoms. Furthermore, stepwise reaction mechanism was
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observed for the peptide-templated Pd nanomaterials for the hydrogenation of substrates
containing two reactive centers such as di-substituted olefinic and alkyne alcohols.
Overall, the results generated important information on the catalytic versatility of
biotemplated Pd nanomaterials in hydrogenation reactions based upon the substrate size,

composition and molecular substitution.



Chapter 6. Additional Information

6.1 Supporting information to Chapter 2.

Figure 6.1 Irregular Pd nanostructures produced when the Pd4 peptide is substituted with
the RS peptide.
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Figure 6.2 (a) GC chromatogram and (b) mass spectrum of the crude product of the Stille
reaction using 4-iodobenzoic acid and PhSnCl; (0.005 mol% Pd, 24 h), after derivatization with
MSTFA. The mass spectrum (b) of the peak at 11.04 min, corresponds to the biphenyl-4-
carboxylic acid trimethylsilyl ester (m/z = 270). The mass spectrum (c) of the peak at 7.29 min
corresponds to the internal standard 4-tertbutylphenol (TBP) trimethylsilyl derivative (m/z =
222). 'H NMR spectrum of 4-iodobenzoic acid (d), TBP (e) and the crude product of the Stille
reaction added with 0.5 mmols of TBP (f). The integration of the peak at 6 8.15 ppm (product)
was compared with the integration of the peak at & 6.74 ppm (TBP) to obtain the percent yield of
the reaction.
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Figure 6.3 (a) GC chromatogram and (b) mass spectrum of the crude product of the Stille
reaction using 3-iodobenzoic acid and PhSnCl; (0.05 mol% Pd, 24 h), after derivatization with
MSTFA. The mass spectrum (b) of the peak at 10.81 min, corresponds to the biphenyl-3-
carboxylic acid trimethylsilyl ester (m/z = 270). The mass spectrum (c) of the peak at 8.95 min
corresponds to the starting material, 3-iodobenzoic acid (m/z = 320). '"H NMR spectrum of 3-
iodobenzoic acid (d) and the crude product of the Stille reaction added with 0.5 mmols of TBP
(e). The integration of the peak at & 8.15 ppm (product) was compared with the integration of the
peak at 6 6.74 ppm (TBP) to obtain the percent yield of the reaction.
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Figure 6.4 (a) GC chromatogram and (b) mass spectrum of the crude product of the Stille
reaction using 2-iodobenzoic acid and PhSnCl; (0.05 mol% Pd, 24 h), after derivatization with
MSTFA. The mass spectrum (b) of the peak at 8.93 min, corresponds to the 2-iodobenzoic acid
trimethylsilyl ester (m/z = 320). No product is formed in this reaction.
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4-bromobenzoic acid, 0.10 mol% Pd, 3.0 d
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Figure 6.5 (a) GC chromatogram and (b) mass spectrum of the crude product of the Stille
reaction using 4-bromobenzoic acid and PhSnCl; (0.10 mol% Pd, 3.0 d), after derivatization with
MSTFA. The mass spectrum (b) of the peak at 8.28 min, corresponds to the 4-bromobenzoic acid
trimethylsilyl ester (m/z = 272). 'H NMR spectrum of 4-bromobenzoic acid (c) and the crude
product of the Stille reaction added with 0.5 mmols of TBP (d). The integration of the peak at &
8.15 ppm (product) was compared with the integration of the peak at 6 6.74 ppm (TBP) to obtain
the percent yield of the reaction.
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4-bromobenzoic acid, 0.10 mol% Pd, 7.0 d
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Figure 6.6 (a) GC chromatogram and (b) mass spectrum of the crude product of the Stille
reaction using 4-bromobenzoic acid and PhSnCl; (0.10 mol% Pd, 7.0 d), after derivatization with
MSTFA. The mass spectrum (b) of the peak at 11.03 min, corresponds to the biphenylcarboxylic
acid trimethylsilyl ester (m/z = 270). The mass spectrum (c) of the peak at 8.28 min corresponds
to the 4-bromobenzoic acid trimethylsilyl ester (m/z = 272). (d) '"H NMR spectrum of the crude
product of the Stille reaction added with 0.5 mmol of TBP. The integration of the peak at & 8.15
ppm (product) was compared with the integration of the peak at & 6.74 ppm (TBP) to obtain the
percent yield of the reaction.
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4-bromobenzoic acid, 0.50 mol% Pd, 3.0 d
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Figure 6.7 (a) GC chromatogram and (b) mass spectrum of the crude product of the Stille
reaction using 4-bromobenzoic acid and PhSnCl; (0.50 mol% Pd, 3.0 d), after derivatization with
MSTFA. The mass spectrum (b) of the peak at 11.03 min, corresponds to the biphenyl-4-
carboxylic acid trimethylsilyl ester (m/z = 270). (¢) '"H NMR spectrum of the crude product of the
Stille reaction added with 0.5 mmols of TBP. The integration of the peak at & 8.15 ppm (product)
was compared with the integration of the peak at & 6.74 ppm (TBP) to obtain the percent yield of
the reaction.



167

4-bromobenzoic acid, 0.50 mol% Pd, 7.0 d
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Figure 6.8 (a) GC chromatogram and (b) mass spectrum of the crude product of the Stille
reaction using 4-bromobenzoic acid and PhSnCl; (0.50 mol% Pd, 7.0 d) after derivatization with
MSTFA. The mass spectrum (b) of the peak at 11.03 min, corresponds to the biphenyl-4-
carboxylic acid trimethylsilyl ester (m/z = 270). (¢) "H NMR spectrum of the crude product of the
Stille reaction added with 0.5 mmols of TBP. The integration of the peak at & 8.15 ppm (product)
was compared with the integration of the peak at & 6.74 ppm (TBP) to obtain the percent yield of
the reaction.
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Figure 6.9 (a) GC chromatogram and (b) mass spectrum of the crude product of the Stille
reaction using 4-chlorobenzoic acid and PhSnCl; (0.05 mol% Pd, 24 h), after
derivatization with MSTFA. The mass spectrum (b) of the peak at 7.66 min corresponds
to the 4-chlorobenzoic acid trimethylsilyl ester (m/z = 242). No product is formed in this

reaction.
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Figure 6.10 (a) GC chromatogram and (b) mass spectrum of the crude product of the Stille
reaction using 4-iodophenol and PhSnCl; (0.05 mol% Pd, 24 h) after derivatization with MSTFA.
The mass spectrum (b) of the peak at 9.90 min corresponds to the 4-phenylphenol trimethylsilyl
ester derivative (m/z = 242). 'H NMR spectrum of 4-iodophenol (c) and the crude product of the
Stille reaction added with 0.5 mmols of biphenylcarboxylic acid (BPCA) (d). The integration of
the peak at & 6.88 ppm (product) was compared with the integration of the peak at & 8.15 ppm
(BPCA) to obtain the percent yield of the reaction.
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4-bromophenol, 0.10 mol% Pd, 3.0 d
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Figure 6.11 (a) GC chromatogram of the crude product of the Stille reaction using 4-
bromophenol and PhSnCl; (0.10nmol% Pd, 3.0 d) after derivatization with MSTFA. The mass
spectrum (b) of the peak at 7.09 min corresponds to the 4-bromophenol trimethylsilyl ester
derivative (m/z = 246). The mass spectrum (c) of the peak at 11.03 min, corresponds to the
internal standard biphenylcarboxylic acid (BPCA). 'H NMR spectrum of 4-bromophenol (d) and
the crude product of the Stille reaction added with 0.5 mmols of BPCA (e). The integration of the
peak at & 6.88 ppm (product) was compared with the integration of the peak at & 8.15 ppm
(BPCA) to obtain the percent yield of the reaction.
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4-bromophenol, 0.10 mol% Pd, 7.0 d
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Figure 6.12 (a) GC chromatogram and (b) mass spectrum of the crude product of the Stille
reaction using 4-bromophenol and PhSnCl; (0.10 mol% Pd, 7.0 d) after derivatization with
MSTFA. The mass spectrum (b) of the peak at 9.90 min, corresponds to the 4-phenylphenol
trimethylsilyl derivative (m/z = 242). The mass spectrum (c) of the peak at 7.09 min, corresponds
to the 4-bromophenol trimethylsilyl derivative (m/z = 246). (d) '"H NMR spectrum of the crude
product of the Stille reaction added with 0.5 mmols of BPCA. The integration of the peak at &
6.88 ppm (product) was compared with the integration of the peak at 6 8.15 ppm (BPCA) to
obtain the percent yield of the reaction.
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4-bromophenol, 0.50 mol% Pd, 3.0 d
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Figure 6.13 (a) GC chromatogram and (b) mass spectrum of the crude product of the Stille
reaction using 4-bromophenol and PhSnCl; (0.50 mol% Pd, 3.0 d) after derivatization with
MSTFA. The mass spectrum (b) of the peak at 9.90 min, corresponds to the 4-phenylphenol
trimethylsilyl derivative (m/z = 242). (c) '"H NMR spectrum of the crude product of the Stille
reaction added with 0.5 mmols of BPCA. The integration of the peak at 6 6.88 ppm (product) was
compared with the integration of the peak at 8 8.15 ppm (BPCA) to obtain the percent yield of the
reaction.
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Figure 6.14 (a) GC chromatogram and (b) mass spectrum of the crude product of the Stille
reaction using 4-bromophenol and PhSnCl; (0.50 mol% Pd, 7.0 d) after derivatization with
MSTFA. The mass spectrum (b) of the peak at 9.90 min, corresponds to the 4-phenylphenol
trimethylsilyl derivative (m/z = 242). (c) '"H NMR spectrum of the crude product of the Stille
reaction added with 0.50 mmols of BPCA. The integration of the peak at 6 6.88 ppm (product)
was compared with the integration of the peak at & 8.15 ppm (BPCA) to obtain the percent yield

of the reaction.
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Figure 6.15 (a) GC chromatogram and (b) mass spectrum of the crude product of the Stille
reaction using 4-chlorophenol and PhSnCl; (0.05 mol% Pd, 24 h), after derivatization with
MSTFA. The mass spectrum (b) of the peak at 6.42 min corresponds to the 4-chlorophenol
trimethylsilyl derivative (m/z = 200). No product is formed in this reaction.

Stille Coupling Reaction in Ethanol/KOH

4-iodobenzoic acid, 0.05mol% Pd, 24 h
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1o 2 a T a = L

Figure 6.16 '"H NMR spectrum of the crude product of the Stille reaction in ethanol/KOH solvent
added with 0.50 mmols of TBP. The integration of the peak at & 8.15 ppm (BPCA) was compared
with the integration of the peak at & 6.74 ppm (TBP) to obtain the percent yield of the reaction.



6.2 Supporting information to Chapter 5.

6.2.1 Calculation of response factors and % hydrogenation for 4-penten-1-ol.

(Adapted from Bhattacharjee, S.; Bruening, M. L. Langmuir 2008, 24, 2916.)*

Coki_Sp
G S
Ciky  Sj
C, S
Coks  Sp
C, S

where: C, = concentration of product, 1-pentanol
C: = concentration of starting material, 4-penten-1-ol
Ci = concentration of isomer 1, 2-penten-1-ol
Ci» = concentration of isomer 2, 3-penten-1-ol
S, = peak area corresponding to 1-pentanol
S; = peak area corresponding to 4-penten-1-ol
Si; = peak area corresponding to 2-penten-1-ol
Si» = peak area corresponding to 3-penten-1-ol
k; = response factor of product to starting material
ks> = response factor of isomer 1 to starting material

ks = response factor of isomer 2 to starting material

C

b x 1009
Cor CrCrcy,  100%

% hydrogenation =
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S, ky ks

x 100%
(Sp ko k3) + (S, k; ky k3) +(Si1k k3) +(Sip ki ky)

% hydrogenation =

6.2.2 Calculation of number of moles for each component of the stepwise
hydrogenation reaction.

(Adapted from Bhattacharjee, S.; Bruening, M. L. Langmuir 2008, 24, 2916.)*

Cor k1 _ Sy
CI' T
sz k] _ E
G S

where: C,; = concentration of intermediate product
Cp2 = concentration of final product
C; = concentration of starting material
Sp1 = peak area corresponding to intermediate product
Sp2 = peak area corresponding to final product
S; = peak area corresponding to starting material
k; = response factor of intermediate product to starting material

k, = response factor of final product to starting material

& 100% S ki ko x 100%
X = (1]
Ci+ Cyi+ Cps P (S ki k) + (Syky) (S Ky )

% starting material =

% starting material X 0.025 mmol
100

mmol of starting material =



Similarly, the amount of intermediate and final products were calculated as follows:

Spl k2
(S ki ky) + (Spiky ) +(Sp ki )

% intermediate product = x 100%

% intermediate product x 0.025 mmol

mmol of intermediate product = 100

Sp2 kl
(S: ki ky) +(Spiky ) +(Spo ki)

% final product = x 100%

% final product % 0.025 mmol
100

mmol of final product =
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