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Foreword
The purpose of the series is to publish timely, comprehensive books developed from the ACS

sponsored symposia based on current scientific research. Occasionally, books are developed from
symposia sponsored by other organizations when the topic is of keen interest to the chemistry
audience.

Before a book proposal is accepted, the proposed table of contents is reviewed for appropriate
and comprehensive coverage and for interest to the audience. Some papers may be excluded to better
focus the book; others may be added to provide comprehensiveness. When appropriate, overview
or introductory chapters are added. Drafts of chapters are peer-reviewed prior to final acceptance or
rejection.

As a rule, only original research papers and original review papers are included in the volumes.
Verbatim reproductions of previous published papers are not accepted.

ACS Books Department
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Preface

Catalysis, primarily a kinetic phenomenon, occurs when a catalyst forges a new reaction pathway
that is unavailable to an uncatalyzed reaction. The catalytic reaction outruns the competing reactions
and is therefore more efficient and selective. Important applications of catalysis include the synthesis
of pharmaceutically active ingredients, production of petrochemicals and nitrogen fertilizers,
degradation of pollutants, CO2 reduction, chemical sensing, and the development of renewable
energy. But what are the structures of catalysts? How do they work, and how are they developed?
Answers vary depending on whom you ask and their specific field of study.

Catalysis is truly an interdisciplinary field to which chemists, biologists, physicists, and engineers
have made seminal contributions. This book aims to address the notably diverse topic of transition-
metal catalysis in a single volume. The first half of the book is dedicated to the discrete and atomically
precise metal complexes for homogeneous catalysis. Bimetallic, organometallic, and coordination
complexes of early, late, and post-transition metals are described. Catalytic hydrogenation,
oxidation, and coupling reactions are presented. The second half of the book focuses on three distinct
types of nanomaterials: (1) zero–valent metallic nanoparticles, (2) titanium dioxide semiconductors,
and (3) the porous coordination polymer known as the metal–organic framework. The chapters
illustrate how deeply catalysis is influenced by other disciplines (e.g., coordination chemistry,
bioinorganic chemistry, organometallic chemistry, computational chemistry, organic synthesis,
photochemistry, materials science, environmental chemistry, green chemistry, and renewable
energy). Advancements in these areas fuel the rapid growth of catalysis science.

This book allows readers to reach a high-level of understanding in catalysis by learning from the
perspectives of active practitioners. Unlike a textbook that provides a systematic, comprehensive,
and historical education on the general topics of catalysis, this book offers critical case studies on
select topics. Substantial emphasis is placed on the structural and fundamental properties that dictate
catalyst performance, enabling readers to quickly understand and apply knowledge from cutting-
edge studies and applications detailed within. This book can be utilized as a handbook, a textbook or
textbook supplement, or a reference to guide future work.

This book was co-written by chemists and engineers from the United States and Canada. I first
learned about the coauthor’s work at the 2017 Central Regional Meeting of the American Chemical
Society, held in Dearborn, Michigan, and the 2018 New Faculty Workshop co-sponsored by Cottrell
Scholars Collaborative and the American Chemical Society, held in Denver, Colorado. During the
Dearborn meeting, I organized the symposium “Catalysis by Metal Complexes and Nanomaterials”,
the purpose of which was to bridge the knowledge gap between catalysis scientists from distinct fields
and inspire interdisciplinary research. This book is the culmination of the knowledge and spirit of the
symposium.

I thank Amanda Koenig and David Andrews from the publications division of the American
Chemical Society for technical assistance and Ferman Chavez, Richard Finke, Robert Crabtree, Alan
Goldman, Xinrui Zhou, and Danielle Hanson for helpful discussions.

Cover Credit: Scanning Electron Microscope Image of the Seed Inside The MOF Crystals.
Photographers: Dr. Paolo Falcaro and Dr. Dario Buso. Photo under CC-BY license
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Chapter 1

Synthesis and Reactivity of Bimetallic Systems Tethered with a
4,5-Diaminoxanthene Linker

Ryan L. Hollingsworth,* Thilini S. Hollingsworth, and Stanislav Groysman

Department of Chemistry, Wayne State University, 5101 Cass Avenue, Detroit,
Michigan 48188, United States

*E-mail: rholling@chem.wayne.edu

Selection of a linker is crucial for the optimal design of bimetallic systems for
cooperative reactivity. The xanthene group is a proven bridging unit that has
appeared in multiple systems that have displayed metal–metal cooperativity. This
chapter focuses on the recent developments in this field, primarily from the
Groysman group. Design of xanthene-bridged homo- and hetero-bimetallics will
be presented. Several applications of these complexes will be discussed, including
cyclotrimerization of terminal alkynes, polymerization of rac-lactide, and
mimicking the active site of Mo–Cu carbon monoxide dehydrogenase (CODH).

Introduction

There is great current interest in designing dinucleating ligands for transition metals. This interest
stems from the ever-growing list of bimetallic and polymetallic centers found in nature that utilize
essential small molecules, such as carbon dioxide and dinitrogen, for catalysis. Through the years,
many research groups have attempted to replicate the structural and functional metal–metal
cooperativity exhibited by these enzymes, in hopes of improving transition metal catalysis. The
bridging unit is a crucial element in designing successful dinucleating ligands and is essential for
properly spacing the metals, enabling cooperative activation, and catalysis. The xanthene group is an
example of an accomplished bridging unit that is easy to synthesize and functionalize.

The xanthene functionality has found its home in many dinucleating scaffolds. Nocera and
coworkers and others utilized the xanthene linker in their design of “Pacman” styled complexes
featuring porphyrin chelates (Scheme 1a) (1–10). These complexes range in functionality from
electrocatalytic oxygen reduction to water with a dicobalt or di-iron species (1, 2) to catalytic
oxidation of dimethyl sulfide to dimethyl sulfoxide, using O2 as the oxidant with a di-iron system (3).
In all of these instances, a bridging μ–oxo is observed between the two metals, suggesting that the
xanthene linker was paramount in facilitating cooperative catalysis. It is worth noting that Guilard et
al., along with Sun and coworkers, have had similar success with “Pacman” systems toward catalytic

© 2019 American Chemical Society
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reduction of oxygen to water with dicobalt complexes (6–9) and electrocatalytic water oxidation with
a dimanganese species (10).

The next successful dinucleating platform featuring the xanthene linker was produced by
Limberg and coworkers (11–13). Employing β-diketiminato chelates (Scheme 1b), Limberg and
coworkers were able to catalytically copolymerize CO2 with epoxides using a dizinc complex (11),
oxidatively couple 2,4-di-tert-butylphenol with a dicopper species (12), and cooperatively activate
CS2 in an unprecedented fashion with the same dicopper system (13). Similarly, Ma and coworkers.
(14–16), along with Osakada and coworkers (17), have had success applying phenoxyiminato
chelates in various open chain and macrocyclic ligands for olefin polymerization and
copolymerization (Scheme 1c). Specifically, Ma and coworkers catalyzed ethylene polymerization
and copolymerization with open chain dititanium and dinickel complexes (14, 15), while Osakada
and coworkersutilized a dinickel, double-decker-style macrocycle for their catalysis (17). Another
example of employing phenoxyiminato chelating agents comes from Hirotsu and coworkers, who
synthesized macrocyclic dimanganese complexes for catalytic asymmetric oxidation reactions of
sulfide (Scheme 1d) (18, 19). These subtle variations in ligand scaffolding highlight the versatility of
the xanthene group.

Scheme 1. Selected examples of successful dinucleating ligands that feature the xanthene linker: (a)
“Pacman” systems (1–10), (b) Limberg’s β-diketiminato system (11–13), (c) Ma’s phenoxyiminato
system (14–16), (d) Hirotsu’s macrocyclic phenoxyiminato system (18, 19), (e) “xantphos” systems

(20–22), (f) Takeuchi’s “double-decker” diimine system (23, 24).

Two more chelating groups of interest that involve the xanthene linker are phosphines (20–22)
and diimines (Scheme 1e and 1f) (23–25). Referred to as “xantphos,” the Paradies (20), Sun (21),
and Vorholt (22) groups have demonstrated the usefulness of the xanthene group in bimetallic
cooperativity utilizing phosphine chelates. Their use ranges from digold-catalyzed hydroamidation
(20) to cross-coupling enynones with diazo compounds utilizing a digold system (21), to tandem-
catalyzed hydroaminomethylation with a dirhodium complex (22). With regard to diimine chelates,

2
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Takeuchi and coworkers (23, 24), along with Chen and coworkers (25), have synthesized
dipalladium complexes toward ethylene polymerization. The list of xanthene-based dinucleating
ligands with assorted chelating units capable of initiating metal–metal cooperativity is quite extensive
(26–33).

The Groysman group is investigating the design and cooperative reactivity of bimetallic
complexes in small molecule activation and catalysis (34–43). Recently, Groysman and coworkers
have advanced the potential of the xanthene linker for bimetallic cooperativity through various
avenues (34–38). Their primary source of xanthene for ligand synthesis is 4,5-diaminoxanthene,
leading to nitrogen-based ligands. The group has synthesized bis(iminopyridine) dicopper and
dinickel complexes toward small molecule activation and alkyne cyclotrimerization, respectively
(34, 35), a macrocyclic cobalt carbonyl complex featuring two bis(iminopyridine) chelates (36),
a bis(phenoxyimine) dizinc system capable of lactide polymerization (37), and a hetero-dinuclear
molybdenum–copper model of Mo–Cu carbon monoxide dehydrogenase (CODH) (38). This
chapter will focus on the work from the Groysman lab and their efforts toward design and synthesis
of homo- and hetero-bimetallic systems capable of cooperative reactivity.

Synthesis of Bis(iminopyridine) Dicopper Complexes

Groysman and coworkers’ interest in cooperative activation of small molecules first led them
to explore a ligand featuring two iminopyridine chelating units for binding late, electron-rich, first-
row transition metals, such as copper and nickel (34, 35). It is worth noting that typical synthesis
of the dinucleating ligands mentioned in this chapter involved preparation of xanthene-4,5-diamine
according to a previously described procedure (44), followed by subsequent condensation with an
aldehyde incorporating the appropriate chelating functionality.

The bis(iminopyridine) ligand L1 was treated with various CuI precursors. The ensuing
complexes exhibited various conformations, based upon the metal precursor and reaction conditions
employed (Scheme 2). Treating two equivalents of [Cu(NCMe)4](PF6) with one equivalent of L1

in weakly coordinating solvents (diethyl ether or CH2Cl2) led to the formation of

[Cu2(L1)(NCMe)2](PF6)2 (1). In contrast, conducting the same experiment in a stronger
coordinating solvent [tetrahydrofuran (THF) or acetonitrile] led to the formation of the
bis(homoleptic) [Cu2(L1)2](PF6)2 (2). Analysis of the X-ray structure of 1 demonstrated trigonal

CuI centers separated by a distance of 2.91(1) Å, suggesting a cuprophilic interaction (45–48).
Conversely, reactions of L1 with CuCl and CuBr led to the formation of metallopolymers

(Scheme 2). Treating two equivalents of CuBr with one equivalent of L1 in CH2Cl2 resulted in

formation of the polymeric [Cu2(L1)Br2]n (3). A similar reaction with CuCl culminated with the

polymer {[Cu3(L1)2Cl2][CuCl2]} (4). X-ray structure analysis revealed that the polymerization is
a result of back-to-back antiparallel arrangement of the iminopyridine chelates. Considering these
metallopolymers do not qualify as well-defined bimetallic systems, they will not be further discussed
in this chapter.

Computational analysis was conducted to further elucidate the presence of cuprophilic
interactions within structures 1 and 2. Inspection of the HOMO-13 (HOMO = Highest Occupied
Molecular Orbital) level of 1 (Figure 1) in solid-state and solution-phase optimizations confirmed
the presence of a cuprophilic interaction via head-on overlap of both CuI dz2 orbitals. This overlap is

3
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consistent with the 2.91(1) Å Cu–Cu distance observed in the crystal structure. The shorter Cu–Cu
distance of 2.521 Å observed in the solution-phase optimization advocates a preference for trigonal-
planar geometry in the solid state as opposed to the distorted tetrahedral geometry calculated in
solution. Conversely, analysis of the HOMO-9 level of 2 displays dz2 orbitals too distant to overlap,
excluding the presence of a cuprophilic interaction [Cu–Cu distance of 4.49(5) Å].

Figure 1. Frontal and side perspectives of the complex 1 HOMO-13 levels (isosurface value: 0.04) for both
(a) solid-state frozen-atom X-ray crystallography coordinates and (b) geometry optimized in an SM8

dichloromethane solvation model, thereby illustrating the trigonal-planar and distorted‐tetrahedral
geometries, respectively, and effective CuI–CuI interaction comprising head-on overlap of the dz2 orbitals

from both CuI centers [Cu–Cu distance is 2.91(1) Å in (a) and 2.521 Å in (b)]. Reproduced with
permission from ref (34). Copyright 2014 John Wiley and Sons.

After thoroughly investigating potential metal–metal interactions within the bimetallic systems,
attention was redirected to reactivity studies. No meaningful reactions were observed for 1 and 2 with
adamantyl azide and sulfur. However, exposing 1 to oxygen in CH2Cl2 resulted in the formation of
at least two species that were determined by X-ray crystallography (Figure 2). Further analysis failed
to elucidate the nature of any additional products. The structure of 5 displays a tetranuclear cluster,
featuring four CuII centers adjoined by four ligands. Two of the CuII centers are pentacoordinate with
Cu–O and Cu–Cl bonds, while the other two CuII centers are pseudooctahedral, displaying weak
interactions with the µ3–Cl. The source of the chloride is most likely dichloromethane. In regard to

structure 6, two ligands bind four CuII centers, where each Cu is pentacoordinate, consisting of two
bridging hydroxides and the iminopyridine chelate.

Synthesis of a Bis(iminopyridine) Dinickel Complex for Alkyne Cyclotrimerization

Having successfully demonstrated some degree of metal–metal interaction with L1, Groysman
and coworkersfocused their attention on utilizing another late, electron-rich, first-row transition
metal—nickel (35). Inspiration for this work derived from Uyeda’s dinickel system, featuring a

4
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naphthyridine–diimine scaffold, that served as a highly efficient and selective catalyst for the
cyclotrimerization of terminal alkynes (49). With noted similarities between the two ligand systems,
an investigation was conducted to explore the effect of nickel–nickel distance and overall ligand
flexibility on cyclotrimerization reactivity.

Scheme 2. Formation of dinuclear and polynuclear CuI complexes with L1. Reproduced with permission
from ref (34). Copyright 2014 John Wiley and Sons.

Initial attempts to synthesize a low-valent dinickel complex with Ni(COD)2 proved fruitless,
with H1 NMR analysis of the reaction mixture suggesting formation of a bis(homoleptic) Ni2(L1)
species. Striving to overcome bis(homoleptic) formation, attempts shifted to employing a dinickel
precursor Ni2(COD)2(DPA) (7), as reported by Muetterties and coworkers (Scheme 3) (50).
Treating 7 with one equivalent of L1 in THF produced the dinuclear Ni2(L1)(DPA) (8). A one-pot
synthesis was later developed, combining two equivalents of Ni(COD)2 with one equivalent of DPA

and one equivalent of L1. Inspection of the X-ray structure of 8 reveals a Ni–Ni distance of 2.451(1)
Å, shorter than the Ni–Ni distance in Uyeda’s precatalysts [2.496(1) Å] (49). Furthermore, the
C–C bond distance of the bridged acetylene was 1.369(4) Å, suggesting significant electron
donation from the metal centers to the π* orbitals of the bridged acetylene.
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Figure 2. The structure of 5 (top) and 6 (bottom), 30% probability ellipsoids. PF6 counterions and the
crystallization solvent molecules are omitted for clarity. Reproduced with permission from ref (34).

Copyright 2014 John Wiley and Sons.

Density functional theory (DFT) was used to further interrogate the electronic structure of 8.
Optimization at the B3LYP/6-31G(d) level of theory, with truncated t-Bu and Me groups on the
ligand and truncated phenyl groups on the bridged acetylene, best characterizes the structure as an
open-shell singlet with two NiI ions antiferromagnetically coupled to both the iminopyridine chelates
and the adjacent Ni center. No evidence was found for covalent bonding between the Ni centers.

After examining the electronic structure of the complex, 8 was tested as a catalyst for alkyne
cyclotrimerization. Stoichiometric studies with ethyl propiolate as the substrate demonstrated clean
conversion to a monoadduct Ni2(L1)(HC≡CCO2Et) (9). Additional equivalents of ethyl propiolate
resulted in catalytic turnover to cyclotrimerized products, with reformation of 9. With this
knowledge, catalytic studies were conducted using various catalyst loadings (1 or 5 mol %), solvents
(C6D6, diethyl ether, THF, acetonitrile), and/or reaction temperatures (room temperature or 50
°C). Interestingly, the results of catalysis were dependent on the terminal alkyne used. For ethyl
propiolate and tert-butyl propiolate, catalytic cyclotrimerization performed best at 5 mol % catalyst
loading, in C6D6, at room temperature, with greater than 96% conversion and at least a 3:1
preference for the 1,2,4-isomer versus the 1,3,5-isomer. Similar performance was achieved with
phenyl acetylene, but at elevated temperatures. On the other hand, methyl propargyl ether
demonstrated a proclivity for cyclooctatetraenes with 1 mol % catalyst loading, regardless of solvent
or temperature (a 3:1 preference for cyclooctatetraenes versus cyclotrimerized products at 50 °C in
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C6D6). However, this inclination was avoided by using a high catalyst loading, eliminating formation
of cyclooctatetraenes.

Scheme 3. Reaction pathways leading to compounds 8 and 9. Reproduced with permission from ref (34).
Copyright 2014 John Wiley and Sons.

To test the presence of metal–metal cooperativity during catalysis, Groysman and coworkers
compared the reactivity of their system to Uyeda’s (10) and two mononuclear iminopyridine systems
(11 and 12), under identical reaction conditions (Scheme 4). The results of these studies are
highlighted in Table 1. It is apparent from the results that mononuclear systems prefer
cyclooctatetraene formation, whereas Uyeda’s catalyst selectively forms cyclotrimerized products
only. Groysman’s system appeared to fall in the middle of the selectivity spectrum, producing a small
amount of cyclooctatetraenes, while favoring cyclotrimerized products. This suggests a significant
degree of cooperativity while lacking the nearly perfect efficiency of Uyeda’s catalyst.

Scheme 4. Structures of precatalysts in Table 1. Reproduced with permission from ref (35). Copyright 2017
The Royal Society of Chemistry.

To understand the reaction mechanism for cyclotrimerization, and the observed
cyclooctatetraene products, the reaction pathway was mapped for acetylene cyclotrimerization
(Figure 3). Two equivalents of acetylene produces a puckered boat complex (8a) that quickly
rearranges to a metallacyclopentadiene (8b), with the adjacent nickel center η4-coordinated to the
metallacycle, in contrast to Uyeda’s system that exhibited η2 coordination by the adjacent nickel
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center (10). The third equivalent of acetylene inserts into the metallacyclopentadiene, as opposed to
[4+2] cycloaddition, resulting in the formation of a metallacycloheptatriene species (8c), with the
adjacent nickel center η3-coordinated to the metallacycle. At this point, both iminopyridine chelates
are perpendicular to the xanthene backbone, allowing catalysis to occur above the plane of the
ligand. This conformation also explains the presence of cyclooctatetraenes, as yet another acetylene
molecule can insert to form a metallacyclononatetraene species, eliminating cyclooctatetraene. It
is apparent that the increased flexibility in Groysman’s system results in decreased selectivity and
efficiency when compared to Uyeda’s catalyst.

Table 1. Comparison between the Catalytic Reactivity of Complex 8 with the Previously
Reported Mononuclear and Dinuclear Compoundsa. Reproduced with permission from ref

(35). Copyright 2017 The Royal Society of Chemistry.

Reactions of Dicobalt Octacarbonyl with Bis(imino)pyridine Ligands

To overcome the limitations experienced with L1, Groysman and coworkers. sought to
synthesize a more rigid system. They envisioned a macrocyclic scaffold, utilizing two
bis(imino)pyridine chelating units to link two xanthene moieties together L2 (Scheme 5). A related
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ligand with methyl groups instead of hydrogen on the imine functionalities had been previously
reported (29). Previous studies by Groysman and coworkers have shown that NNN-pincer ligands
struggle to bind low-valent nickel through all three nitrogen (51). Thus, their investigation was
diverted to other late, electron-rich, first-row transition metals, eventually landing on dicobalt
octacarbonyl (36). As research into reactivity between Co2(CO)8 and bis(imino)pyridine chelates is
scarce, this provided an opportunity to explore a unique field of coordination chemistry.

Figure 3. Optimized structures of the dialkyne adduct 8a (left), the metallacyclopentadiene species 8b
(center), and the metallacycloheptatriene intermediate 8c (right). For the full reaction mechanism, see

reference (35). Reproduced with permission from ref (35). Copyright 2017 The Royal Society of Chemistry.

The original intention during investigation was to create a dicobalt complex by treating one
equivalent of Co2(CO)8 with one equivalent of L2. In contrast to the desired expectation, the

reaction formed an interesting tetranuclear system [Co2(L2)(CO)10] (13). Yield of the tetranuclear
species was improved by increasing the equivalents of Co2(CO)8 utilized from one to two.
Intriguingly, 13 crystallizes in two different forms (Figure 4). Both structures exhibit an absence of
bridging carbonyls between cobalts, with the internal cobalts bound to the NNN-pincer system, one
carbonyl, and an external cobalt, which itself is bound to four carbonyls. The two structures differ
in Co–Co distance between both internal cobalts (4.8 versus 5.2 Å), suggesting some degree of
flexibility within the rigid “bowl” structure.

Previous studies have shown that the reactions of Co2(CO)8 depend heavily on the substrate
employed, which leads to either partial or full substitution of carbonyl ligands, along with possible
cleavage of the Co–Co bond. The formation of the surprising tetranuclear product 13 was postulated
to result from the relatively long distance between the NNN-chelates, combined with the rigidity and
bulk around them. To evaluate whether the NNN-chelate is a strong enough ligand to completely
liberate carbonyl molecules from both cobalts in Co2(CO)8, an analogous mononucleating ligand,
L3, was synthesized and its subsequent reactivity with Co2(CO)8 investigated. It is worth noting that

synthesis and reactivity of L3 with nickel was previously reported (51).
Treating one equivalent of Co2(CO)8 with one equivalent of L3 leads to formation of 14, which

cocrystallized in two different forms in the same unit cell. The two structural isomers differ in the
number of bridging carbonyls and Co–Co distance (2.594(1) versus 2.703(1) Å). NMR analysis
of 14 reveals a single species in solution, suggesting a preference for one isomer over the other or
a rapid conversion between the two isomers. Treating Co2(CO)8 with two equivalents of L3, in
hopes of splitting the Co–Co bond, leads to the formation of 15. In contrast to the other cobalt
complexes synthesized thus far, 15 is paramagnetic, exhibiting broad proton signals beyond the 20
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ppm range. The structure of 15 is similar to previously synthesized complexes by Weighardt and
coworkers, where terpyridine heterolytically cleaved the Co–Co bond to form a cationic, NNN-
ligated species with a tetracarbonyl cobaltate counterion (52). Thus, it was concluded that the NNN-
pincer chelate is capable of (heterolytically) splitting Co2(CO)8 and that the tetranuclear complexes
observed is a result of the relatively long distance between the NNN-chelates, combined with the
rigidity and bulk around them. Endeavors were made to cleave the Co–Co bonds in 13 and 14,
with the most successful substrate being acetonitrile. Addition of acetonitrile led to the synthesis
of 16 and a spectroscopically similar 17, where the NNN-coordinated cobalts are cationic and
pentacoordinate, with two carbonyl ligands along with a tetracarbonyl cobaltate counterion (Scheme
5).

Figure 4. X-ray crystal structures of 13′ (left – top and bottom) and 13 (right – top and bottom), 50%
probability ellipsoids. H-atoms and cocrystallized solvents are omitted for clarity. Reproduced with

permission from ref (36). Copyright 2018 The Royal Society of Chemistry.

DFT analysis at the B3LYP/6-31G(d) level of theory attempted to explain the electronic nature
of the cobalt complexes, as well as elucidate the presence of a Co–Co bond in the different structural
isomers of 13 and 14. Compounds 16 and 17 were best described as low-spin CoII ions
antiferromagnetically coupled to an anionic bis(imino)pyridine chelate radical; structure 15 was
best described as a high-spin CoII center; and compounds 13 and 14 were best described as CoI

ions bound to anionic ligands and external Co0 moieties. Bridging and unbridging Co2(CO)8 were
studied extensively to determine the presence of Co–Co bonding in the different isomers of 13 and
14. A source functional analysis of the bond critical points most likely suggested that a Co–Co bond
exists in 13, but not in 14.

Finally, catalytic studies for cyclotrimerization of ethyl propiolate were conducted for 13–17
and compared to Co2(CO)8, a known alkyne cyclotrimerization catalyst. Reactions were carried out
at three different conditions: 40 °C in CD2Cl2, 80 °C in C7D8, and 70 °C in CD3CN. Complex
15 demonstrated low reactivity, regardless of reaction conditions. Complexes 13, 14, 16, and 17
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displayed similar reactivity at all reaction conditions, with optimal conditions being 80 °C in C7D8.
Regardless of the reaction conditions used, Co2(CO)8 exceeded in efficiency. This lack of reactivity
was attributed to increased steric bulk around the metal centers, as well as a lack of available positions
for substrate binding. The Groysman group are currently focusing on utilizing these cobalt systems in
other catalytic capacities.

Scheme 5. Reactivity of L2 and L3 with Co2(CO)8. Reproduced with permission from ref (36). Copyright
2018 The Royal Society of Chemistry.

Synthesis of Bimetallic Zinc Complexes for Lactide Polymerization

Changing directions, Groysman and coworkers turned to investigate bimetallic cooperativity
in lactide polymerization by synthesizing a xanthene-based dizinc complex (37). Since the neutral
bis(iminopyridine) chelating units discussed thus far would be ill-suited for the relatively hard
dicationic ZnII, they decided to replace the neutral iminopyridine chelating units with monoanionic
iminophenolate chelating units (Scheme 6).

Bis(iminophenolate) ligand L4 produced L4-syn and L4-anti crystal structures from an analytically
and NMR-pure sample of L4 even though NMR demonstrated a single species in solution, featuring
C2v symmetry, with a single peak for both xanthene methyl groups and a single peak for both

xanthene tert-butyl groups. In L4-syn, the phenolates are in syn-parallel arrangement and the linker
appears to be perfectly flat, whereas in the L4-anti the phenolates are in the antiparallel arrangement
and the linker is slightly puckered, demonstrating the flexible nature of the xanthene linker.

Coordination chemistry of L4 was first investigated with zinc precursors featuring two bulky
alkoxides, Zn(Cl)(μ2–OR)2Li(THF) (18) (OR = di-tert-butyl-phenylmethoxide), which formed

a mononuclear complex Zn(L4) (19) that was isolated as an H-bond adduct with HOR,
Zn(L4)•HOR. The basicity of the zinc-alkoxide precursor or steric bulk of the Zn–OR fragment may
have led to the inability of L4 to function as a dinucleating ligand in this case.
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Scheme 6. Coordination chemistry of L4 with zinc. Complex in square brackets (23) was not characterized
by X-ray crystallography, and its structure is proposed based on NMR spectroscopy. Reproduced with

permission from ref (37). Copyright 2017 The Royal Society of Chemistry.

The reaction of the lithium salt of L4 (20) with zinc chloride led to the formation of the
corresponding dinuclear complex Zn2(L)(μ2–Cl)4Li2(OEt2)2 (21) with antiparallel geometry
featuring Zn–Zn distance of 6.7 Å. This unfavorable antiparallel arrangement is most likely the result
of the steric pressure around each zinc center, due to the intercalated lithium ions. All attempts
to remove LiCl to release steric pressure and enable syn-geometry resulted in a complex mixture
of products from which no zinc-containing products were isolated. In contrast, the protonolysis
reaction of L4 with excess diethylzinc led to the formation of the corresponding dinuclear complex
Zn2(L4)(Et)2 (22). NMR studies demonstrate that complex 22 is relatively unstable at low
concentrations, decomposing into Zn(L) and ZnEt2, and that this reaction is reversible via the
addition of excess ZnEt2.

X-ray structure of Zn2(L4)(Et)2 (Figure 5) displays the syn-parallel disposition of the two
zinc–ethyl units, with a Zn–Zn distance of 4.5 Å. The geometry around the zincs is trigonal planar,
and the xanthene linker appears to be perfectly flat. Zn2(L4)(Et2) constitutes a rare structure of an
iminophenolate-bound zinc–ethyl in which the zinc center is three-coordinate. One noteworthy
feature of this structure is relatively short distance between Zn2 and C1 (methylene bound to Zn2),
3.46 Å, due to the syn-parallel geometry. This relatively short distance may be responsible for the
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observed dinuclear–mononuclear equilibrium Zn2(L4)(Et)2 ⇌ Zn(L4) + ZnEt2. Zn2–C1 proximity
may facilitate Zn–C bond formation, which is achieved by a minimal rotation of one chelate toward
the opposite (other) chelate, demonstrating cooperativity between the two units.

Figure 5. X-ray structure (50% ellipsoids) of 22. H-atoms, cocrystallized ether solvent, and an alternative
orientation of one of the ethyl groups were omitted for clarity. Reproduced with permission from ref (37).

Copyright 2017 The Royal Society of Chemistry.

Since previous attempts to obtain Zn2(L4)(OR)2 (where OR is a bulky alkoxide OCtBu2Ph)
were unsuccessful, likely due to the steric bulk of the alkoxide, synthesis of a dinuclear zinc species
with benzyloxide was pursued. Treatment of Zn2(L4)(Et)2 with benzyl alcohol (BnOH) in

deuterated benzene, toluene, or dichloromethane resulted in the formation of Zn2(L4)(OBn)2 (23).
The synthesis of a mononuclear analogue of Zn2(L4)(Et)2 was also attempted. Interestingly,

no mononuclear analogue of Zn2(L4)(Et)2 could be isolated, since the protonolysis reaction of the

mononucleating iminophenol ligand (L5) with diethylzinc led to the formation of a bis(homoleptic)
complex Zn(L5)2 (24). Since a mononuclear analogue could not be obtained, a direct assessment
of the cooperative reactivity in catalysis was not possible. It is noted that the dinucleating ligand
enables “cooperative synthesis” of two nearby zinc–iminophenolate–ethyl sites, possibly with the
aid of sterics when a mononuclear analogue did not form.

Zn2(L4)(OBn)2 served as an efficient catalyst in ring-opening polymerization of rac-lactide to
afford heterotactically inclined PLA (37). Room temperature polymerization was carried out in
dichloromethane, which led to the formation of polymers of relatively narrow molecular weight
distribution, indicative of well-controlled polymerization under these conditions. Polymerization
experiments in toluene, carried out at 70 °C, demonstrated higher activity but led to higher
polydispersity index values and diminished heterotacticity.

Synthesis and Reactivity of a Hetero-Bimetallic Molybdenum–Copper Complex To
Model Mo–Cu CODH

Groysman and coworkers then embarked on synthesizing a hetero-dinucleating ligand, L6,
toward replicating the hetero-bimetallic active site found in Mo–Cu CODH. The goal of this project
was to understand the origins of hetero-bimetallic cooperativity exhibited by this enzyme (38). The
hetero-bimetallic system was prepared to target the following features that appeared important for
reactivity in the enzyme active site: (1) location of CuI near MoVI, (2) presence of nucleophilic
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MoVI–oxo, and (3) coordinative unsaturation of CuI in order to bind substrate. The hetero-
dinucleating ligand L6 was designed to feature a hard potentially dianionic catechol for MoVI binding,
with a soft iminopyridine chelate for CuI binding brought together via the xanthene linker (Scheme
7).

To evaluate the selectivity of the L6 chelates for the designated metals, L6 was first treated with
CuI precursors, [CuI(NCMe)4](PF6) and [CuI(NCMe)4][B(C6F5)4], which formed [CuI(L6)](X)
complexes [X = PF6 or B(C6F5)4] (25). X-ray structure of 25 revealed a tridentate coordination

of L6 to CuI via the iminopyridine nitrogen and the secondary (benzylic) nitrogen on the adjacent
chelating arm, indicating that CuI not only demonstrated the anticipated site-selective incorporation
to the iminopyridine chelate in L6, but it also coordinated to the secondary amine to rigidify the
overall structure and positions of the catechol unit above copper–iminopyridine. The CuI in the
enzyme active site is coordinatively unsaturated to bind the substrate (CO). Likewise, the CuI center
in 25 is three-coordinate, and thus should also be capable of binding an additional ligand. To validate
copper unsaturation in 25, the compound was treated with a CO analogue, isocyanide CN(2,6-
Me2Ph), which led to the formation of an isocyanide complex {CuI[L6][CN(2,6-Me2Ph)]}(X)
(26). The coordination of isocyanide to CuI in 26 was established by NMR and IR spectroscopy.

Scheme 7. Reactions of L6 with CuI and MoVI/WVI precursors. Reproduced with permission from ref (38).
Copyright 2018 The Royal Society of Chemistry.
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Next, the reactivity of L6 with MoVI and WVI was investigated. Treatment of L6 with
[MVIO4](NEt4)2 (M = Mo, W) led to the formation of [MVI(O3)L6](NEt4)2 (27 and 28). While

both [CuI(L6)]+ and [MVIO3(L6)]2− complexes are stable indefinitely in the solid state, 27 and 28

disproportionated in solution to give [MVIO2(L6)2](NEt4)2 (29 and 30) complexes, with [MVIO4]2−

as the by-product. This reaction is relatively slow in solvents of low polarity (THF) but leads to a
significantly faster transformation in more polar solvents (acetonitrile). The X-ray structure of 29
confirmed the expected catecholate coordination to the metal, while the second coordination site,
containing three nitrogen, is not bound to the metal. The geometry around the WVI center in 29 is
distorted octahedral and features crystallographic C2 symmetry, giving rise to one distinct W–oxo
bond distance and two different W–catecholate bond distances.

Figure 6. X-ray structure of 32, 40% probability ellipsoids. NEt4 was omitted for clarity. Reproduced with
permission from ref (38). Copyright 2018 The Royal Society of Chemistry.

After demonstrating the selective coordination chemistry of L6, the synthesis of hetero-
bimetallic complexes were undertaken. Combining the two metals, regardless of sequence, resulted
in formation of a highly reactive [MoVIO3CuI(L6)](NEt4)2 (31), with broad, indecipherable NMR
resonances, likely due to the dynamic nature of the species formed. Careful analysis of the reaction
mixture by 1H NMR spectroscopy over several days, shed light on the fate of the transformation.
The aromatic region of the reaction mixture revealed the presence of pyridine-2-carboxaldehyde, a
compound with broader resonances, and another species that, through recrystallization in CD2Cl2
at −30 °C, was elucidated as [Mo(L6′)O2](NEt4) (32) (Figure 6). In this structure, the L6 ligand is

modified (L6ʹ́), containing a new C–O bond in place of the imine functionality. Further examination
of the structure revealed the absence of Cu, while the Mo center appears hexacoordinate. A
hypothesized species (33) was proposed to explain the broad NMR signals based upon the
aforementioned information.

The different reaction products are in a temperature-dependent equilibrium with a mixture
of products at room temperature and 32 being the major product at −30 °C. This information,
supported by DFT calculations, led Groysman and coworkers to propose a reaction mechanism.
Based on the reactions of L6 with CuI and MoVI/WVI, the initial formation of a Mo/Cu hetero-
dinuclear complex 31 was postulated, accompanied by the formation of water (Scheme 8). The
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combination of the two metals in close proximity in this hetero-dinuclear complex activates oxidation
reactivity, in which a nucleophilic MoVI–oxo (part of the MoVIO3 unit) attacks the electrophilic,
nearby positioned CuI-bound imine that is activated by coordination to CuI. This results in the
formation of a MoVI–alkoxo and anionic amido, which is protonated by water. The CuI is then lost,
possibly due to amido protonation or the induced flexibility of the NNN-chelate. The immediate
hydroxylation product, 32, exists in the temperature-dependent equilibrium with 33 and pyridine-
2-carboxaldehyde.

Scheme 8. Possible mechanism for the formation of 32, pyridine-2-carboxaldehyde and 33 via postulated
bimetallic intermediate 31. Reproduced with permission from ref (38). Copyright 2018 The Royal Society

of Chemistry.

To evaluate whether there is any evidence of a cooperative bimetallic effect in the
aforementioned system, a CD2Cl2 solution of 27 was followed by 1H NMR spectroscopy for several

days. Slow decomposition of 27 into 29 was observed. In the absence of CuI, only traces of
hydroxylation products are observed in the 1H NMR spectrum.

Summary

The xanthene linker has proven successful in initiating metal–metal cooperativity across a wide
variety of dinucleating ligands. Specifically targeting the xanthene-4,5-diamino linker, the Groysman
lab has explored the applications of the xanthene group in homo-bimetallic and hetero-bimetallic
catalysis and small molecule activation. Using a redox-active bis(iminopyridine) homo-dinucleating
system, a dicopper system was prepared, and its reactivity in small molecule activation was
investigated. Further expanding on the redox-active bis(iminopyridine) ligand design, they
synthesized a dinickel system that displayed cooperative reactivity in catalytic alkyne trimerization.
Coordination chemistry and catalytic reactivity of a related homo-dinucleating macrocyclic
bis(diiminopyridine) ligand with nickel and cobalt were also investigated. Replacing neutral
iminopyridine chelates with monoanionic iminophenolates led to the formation of dianionic homo-
dinucleating bis(iminophenolate). Its reactivity in the formation of dizinc complexes and their
activity in lactide polymerization were studied. A hetero-dinucleating ligand combining soft
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iminopyridine with a hard catecholate site was also synthesized, and its Mo/Cu complexes were
investigated as models for the active site of Mo–Cu CODH. Future work from this group will
continue to focus on exploiting the benefits of the xanthene unit in bimetallic cooperativity.
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Chapter 2

Gold Catalysis: Fundamentals and Recent Developments

Randall T. Mertens and Samuel G. Awuah*

University of Kentucky, 505 Rose Street, Lexington, Kentucky 40506, United States
*E-mail: awuah@uky.edu

We present an overview of fundamental organometallic transformations in relation
to gold chemistry. The focus of this chapter is to provide comprehensive depth of
oxidative addition, transmetalation, reductive elimination, β-hydride elimination,
and migratory insertion reactions for the benefit of gold catalysis. Recent advances
of these reactions enables intelligent catalyst design and pushes the frontier of
homogenous gold catalysis.

Introduction

Gold (Au) has captured the imagination of humanity for years and still does, due to it inertness
and unparalleled use in jewelry, currency, decorations, electronics, and even medicine. Over the
past two decades tremendous progress has been made to advance Au-catalyzed transformations.
However, metallic Au possess inherent chemical and physical properties that limit utility in catalysis
including: (1) large relativistic effects, (2) increased ionization energies, and (3) high redox potential.
These factors contribute to the sluggish participation of Au in Mn/n+2 redox processes unlike its
Pd counterpart. In an attempt to circumvent the problems outlined to set the stage for practically
relevant Au catalysis, several oxidative and redox neutral catalytic reactions have been developed.
In addition, intelligently designed catalysts with unique reactivities and activation paradigms have
been employed. A plethora of outstanding reviews, chapters, perspectives, and monographs provide
deep insights into various aspects of homogenous Au catalysis including activation of unsaturated
C–C bonds, ligand effects, synthetic transformation of hydroamination of C–C multiple bonds,
propargylic esters, hydroarylation of alkynes, and cross-coupling, to mention a few (1–8). Within
the context of this chapter, our goal is to detail the fundamental steps involved in homogenous Au
catalysis, namely: ligand activation/oxidative addition, transmetalation, reductive elimination, and
β-hydride elimination. We hope that this knowledge will catapult Au catalyst design in this ever-
expanding field.

Structure, Reactivity, and Chemistry of Gold Complexes

The reactivity of Au can be derived partially from the uniqueness of the atoms’ properties. The
relativistic effects of Au provide the element with characteristics such as higher ionization energies,
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electron affinities (discussed later in the chapter), and a very high redox potential (i.e., Au+3 + 2e- →
Au+1 Eo=1.41 V and Au+1 + e- → Au(s) Eo=1.69 V) (9). All of these properties make the reactivity
of Au exceptional. The relativistic effect also contributes to the Lewis acidity of the metal. The
relativistic effects lead to contraction of the s- and p-orbitals, which affects the expansion of the outer
d- and f-orbitals. This allows for Au coordination to donating ligands such as phosphines or carbenes
(10). In the case of AuI complexes, the contracted empty 6s-orbital allows for significant overlap with
sigma-donor ligands. Initial design of Au catalysts relied heavily on the classical two coordinate AuI

system (Figure 1) (11), which has distinctly shown Lewis acid character by the activation of saturated
alkynes/alkenes (12). Further exploration has revealed that four-coordinate AuIII complexes (Figure
1) (13) are also capable of activating unsaturated species evidently displayed in seminal work in the
intra-molecular hydroamination of alkynes by Utimoto (14, 15).

In addition to these common coordination or organometallic compounds existing in AuI and
AuIII oxidation states, Au has the capability of adopting rare oxidation states such as AuII and AuV

(Figure 1) (16, 17). AuII intermediates have been implicated in homogenous catalysis and biology;
however, until recent discoveries, their geometric and electronic structures went unexplored
(18–20). They are still considered to be less common than the conventional AuI or AuIII derivative
(21). AuII species are d9 in character and possess an unpaired electron in an orbital; this contributes
to its lability. A few mononuclear AuII complexes have been isolated (22, 23). Other AuII species
exist as dinuclear complexes with a Au–Au bond (23–27). Still, the lack of compounds did not
deter researchers from exploring oxidative addition to AuII complexes, though minimal success has
been achieved (28). In one specific case, oxidative addition to AuI produced AuII compounds (29).
Whereas this report is unique, its application to Au catalysis is limited by the instability of AuII

complexes. Despite reports of AuV compounds (17, 30), no practical use in catalysis exists since their
initial discovery. The extremely high oxidation potential of these complexes makes it impractical for
catalysis.

In the 1970s early insights into AuI/AuIII alkyl aurates revealed remarkable thermal stability, a
feature that remains to be desired in modern catalysis (31, 32). A pentanuclear AuI mesityl complex
has been reported (33) and, although this compound has not seen practical utility, insight into
stabilizing factors for the AuI by the mesityl ligand has been obtained. This is important as ligands
with similar frameworks have been used in stabilizing AuI/AuIII complexes. In the era of a gold
renaissance, this chapter will fill knowledge gaps and drive further research on structure and reactivity
of Au complexes in Au-catalyzed organic synthesis.

Figure 1. Representative examples of different oxidation states of gold complexes.
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Prior insights of the potential for Au catalysis was offered by Kharasch and Isbell in a preliminary
communication that outlined the direct introduction of Au into aromatic nucleus leading to arene
chlorination using Au salts (34, 35). Early work on Au catalysis featured tetrachloroauric acid
(HAuCl4) in the addition of water to an alkyne (Figure 2) (36). This reaction was one of the first of its
kind to illustrate the catalytic ability of gold and proved superior to mercury catalysts.

Pioneering work by Teles et al. on formal Au-catalyzed acetal formation demonstrated the
activation of alkynes for addition of alcohols. Complex stability informed by ligand tuning has the
potential to reshape Au catalysis.

Figure 2. Au-Catalyzed addition of water using a simple, commercially available AuIII reagent as catalyst.
Disubstituted ketones were obtained as the major products with vinyl chlorides and vinyl ethers being

obtained for yields less than 5% (36).

Further insight into the electronic properties of Au elucidate potential problems of gold as a
catalyst. When comparing ionization energies of group 11 transition metals, Au has a significantly
higher ionization energy than Cu or Ag (Table 1). Higher ionization energies potentially limit key
putative steps including oxidative addition in the gold redox cycle. Similarly, the high electron affinity
(Table 1) of Au presents the challenge of rapid reduction of the metal complex prior to its catalytic
function. These properties limit the utility of Au as a catalyst, pushing researchers to design Au
complexes with unique ligand frameworks to circumvent challenges associated with gold in
homogeneous catalysis.

Table 1. Reported Experimental Values for the First Two Ionization Energies and Electron
Affinities

Cu Ag Au

Ionization Energies (eV)
First 7.72638 (37) 7.57623 (38) 9.22553 (40)

Second 20.2924 (37) 21.47746 (39) 20.20 (41)

Electron Affinity (eV) 1.276± 0.010 (42) 1.303 ± 0.007 (42) 2.3086± 0.0007 (42)

Stability and Ligand Tuning

The effects of ligands on different categories of synthetic reactions were highlighted in a
comprehensive review by Toste. The crucial role of ligands in impacting reaction yields,
diastereoselective, enantioselectivity, regioselectivity, and chemoselectivity cannot be
overemphasized (43). Our emphasis will be on concepts that affect complex stability.
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As previously mentioned, the electron affinity of gold provides a unique ability for its
coordination to strong donor ligands toward stabilization. Maintaining gold complex stability during
the catalytic process is crucial for the success of any intended synthetic transformation. There are
several factors that come into play when establishing what ligand framework to use in catalyst
development. Characteristically, a major challenge associated with gold catalysts is premature
deactivation owing to reduction (44). For a long time, gold was thought to be “catalytically dead”
(45). Common Au salts and commercially available materials such as HAuCl4, NaAuCl4, and AuCl3
showed promising catalytic ability but were rapidly reduced to elemental gold. Gold catalysis
exploded with new innovations at the turn of the 21st century as new researchers claimed stakes
in the “gold rush” (46). A review paper by Dyker in 2000 highlighted numerous developments by
researchers whose contributions have been highlighted in this chapter (47). One of the featured
works was Hashmi’s development of AuIII-catalyzed functionalization of phenols (48, 49). Once
researchers became acquainted with Au as a potential catalyst, there was a massive surge toward
catalyst development. A seemingly trivial yet important place to start is the hard-soft acid base theory
(50–52). This concept as well as other organometallic strategies are well utilized approaches to
building ligands that contribute to complex stability. AuI is a large atom with loosely held electrons,
making it polarizable and, as such, classified as a soft Lewis acid. As a result, gold preferentially
coordinates strongly with softer Lewis bases and to some nitrogen-containing ligands. A majority
of these AuI complexes with nitrogen ligands exist in the form R3PAuL with the phosphine ligand

(e.g., phosphine ligands (PR3) and sulfur-based ligands) stabilizing the AuI complex (53). Notably,
AuI complexes bearing nitrogen-donor ligands are rare and tend to occur as imine-type ligands.
However, AuIII is a relatively harder Lewis acid and has preference toward harder Lewis bases (i.e.,
nitrogen-containing ligands).

Development of stable gold complexes has been a challenge, but with the use of σ-donor ligands,
the electrophilic gold center can be readily stabilized. As previously noted, work done by Teles et
al. (54) addressed this concern. Their choice of catalyst was a AuI complex bearing a coordinated
phosphine ligand, PR3 (Figure 3). The proposed catalytic cycle suggests electrophilic attack from
the Au–metal center to the unsaturated species, resulting in a dative bond. Throughout the catalytic
cycle, the donating ligand is seen present in each step, suggesting that the σ-donation from the
phosphine creates a stabilized metal center for the duration of the catalytic cycle.

Figure 3. Synthetic scheme illustrating early alkyne hydrofunctionalization using a AuI–phosphine catalyst
(54).

Importantly, appropriate balance of stability and reactivity can affect the efficiency of the
catalytic process. As shown in Table 2, different donor ligands used to stabilize the Au center can
influence the turnover frequency (TOF) rates of the catalyst.
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Table 2. Illustration of TOF’s Dependence on Ligand Type

The importance of the donor ligand is very crucial to the lifetime of the catalyst. Electron-poor
donors were seen to be twice as catalytically active; however, at the cost of the catalysts’ lifetime.
Conversely, electron-rich phosphine ligands, which provide electron density donated into Au’s low-
lying d-orbitals, stabilized the AuI complex but were less active than other AuI catalysts bearing
electron-poor ligands. The ligand L=P(PhO)3 was more than twice as active than PPh3. However,
their stability was compromised with a turnover number of 2500 cycles, whereas the ligand PPh3
was still active after 5000 cycles (54). Even slight variance of the electronic properties of the donating
ligand proved to be very significant in catalyst development. This work highlighted the impact of
ligands on both the stability of Au complexes and their catalytic capability. Recent work by Didier
Bourissou details the effect of ligands and geometry on reactivity, as seen in Figure 4 (55). The
development of this elegant complex is grounded in the fundamental principles of stabilization via
strong electron donors. Bidentate ligands stabilize metal centers better than typical monodentate
ligands (56). Coupling this phenomenon with two heavily σ-donating phosphine ligands creates a
metal center that is very electron-rich, allowing for easy stabilization. The importance of this is quite
evident as it is one of the first works that shows successful oxidative addition from a AuI to a AuIII

complex, not a trivial feat over the past decade.

Figure 4. Elucidating the P–Au–P donor system (55). Electron density from the carborane increases
donation from the bidentate P–P ligand system, which results in a stable cationic gold center upon activation

via chloride removal. The structure bearing the carborane moiety was originally designed by Jones and
coworkers (57). Bourissou redesigned the title complex with a NTf2 ligand rather than a Cl ligand (55).

As described in the seminal work by Hammond and Xu (58, 59), the effect of ligands and ligand
design in homogenous Au catalysis can be unpredictable due to premature Au deactivation. This is
evidenced in how σ-donating or π-acceptor ligands influence rate of reaction differently. Using the
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model catalytic cycle that incorporates three stages: (1) nucleophilic attack and substrate activation,
(2) reaction of gold-substrate complex with an electrophile (E+) with concomitant protodeauration
and cationic gold regeneration, and (3) decay of cationic gold, they showed how electronic and steric
ligand modifications substantially impact the kinetics of each stage (60). This study sets the stage
for detailed rational design, taking into account each stage of the catalytic cycle. Notwithstanding,
a few examples by Toste in ring expansion of propargyl cyclopropanols (61) and hydroamination of
allenes (62) point to a trend that implicates the effect of electron-rich and electron-deficient ligands
on reaction rate (63–66).

Highly efficient catalysis of the addition of acids to alkynes was achieved by ligand design with
a turnover number up to 99,000 by Zhang and coworkers (67). The design attached an amide
group to the 3′-position of a 1,1′-biphenyl)-2-ylphosphine framework, allowing a ligand-directed
antinucleophilic attack of alkynes (Table 3).

Table 3. Gold-Catalyzed Alkyne Hydration by Ligand-Directed Antinucleophilic Attack

Oxidative Addition

The research on catalysis involves considerable optimization of catalysts and their influence on
the various steps of the catalytic cycle. Oxidative addition is a very crucial step, especially in cross-
coupling reactions. Given the high ionization energy and redox potential of AuIII/AuI cycle, a large
energy barrier needs to be overcome in order to transform low-valent AuI to high-valent AuIII (68).
Recent literature shows progress in overcoming this barrier to unleash insightful reactivity useful for
Au catalysis. One of the first reports of successful oxidative addition was reported in 1972 by Shiotani
and Schmidbaur. They highlighted that it was feasible for Au to undergo such a transformation. Their
work showed oxidative addition of methyl iodide to a AuI alkyl complex: (CH3)Au(PPh3) (69).
In this same year, another group used the same AuI alkyl complex for an initial mechanistic study,
observing ethane produced from a reaction of the AuI alkyl complex and methyl iodide through an
alkyl AuIII intermediate (Figure 5) (70).
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Figure 5. Work elucidating the formation of ethane through oxidative addition to a AuI alkyl complex.

Further work in the 1970s carried out by Tamaki and Kochi as well as Johnson and Puddephatt
published several works regarding the synthesis and isolation of AuIII alkyl complexes, R3AuL. These
complexes typically had a phosphine ligand (L), and were synthesized with varying routes by
oxidative addition to a AuI alkyl precursor (71–75). Their work offered insight into the mechanism,
success, and stability of the oxidative addition process as well as the AuIII complexes. Later work
tried to advance on this idea by oxidatively adding alkynyl halides to aurate complexes proved to
be unsuccessful, yielding only AuI products (76). Although previous work had established thermal
stability of aurate complexes as well as successful oxidative addition of alkyl halides, a barrier still
exists that must be better understood to advance the scope of oxidative addition reactions with AuI

complexes. Interestingly, recent developments in density functional theory calculations have been
performed to better understand the oxidative addition process.

Investigations into claims that Au could replace palladium in the classical Sonogashira coupling
(77) were disproved as computational studies revealed that bis-ligated AuI compounds are unreactive
toward methyl iodide (78), which is further supported by experimental evidence (79). Although
the study appears disappointing toward the progress of Au catalysis in cross-coupling reactions, the
insight was vital to the overall development of Au catalysis.

The majority of AuI catalysts characteristically possess the formulae RAuX, where R can vary
between monodentate ligands of all nature to bidentate ligands containing C, N, P, or S coordinating
atoms and X is a halide. The use of these atoms enables higher stability because: (1) phosphorus
is a softer atom based on hard-soft acid base theory and (2) phosphorus is a third-row element
and is a strong σ-donor. Phosphines with generic formulae PR3, unlike nitrogen, have the ability
to coordinate transition metals. In fact, it is accomplished by donating electrons into the sigma
antibonding orbitals of the metal with π-symmetry (19). Several reports reveal success with oxidative
addition to AuI–phosphine complexes (10, 73, 80). Work in 2014 by Bourissou took advantage
of the nature of these phosphine ligands as demonstrated in a AuI complex bearing a naphthyl
derivative with phosphine and halogen substituent. Oxidative addition to this AuI complex yielded
the corresponding AuIII cyclometalated species (81).

Other work involving phosphine ligands explored specific reactivity with varying halogenated
species. With the use of (PMe3)AuX as the model AuI precursor it was shown that the nature of
aryl halide, ligand, and counterion control the oxidative process (Figure 6) (82). Furthermore, the
study assessed halide effects on oxidative addition. AuI complexes are d10 in nature and typically
adopt a linear geometry (83). To undergo oxidative addition, the two ligands must undergo strain
as Au transitions into the +3 oxidation state. When Au is in the +3 state it is d8, which changes
the geometry from linear to square planar. Notably, the choice of the halogen species can lower the
overall energy to undergo this change in geometry, indicative of halide dependence. Additionally,
there is a decrease in energy required to overcome the activation energy as the halides progress
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from a small, low polarizable atom to a heavier, highly polarizable atom (Table 4). The observed
characteristic has implications for bond strength, with C(sp2)–Cl being a stronger bond than
C(sp2)–I.

Figure 6. Reaction scheme of the computational studies on the activation barrier of AuI to AuIII.

Table 4. Activation Barriers for the Oxidative Addition from AuI to AuIII

AuI Substrate Phenyl-X ΔE‡*

(PMe3)AuCl Ph–OTF 57.4 (82)

(PMe3)AuCl Ph–Cl 40.6 (82)

(PMe3)AuCl Ph–Br 34.9 (82)

(PMe3)AuCl Ph–I 27.7

* Energies are given in units of kcal/mol.

Investigations into the effect of stabilizing ligands on oxidative addition of Ar–I to AuI with the
formula RAuCl revealed subtle differences (Figure 7). Comparison of the three R groups PMe3,
(MeO)3P, and N-heterocyclic carbenes (NHC) display activation barrier: 27.7, 29.1, and 28.8 kcal/
mol respectively (82). Overall, the substrate being oxidatively added plays a vital role in the success
of the reaction.

Figure 7. Synthetic scheme illustrating oxidative addition with varying the R group in the AuI precursor.
*NHC = 1,3-bis(phenyl)-1,3-dihydro-2H-imidazol-2-ylidene.

By using bidentate ligands with short bite angles, a “preorganized” AuI complex was made
readily accessible to oxidative addition. These AuI complexes would adopt a tricoordinate geometry,
which is rare. In doing so, the substrate would be added to AuI to form the square planar AuIII

framework. This strategy, although simple, had not been employed in prior work as a vast majority
of bidentate ligands formed dinuclear species (Figure 8) (55, 84–89). There is strong preference
for AuI species to adopt a linear geometry, rather than other geometries, which can be explained
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due to stable aurophilic interactions (84, 88, 90). These complexes, especially with coordinating
phosphine ligands, do exhibit remarkable stability at room temperature (86–88) and have provided a
foundational framework for researchers to develop oxidative addition protocols (89).

Figure 8. Examples of dinuclear AuI complexes with phosphine ligands.

Importantly, geometry turns on reactivity toward oxidative addition; illustrated well by
Bourissou’s tricoordinate phosphine carborane AuI and P, N–AuI chelate, even at low/room
temperatures (Figure 9) (55, 89, 91, 92). This is significant in the development of gold catalysis
because the synthetic design opens up a new field for study. With these bidentate chelated AuI

complexes successfully synthesized, other platforms could also be employed besides P–P ligands.
Possibilities included frameworks such as: N–N, N–P, N–S, S–P bidentate ligands. A more recent
publication showing successful oxidative addition to a gold complex bearing N–N bidentate ligand
provides evidence of such transformations (93). Not only does using a bidentate ligand help stabilize
the metal complex itself due to the chelate effect, it also aids in overcoming the energy barrier by
helping facilitate the conformational change required to oxidize from the +1 to +3 state, and thus
supports the case for how structure affects reactivity.

Figure 9. Illustration of pre-P,N-chelated AuI complex and its ability to undergo oxidative addition.

It is important to note that the oxidative addition process is not limited to aryl halides. The
use of aryl halides is prevalent in most redox catalytic reactions including C–C, C–N, and cross-
coupling reactions. Moreover, recent work by Toste and coworkers expanded the scope of oxidative
addition to the addition of strained C–C bond to a AuI center (13). The AuIII complex was achieved
via abstraction of a chlorine ligand using AgSbF6 from a AuI–NHC complex, then oxidatively adding

biphenylene, followed by chloride trapping through a salt (Figure 10). The AuIII complex is able
to perform both selective Diels–Alder additions as well as [2+2] cycloadditions of allenes to α,ß-
unsaturated aldehydes (13, 91). Along with Toste, Bourissou also illustrated oxidative addition of
biphenylene into a diphosphino carborane AuI complex (94). His synthetic methodology was similar
in that the AuI complex was activated via chloride abstraction, but with GaCl3 at low temperatures.
These discoveries highlight the potential Au has for catalytic transformations. Further work by
Hashmi et al. highlighted that Au oxidative addition is not limited to certain ligand systems,

27



http://chemistry-chemists.com

illustrating the capability of AuI to undergo oxidative addition with diazonium salts (95). All of these
works combine to give researchers a foundation for future integration into catalytic cycles.

Figure 10. Synthesis of a AuIII complex from a AuI–NHC precursor. The title complex was formed by
oxidative addition to a C–C bond, an unprecedented transformation at the time.

Reactions involving photoredox catalysis have emerged along with these traditional oxidative
reactions. In 2014, Toste explored photoinitiated catalysis by oxidatively adding CF3I to a

AuI–phosphine complex under near UV light (96). This work was first of its kind and advanced the
scope of Au catalysis as a whole. In another instance, Au was used as a cocatalyst in a photoredox
system. Although in the previous case, the AuI complex was photoactivated, this work still highlights
the versatility Au has in multiple systems. In this second instance, a photoactivated cocatalyst (Ru)
becomes excited upon radiation with visible light. These species then undergo single electron transfer
with a diazonium salt to give a radical. The newly formed radical species adds to AuI compound and is
eventually oxidized by the previously photoactivated cocatalyst (97). This is an unconventional way
of achieving oxidative addition from a AuI to AuIII complex. In this process, typical AuI compounds
used were NHC–Au–Cl complexes or AuI–phosphine complexes PR3AuX, which have been
previously used in oxidative addition evaluations. Optimization was done to see which wavelength
gave rise to the highest quantum yields. In the case of this system, a wavelength of 455 nm (blue light)
was determined to be the optimal wavelength (97).

This system was tested over several different ligand systems to determine if sterics played a role
in the success of the oxidative addition. As previously shown in other classical oxidative addition
examples, sterics play a pivotal role in reaction progress. If a ligand is sterically demanding, the
already high energy barrier to overcome the redox potential is increased further as the conformation
change becomes more challenging with bulkier ligands. In this study, the same was true. With the
AuI complex having the formula LAuCl, the L group was altered with varying phosphine ligands and
NHCs of different sizes (Figure 11).

Figure 11. Select ligands (L) showing yield dependence on sterics. Yields are shown below each molecule
(97).

This study shows that sterics is a driving force in the success of the reaction. Comparing the
commonly used NHC ligands, IMes and IPr, the steric demands of the IPr ligand show a 35%
decrease in the yield (97, 98). These factors must be taken into consideration in designing new
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catalysts and reactions. Many researchers applied the success of this system to various modes of
catalysis. In 2014, a dual gold (Au(PPh3)Cl)/photocatalyst (RuII photoredox catalyst) was used to
perform arylative ring expansions (Figure 12). This process shows a unique application of this redox
system.

Figure 12. Dual gold/photoredox catalysis of arylative ring expansion (99).

Another application involves the arylative cyclization of allenoates (Figure 13) using the same
catalytic system as mentioned previously. The difference here is the use of a silver salt to activate the
gold complex and using blue LED light for photoactivation (100).

Figure 13. Synthetic scheme illustrating the dual catalyst system in the arylative cyclization of allenoates
(100).

Figure 14. Photoactive catalysis using solely a AuI catalyst. Reactions were performed at room temperature
for 24 hours (101).

There are other examples in the literature that also use this dual catalyst system to perform
catalytic transformations, but further work has demonstrated similar catalytic abilities; yet with just a
Au catalyst. Prior work focused on the dual photoredox catalytic system where a second Ru catalyst
was activated via light irradiation which facilitated the oxidation addition to AuIII during the catalytic
cycle. Recent work has shown that the Ru cocatalyst may not be necessary. In this case alkynes
are difunctionalized in a homogenous gold catalytic reaction (Figure 14) (101). Importantly, the
AuI catalyst used bears an extremely strong electron-withdrawing phosphine ligand. In the case of
electron-rich ligands, the results were poor (101). This shows that regardless of what form of catalysis
is employed with Au, there are several underlying factors that determine the success of Au catalysis.
These include: (1) the species being oxidatively added, (2) sterics of both the species being added
and the ligand attached to gold, and (3) electronics involved with every reactant. Tuning the catalytic
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process requires great attention to detail; however, recent advancements show fascinating results in
what was a “set-in-stone” field. This brief review reveals the growing possibilities for Au catalysis.

Transmetalation

Transmetalation is a widely used step in cross-coupling reactions. It involves an exchange of
ligands between two different metals/metalloids (Figure 15).

Figure 15. Simplified illustration of the transmetalation step.

Sonogashira, Stille, and Negishi cross-coupling reactions follow an archetypical transmetalation
step. For example, Sonogashira cross-coupling reactions feature transmetalation between Cu and
Pd metals, the Stille cross-coupling feature transmetalation between Pd and Sn, and the Negishi
cross-coupling having a transmetalation step between Pd and Zn (102–104). These bimetallic cross-
couplings have become increasingly popular and an interesting paradigm employed by Au. Previous
reports in the literature have shown that a direct transmetalation step between Au/Pd is possible
(105, 106). In the case of Stille and Negishi cross-couplings, replacing the molar equivalent amounts
of Sn or Zn with catalytic amounts of Au makes the alternative very attractive. In 2007, a study
showed that this was indeed possible. Gold complexes, in the form of sodium salt (NaAuCl4) or
AuCl(tht) and AuCl(PPh3) were used as transmetalating agents in catalytic quantities (Figure 16)
(106). These reactions were slightly longer than those using Cu as a cocatalyst; however, they were
much cleaner in terms of by-products formed (106).

Figure 16. Scheme of Pd-catalyzed Sonogashira-type reaction using a gold cocatalyst instead of a copper
cocatalyst.

This cleaner version presents a very attractive alternative to the classic Sonogashira cross-
coupling reaction presented in 1975 (107). Another common problem that arises when using a Cu
cocatalyst is the competitive homocoupling of the alkyne while in solution. High amounts of Cu have
shown to be a source of the problem and much research has gone into troubleshooting this unwanted
side reaction (108). By employing a Au cocatalyst, this problem can be circumvented. The use of Pd/
Au-catalyzed reactions has become ever more popular since then (109–112). These reactions present
atom-efficient conversions. The Pd/Au catalytic cycle resembles that of the Sonogashira cycle (Figure
17), which makes it all the more useful, as the chemistry behind the reaction shares similarity. In
addition, the use of Pd/Au in cross-coupling in some cases produces higher yields than traditional
cross-coupling reactions (113).

The scope of cross-coupling is not limited to just Pd/Au systems. Recent work shows successful
gold cocatalyzed reactions featuring transmetalation between Au and Sn in a Stille type cross-
coupling reaction (114). Conversion of alkynes into olefins is an older strategy using Cu (115).
Surprisingly, there are very few examples of Pd-catalyzed vinylstannylation reactions (114, 116).
The authors report that in the case of the Pd-catalyzed reactions, the double addition products are
the main products formed. Their synthesis combines a Au/Pd system to overcome the formation of
double addition products, leading to the exclusive formation of mono-addition products as the main
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product (114). In Figure 18, the AuI cocatalyst uses the innate Lewis acidity to activate the alkyne.
This mediates the oxidative addition to the Pd catalyst and enables the cycle to continue.

Figure 17. Depicted catalytic cycle of the Au/Pd Sonogashira-type cross-coupling reaction illustrating
transmetalation from the organogold intermediate to the Pd complex (113).

Figure 18. Scheme illustrating the Au/Pd Stille type cross-coupling reaction (114).

Figure 19. Illustration of the transmetalation between Au/B (117).

Other catalytic reactions, such as the Suzuki coupling, use a boronic acid to mediate C–C cross-
coupling with a Pd catalyst. This catalytic process uses a transmetalation step between B and Pd.
Along with other catalytic processes described thus far, this transformation is not limited to just
Pd. Prior work demonstrated that sodium tetraphenylborate (NaBPh4) was capable of mediating

phenylation to a AuI complex (Figure 19) (117, 118). Other reports demonstrate that direct C–H
arylation of heteroarenes is feasible with proper tuning of the Au catalyst used, a coupling that mirrors
that of the Suzuki–Miyaura cross-coupling (119, 120).

Recently, Nevado’s group built on this concept and developed a system where a AuIII species
was able to successfully undergo transmetalation with a boronic acid to form a C–C bond (Figure
20) (121, 122). This work was preceded by Thomas Gray who established the capability of AuIII

to undergo catalytic mono and diarylation with boronic acid derivatives through a Suzuki-Miyaura
coupling (123). Other recent developments in this field include work by Bochmann who has further
illustrated the capability of AuIII hydroxide complexes to undergo transmetalation with boronic acid
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derivatives (124, 125). This shows that any “typical” cross-coupling arrangement is not limited to
the traditionally known transition metals. Au has found its place in the catalytic world and to much
surprise has been a very good alternative to classical catalytic reactions.

Figure 20. Scheme illustrating the successful transmetalation from a AuIII aryl complex to an aryl boronic
acid (126).

Another important class of transmetalation in Au-catalyzed transformation is the use of other
transition metals including rhodium (Rh). Up until now, examples of Pd-associated transition metal
catalysis have been discussed. Recent study published the first work featuring successful Rh/Au
transmetalation (Figure 21) (127). This work established a framework in which a successful
transmetalation can be achieved through the use of either electron-poor or electron-rich AuI

complexes (114). This demonstrates the feasibility to create other metal/Au systems as this particular
reaction employed catalytic amounts of organogold intermediates as opposed to previous examples
using stoichiometric amounts (127–130).

Figure 21. Synthetic scheme illustrating the first transmetalation between Rh and Au (127).

Reductive Elimination

Reductive elimination is a common product-releasing step or decomposition mechanism
associated with high-valent transition metal compounds including AuIII (131–133). Analogous d8

transition metals, like PtIV, have been investigated and mechanistic insight was reported long before
the development of Au catalysis (134). Kochi (135–137) and Tobias (138) revealed in seminal
investigations that C–C coupling using alkyl AuIII and Vicente demonstrated that unsymmetrical
biaryls can be generated via C–C coupling from cis-diaryl-AuIII with concomitant AuI species as
proof of reductive elimination (139–141). Other work by Tobias illustrated facile reductive
elimination of alkyls (ethane, butane, and octane) from readily synthesized AuIII compounds with the
generic formula [L2AuR2]X (L are commonly used π-acceptors: phosphines, arsines, and stibines)
(142). Other studies of reductive elimination from AuIII revealed that electronics also play a factor
in the products formed. From the complex with formula Me2AuR(PPh3), when R was an alkenyl,
furyl, or aryl group R–Me was observed; however, when R was alkynyl or an electron-withdrawing
group, ethane was observed (143). Further work done by Schmidbaur illustrated that trialkynyl AuIII

complexes (LAu(CCR)3) undergo facile reductive elimination unless stabilized by strong electron
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donor ligands (144). This seminal work provides evidence that electronics of the ligands and R
groups attached to Au play a significant role in the mechanism of reductive elimination.

Figure 22. Rendition of the different states observed in the reductive elimination pathway of AuIII. (148).

Figure 23. Four recent examples of C–C bond formation via reductive elimination from a AuIII complex
(93, 126, 146, 150). (a) C(sp2)–C(sp2) reductive elimination from a neutral AuIII to neutral AuI complex.

(b) C(sp2)–C(sp2) reductive elimination via transmetalation of boronic acids. (c) Halide dependent
reductive elimination to aryl halides. (d) C(sp2)–C(sp2) coupling via reductive elimination from a cationic

AuIII complex.

Toste has since probed the kinetic rates of C–C reductive elimination (145). Halide-dependent
mechanisms of reductive elimination of AuIII have also been recently studied (146, 147). The
mechanism by which reductive elimination occurs is not definitely defined. Prior studies did show
that when species were oxidatively added there are two possibilities. First, it immediately undergoes
reductive elimination and second, isomerization followed by reductive elimination. It has been found
that while undergoing these transformations, AuIII complexes will adopt one of two conformations,
(“T” -shaped or “Y” -shaped conformation) before undergoing reductive elimination (Figure 22)
(148). These two conformations represent the lowest relative energies. The complex can undergo
isomerization between the “T” and “Y” conformation which facilitates the reductive elimination
mechanism (148). A more recent work published in 2016 illustrates the synthesis and
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characterization of such a complex; being a T-shaped pincer complex (149). Although this complex
was not used in a reductive elimination platform, the isolation of the complex further elucidates stable
structural conformations of Au.

The insight gained confirms the ability of AuIII species to successfully undergo this catalytic step
and proves the catalytic viability of Au. This reductive elimination pathway has been key in the C–C
bond formation. As shown in Figure 23, we highlight four examples of C–C bond formation via
reductive elimination. These examples will be discussed later in the chapter.

Taking the generic AuIII complex with formula R2PPh3AuX, reductive elimination to form the
products R–R and PPh3AuX proceeded via first order kinetics (151). Furthermore, the study

elucidated the rates of reductive elimination when varying the phosphine ligand. Dialkyl AuIII

complexes were used to evaluate the rate of reductive elimination. Phosphines with higher cone
angles (Figure 24): PCy3 (179°) (152), PPh3 (145°) (152), and PMe3 (118°) (152) had a much

higher rate of reductive elimination than those without, hinting that relieving strain on the AuIII

complex is a driving force for reductive elimination (151, 153).

Figure 24. Illustration of the cone angle for varying phosphine ligands. This angle is used as a metric for
sterics of symmetrical phosphine ligands (152, 154).

With the fundamental concepts laid out, researchers tried to tackle traditional cross-coupling
reactions, but with gold as the catalyst. In 2001 research found that the classical Sonogashira cross-
coupling (155), could be performed with gold catalysts with slight variation. In this particular
coupling, C(sp2)–C(sp2) bond formation is achieved through a Sonogashira-type reaction using a
terminal alkyne and boronic acid derivative (Figure 25) (156). This coupling had previously been
carried out with the typical palladium catalyst in the year prior (157). Nonetheless, the amount of
success gold catalysts would have at the same cross-coupling reactions was not extensively studied (2,
158–160). Toste, again, was not turned away by prior failures. In 2010 and 2014, he published work
with newer developments showing successful cross-coupling (C(sp3)–C(sp2)) between boronic acid
derivatives and alkyl halides, the latter without the use of an oxidant (161, 162). This work has yet
again pioneered newer innovations in Au catalysis as more and more examples point to the capability
of Au to perform “classical” coupling reactions.

Figure 25. Illustration of Au-catalyzed Sonogashira-type C(sp2)–C(sp2) cross-coupling. Temperature
varied with different R groups. Selectfluor is 1-chloromethyl-4-fluoro-1,4 diazoniabicyclo[2.2.2]octane

bis(tetrafluoroborate), used as an oxidizing agent for AuI to AuIII (156).
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Competitive yields were obtained compared to previous reactions involving Pd catalysts,
proving to be a robust and efficient system in the C(sp2)–C(sp2) coupling across multiple
functionalities (139, 156, 163, 164). This early study demonstrated the feasibility of a AuI/AuIII redox
catalytic cycle and the success of Au as a catalyst. Along the subject of C–C reductive elimination,
a report in 2006 elucidated the capability of C(sp)–C(sp) reductive elimination from Au–acetylide
complexes (165). These complexes were prepared from conventional AuI–phosphine complexes
and were shown to have selective cis-reductive elimination (165), giving rise to easy access to
conventional rudimentary steps. Another recent example demonstrated the use of aryl-
trimethylsilanes in C–C coupling (166). The C–Si auration allowed high chemoselectivity in the
catalytic process and mechanistic insights suggest a classical AuIII/AuI redox cycle, which can be
considered in future developments.

Figure 26. Synthetic scheme illustrating the facile P–C(sp2) reductive elimination from AuIII (167).

Figure 27. (a) Reductive elimination of AuIII thiolates. 1-adamantylthiol is oxidatively added to gold twice,
inducing reductive elimination (172). (b) C(sp2)–N(sp2) reductive elimination from a stable cyclometaled

AuIII complex (175).

With this success, other catalytic couplings such as C–X, where X is a heteroatom (N, O, S, P)
were blossoming as researchers wanted to push the boundaries beyond typical C–C bond formation.
A unique, recent example of this C–X coupling involved the reductive elimination of a phosphine
ligand with an aryl ligand to form a phosphonium salt (Figure 26) (167). Typically phosphine ligands
are found to be coordinated to the Au center for stability purposes, as phosphine ligands donate
into the low-lying metal orbitals (168). In this particular instance, the reductive elimination forms
phosphonium salts rather than neutral phosphines, which is what had largely been reported in prior
work (169–171). This work presents a unique method of forming phosphonium salts from facile
reductive elimination from AuIII (167).
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Another unique example of C-heteroatom coupling in the very recent literature demonstrates
the ability of gold to successfully perform C–S coupling via reductive elimination from AuIII (Figure
27A) (172–175). Prior work demonstrated this same reductive elimination; however, from
palladium and rhodium catalysts, not AuIII transition metal complexes (176–178).

The C–S transformation is another example of elementary reactions applicable to Au catalysis,
through reductive elimination pathway. Recent work in our laboratory demonstrates intramolecular
C–N bond formation from AuIII (Figure 27B) (175). Other oxidant-free C–N and C–O coupling
reactions have been studied and will be of great utility for the development of medicinal agents or
materials via Au catalysis (179–182).

Figure 28. Catalytic scheme of the oxidative addition, transmetalation, and reductive elimination from a
AuI tricoordinate species to form a C(sp2)–C(sp2) bond (93).

In a report that described halide-dependent mechanisms of reductive elimination from AuIII,
two organogold complexes of the type (Ph3P)Au(4-Me-C6H4)(CF3)(X) and (Cy3P)Au(4-F-
C6H4)(CF3)(X) (X = I, Br, Cl, F) revealed unique reactivity and kinetic selectivity toward Caryl – X
and Caryl – CF3 reductive elimination (a commonly used derivative in oxidative addition reactions
to Au) (183). Furthermore, the study showed that when the halogen, X, is iodine, there is complete
selectivity to form the C(aryl)–X bond. However, when the halogen, X, is fluorine, the opposite is
observed (146). This insight provides a potential mechanistic insight into the reductive elimination
process and shows the potential to tune gold complexes in a specific way to achieve a desired
transformation. Continuing on the importance of CF3 reductive elimination, a report in 2017 further
established mechanistic insight into this pathway. Toste et al. were able to identify a “rebound
mechanism” in which CF3 moiety has a fluoride abstracted, followed by migratory insertion of the
alkyl substituent, and then formal reductive elimination (184). This insight provides further evidence
of the mechanism behind Au-catalyzed reactions and allowed Toste et al. to harness this process

36



http://chemistry-chemists.com

to synthesize 18F compounds, which are useful tracers in positron emission tomography (184). A
key example that should be discussed is the recently published by Russell and co-workers. In this
work, AuI complex undergoes oxidative addition, proceeds through transmetalation, and closes the
catalytic cycle with reductive elimination to perform a Negishi-type reaction (Figure 28) (93).

This work is novel in the sense that all rudimentary catalytic steps are observed during the
transformation; something that had not been previously reported in the history of gold catalysis.
Another attractive point is that the AuI starting material is easily accessible in moderate yields (93).
It also employs the commonplace bidentate N–N ligand, bipyridine (bpy), as the electron donor
to stabilize the gold. This ligand had been previously used in other exciting work on gold catalysis
(185, 186). When analyzing reaction rates, different R1 groups, were varied to evaluate substrate
dependence on the overall rate of reaction. It was found that electron-poorer substrates proceeded at
a faster rate than electron-rich groups: R1: OMe > H > CF3 (93). This is consistent with previous

examples as electron-poorer substrates lead to enhanced oxidative addition to AuI complexes (55).
These developments enlighten the community on fundamentals of gold during the catalytic process.
It is also important to note that throughout these examples, it is evident that Au is functional group
tolerant, a crucial factor needed in natural product synthesis as well as many other applications.

β-Hydride Elimination

β-hydride elimination is another classical step seen in catalysis such as in the Heck reaction or
Wacker-Tsuji oxidation (187, 188). This particular step is used to generate olefins and corresponding
metal hydride from an alkyl group attached to the metal center (Figure 29).

Figure 29. Illustration of a general β-hydride elimination.

The mechanistic pathway is a prominent method of decomposition of metal (Pd, Ru, Pt) alkyls
(189–191). One of the most notable uses is in the industrial production of acetaldehyde (192).
Throughout this section, AuIII alkyl complexes will be discussed, and it is worth mentioning the
unique synthesis carried out by Bochmann et al. in which AuIII alkyl complexes were synthesized
from AuIII alkoxide complexes (193). Despite the in-depth studies on β-hydride elimination of these
metals, studies on gold β-hydride elimination have been scarce (194–197), because it was long
deemed impractical for gold (198, 199). However, this is not the case. Recent research efforts
elucidated two AuI metal hydride complexes, setting a new precedent for Au-induced β-hydride
elimination, previously thought impossible (Figure 30) (200–203).

Figure 30. Example of an isolated Au-hydride complex (201).
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Although the isolation of these hydride complexes suggests that the mechanism would work,
for AuI compounds it has been found not possible. Computational calculations examined the ability
of AuI–NHC complexes to undergo β-hydride elimination. Results indicated that the energy barrier
was too large for the AuI complexes to overcome (Figure 31) (204). Further studies show similar
results, stating that the Coulomb exchange repulsion is too large of a barrier to overcome when a
positively charged hydrogen atom is forced to distort the completely filled orbitals of the d10 AuI

atom; an integral part of the β-hydride elimination mechanism (205).

Figure 31. Theoretical insight of the elementary step of metal–alkyls to olefins with β-hydride elimination.
This has been found not to be feasible for AuI complexes (204).

Subsequently, as we have demonstrated thus far, AuIII is also prominent in Au catalysis. β-
hydride elimination should not be completely ruled out, as AuIII is a d8 atom with unfilled d orbitals.
The chemistry of AuIII is very different from AuI, and thus β-hydride elimination should be
considered for these complexes. This concept was explored in a recent study to examine the ability of
AuIII complexes to undergo β -hydride elimination. AuIII catalysis of allenols using AuCl3 found two
products formed. The first product was an adduct of cycloisomerization (kinetic product), but the
second being an adduct of β-hydride elimination (thermodynamic product) (Figure 32) (197). This
transformation is quite exciting as it shows the capability of AuIII to facilitate β-hydride elimination.

Figure 32. Synthetic scheme of the synthesis of oxytenes from allenols featuring a AuIII-catalyzed β -hydride
elimination step.

Because the use of AuCl3, which gained no benefits from external ligand stability and tuning,
showed promise, it was thought that stabilizing the metal could potentially improve the success in
the ability to perform β-hydride elimination. In 2012, a study by Toste’s group attested to this.
Although the main goal was to achieve C(sp2)–F reductive elimination via their AuIII compounds,
the observed outcome was preference for the β-hydride eliminated product (Figure 33). Further
studies showed that more sterically demanding cyclohexyl derivatives indeed disfavored β-hydride
elimination product formation and the C(sp2)–F product was observed in the majority. Overall,
C(sp2)–F reductive elimination is less facile than C(sp2)–I reductive elimination, and further research
could give insight into the kinetics of this mechanism. A key takeaway from this preliminary study
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revealed AuIII complexes are capable of C(sp2)–F reductive elimination; however, dependence on
variance of the halide and R group does exist.

Figure 33. Attempted synthesis of C(sp2)–F reductive elimination products in a study revealed the preference
for β-hydride elimination with AuIII complexes bearing alkyl chains (206).

Further research expanded on this discovery by trying to design a AuIII alkyl complex particularly
for the exploration of β-hydride elimination. AuIII alkyl complexes are limited throughout the
literature and so the development of this complex is a unique advancement. (Figure 34) (207).

Figure 34. Synthetic scheme illustrating the synthesis of AuIII alkyl complexes.

By means of a stabilizing (P,C) pincer type ligand, a AuIII alkyl was isolated. Using phosphorus
and a strongly donating carbon atom increases donation to the metal center, thus stabilizing the
compound. Treatment of this AuIII alkyl complex with a silver salt at very cold temperatures followed
by temperature elevation led to the isolation of β-hydride elimination products (Figure 35) (207).

Figure 35. Isolation of β-hydride elimination products via AuIII alkyl complexes. Upon warming the four-
coordinate AuIII complex the β-hydride elimination occurs (207).
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One of the most recent examples in this field comes in 2017, where a stable AuIII formate
complex is able to undergo β-hydride elimination to produce formic acid (Figure 36) (208).

Figure 36. Isolatable AuIII formate complex leads to β-hydride elimination to formic acid (208).

The strategy not only isolates the first AuIII formate complex, it also establishes further concrete
evidence in the viability of AuIII–metal complexes to undergo β-hydride elimination. It is mentioned
that although the established reaction (as seen in Figure 35) is viable, it is not as synthetically
applicable for this specific catalytic transformation (208–211). It is a very exciting time for gold
catalysis as increasing curiosity has led to a stark of new discoveries. In the case of β-hydride
elimination, a once unreachable goal has now become a feasible reality.

Migratory Insertion

Migratory insertion (Figure 37) is another rudimentary step in catalysis that is key in several
different catalytic cycles, such as the Ziegler–Natta polymerization olefin, which was awarded a
Nobel Prize (212, 213) as well as the Mizoroki–Heck coupling to form substituted olefins from
unsaturated alkenes (187, 214).

Figure 37. Generic illustration of migratory insertion of an olefin into a metal complex. The square in the
figure represents a vacant coordination site to the metal. Note that oxidation states do not change during

migratory insertion.
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Recent developments in Au catalysis have also explored the ability of Au to perform this
rudimentary step. One advancement shows successful migratory insertion of olefins into a Au–O
bond (Figure 38) (215–218).

Figure 38. Illustration of the most recent advancements of migratory insertion into a AuIII–O bond (216,
217).

The success of the work presented sparked further interest in research of Au’s capability to do
formal migratory insertion across other systems. Recent developments include formal migratory
insertion into Au–C bonds, which is underdeveloped (Figure 39) (219, 220).

Figure 39. Synthetic scheme of formal migratory insertion into a AuIII–C bond (220).

Similarly, Bourissou for the first time isolated a AuIII–arene complex as a function of formal
migratory insertion. Surprisingly, these complexes had not been previously reported even though
AuIII has clearly shown favorable interactions with π-systems (221). This reveals that migratory
insertion of olefins is catalytically feasible. This work is significant as it gives researchers a new tool to
work with and more applications for AuIII catalysis as a whole. These studies indicate novel catalytic
capabilities of AuIII. With the groundwork laid out, further developments are sure to follow with
innovative science in the field of Au catalysis.

Summary

We have highlighted elementary reactions underlying gold chemistry including: oxidative
addition, transmetalation, reductive elimination, β-hydride elimination, and migratory insertion. A
number of these organometallic transformations were thought to be impossible for gold a few years
ago. This presentation unveils invaluable opportunities for Au catalysis of which catalyst design is
critically needed. When considering the development of a catalyst, each step shows dependence
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on several factors: sterics, electronics, geometries, temperature, and the intended product outcome.
Optimizing these conditions gives rise to robust Au catalysts that are able to perform classical cross-
coupling reactions and are competitive with the traditional Pd or Pt catalysts. Au catalysis has seen an
exponential growth in discovery within recent years and the field is bursting with new insights on the
exact chemistry behind it. The use of Au is becoming more and more attractive for researchers and
new developments are sure to come in the immediate future. We believe this work will contribute to
the advancement of Au catalysis.
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Chapter 3
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An overview on the mechanisms of the trans-selective hydrogenation and
hydrometalation of alkynes using a CpRuL catalyst is provided. Unlike the more
common mode of hydrogenation, syn, this select ruthenium catalyst system
uniquely favors the products resulting from anti-addition across the alkyne π-
system. The primary focus is summarizing the results of computational studies
on the mechanism of these reactions, including key experimental supporting
evidence. This chapter addresses hydrogenation, hydrosilylation,
hydrostannation, and hydroboration. An overview of the mechanisms for all of
these processes is highlighted.

Introduction

Hydrogenation and hydrometalation of unsaturated systems are reliable synthetic
disconnections for complex molecule synthesis. These transformations normally proceed with syn
addition of the [M]–H bond across the alkyne π-system. The stereocomplementary anti-addition
has been far less established. The development of E-selective hydrogenation and hydrometalation
has been enabled by the discovery of [Cp*RuL]. Remarkably, this catalyst is capable of delivering
H–H and H–[M] across an alkyne in a stepwise but reliably trans-selective manner. The mechanism
of these additions has been studied both experimentally and computationally. The combination of
computation with experiment has uncovered a level of mechanistic detail that could not have been
revealed with either approach alone. The new strategies for trans hydrogenation and hydrometalation
have proven to be highly effective in the synthesis of complex natural products (1).
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Trans-Selective Hydrosilylation

The reduction of alkynes to alkenes belongs to the category of immutable synthetic
transformations, invaluable to synthetic chemistry (2). The stereoselective semihydrogenation of
alkynes to form alkenes has traditionally followed one of two well-established methods: syn delivery
of hydrogen to form the cis-configured product or dissolving metal reduction to form the trans
product from anti-addition (Scheme 1). The classical Lindlar catalyst is a proven effective method
for accessing cis alkenes. While dissolving metal reductions exclusively give the trans alkenes,
particularly narrow functional group tolerance hinders its utility for complex molecules with diverse
functionality. A more functional group tolerant method for accessing trans alkenes from alkynes will
have widespread applicability.

Scheme 1. Classical approaches for the semihydrogenation of alkynes to cis- and trans-configured alkenes.

In 2001, the Trost group developed an indirect method for trans-selective delivery of H2 across
an alkyne involving an initial trans-selective hydrosilylation, followed by protodesilylation (Scheme
2) (3). This powerful strategy has widespread utility and has increased the available scope for
accessing trans products indirectly (1). Nevertheless, the use of tetrabutylammonium fluoride limits
the substrate’s scope, including sensitivity to base labile functional groups. Hydrosilylation of an
internal alkyne can be performed selectively by carefully selecting a substrate that exploits
intramolecular hydrogen-bonding-type interactions (4).

Scheme 2. An indirect strategy for accessing trans alkenes through hydrosilylation (3).

The mechanism of adding the H–[Si] moiety in a trans-selective manner is unorthodox and
worthy of closer investigation. In an early computational study performed at the B3LYP/6-
31G(d)(LANL2DZ) level of theory, Wu et al. focused on the order of insertion (H or SiR3 first),
as well as the regioselectivity (internal or terminal initial delivery) of hydrosilylation of terminal
alkynes (Figure 1) (5). The oxidative addition and hydride insertion were predicted to take place
concertedly. Initial hydride insertion was computed to be favored over silyl insertion by 7.3 kcal/
mol. Importantly, Markovnikov regioselectivity was found to be favored over anti-Markovnikov
by 1.5 kcal/mol. Interestingly, the intermediate from the initial hydride migration was a low-lying
18-electron metallocyclopropane. The existence of metallocyclopropane intermediates in
rhenium–alkyne complexes has been supported both experimentally and theoretically (6). The
formation of a metallocyclopropene obtained from this study represents a deviation from both the
classical and modified Chalk–Harrod mechanisms. The classical Chalk–Harrod mechanism begins
with an oxidative addition of the silane to the metal center with hydride migration to the alkyne
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occurring first, while the modified version begins with silyl migration (7, 8). In contrast to alternative
transition-metal-catalyzed hydrosilylations, this provides the hydrosilylated product resulting from
Markovnikov addition. The E-selectivity arises from the rotation about the C–C bond that positions
the transferred hydride proximal to the Cp ligand. The preference for initial silyl migration over
hydride migration was probed using acetylene and was calculated to be 6.6 kcal·mol-1.

Figure 1. Density functional theory (DFT)-located pathways for Markovnikov and anti-Markovnikov
hydrosilylation. The relative energies for the rate-determining TSs are given (5).

Encouraged by the results of this previous study, a more detailed computational investigation
was conducted on the role of ligand effects on reactivity and selectivity, particularly with respect to
ligand sterics (9). The study was performed at the solvation model based on density (SMD)(CHCl3
or CH3COCH3) M06/6-311G(2d,2p) (def2-TZVP) level of theory. The M06’s function was
determined suitable for accurately predicting geometries and energies of ruthenium–alkyne
complexes in a benchmark study that used spectroscopic data (10). Again, terminal alkynes were
the focus, with the origins of the regioselectivity also of interest. The catalysts studied were cationic
[LRuCp]+ where L was either acetonitrile, the bulky iPr3P ligand, or the moderately bulky Me3P
ligand (Figure 2). Since the oxidative migration TS was found to be rate determining in the former
computational study, these TSs were located for each catalyst first to determine the preferred
migration sequence and target (i.e., to which alkyne carbon atom, internal or external, the migration
will take place). With the bulky phosphine ligand complex, the large SiR3 group is first delivered to

the β-carbon (26.7 kcal·mol-1), with the hydride subsequently migrating to the α-carbon. Initial silyl
migration reduces the steric interaction between the bulky PiPr3 ligand and the silyl group, which
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overrides the intrinsic electronic preference for the initial hydride migration sequence identified by
the prior studies. With the moderately bulky PMe3 ligand, there is a slight preference for initial
hydride migration to the β-carbon, due to a slight steric interaction between the propyne methyl
and the PMe3 ligand. The catalyst with the least bulky CH3CN ligand prefers to migrate the hydride
to the β-carbon first, as expected based on minimal steric interactions and the intrinsic electronic
preference.

Figure 2. TS and energies (kcal·mol-1) for either silyl or hydride migration. The energies are relative to the
starting CpRuL(CH3CN)2+(SiR3 = SiMe2Ph) (10).

With a terminal alkyne, DFT predicted that a bulky phosphine ligand would give the greatest
selectivity and thus, the full mechanistic profile was more fully explored (Figure 3). Ligand exchange
of the 2 acetonitrile ligands for H2 and the alkyne is uphill in energy by 17.3 kcal·mol-1. The
subsequent rate-determining oxidative silyl migration transition state is traversed with a height of
26.7 kcal·mol-1 that results in a C–C bond rotation to position the silyl group proximal to the Cp
ligand. A series of bond rotations results in the formation of the metallocyclopropene that positions
the hydride proximal to the α-carbon, followed by a very facile reductive elimination of the hydride
to form the bound product.

Figure 3. M06-computed energy profile (kcal·mol-1) for hydrosilylation of propyne (10).
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Hydrosilylation can also be carried out using a ruthenium–hydride complex (PCy3)2CORuHCl
on terminal alkynes to produce vinyl silanes in good E/Z selectivity (11). The favored diastereomer
can be controlled by the sterics of the alkyne in that sterically undemanding terminal alkynes give E-
products, while sterically demanding alkynes give Z-products. This catalyst was initially used for the
oxidative silylation of terminal alkenes to E-vinylsilanes (12). A quantum mechanical and molecular
mechanical strategy was used to computationally investigate the mechanism at the ONIOM-B3LYP/
CEP-121G(d):UFF level, where UFF is the universal force field. The phosphine ligands were treated
with the UFF, and the rest of the complex was treated with DFT. The preference for Z-products
originates from an isomerization of the ruthenium–vinyl complex intermediates to a more stable
complex, benefiting from an agostic interaction of the ruthenium with a vinyl C–H bond, despite the
energetic cost in placing the phenyl and SiMe3 groups in a cis relationship (Figure 4). If the alkyne
is more sterically demanding, the cost of placing the bulky group cis to the SiMe3 group is too costly
and results in the E-product. Ruthenacyclopropene-type intermediates have not been observed in
this system, making it different from the CpRuL system investigated by Wu and Trost. Rather, a
metallocyclopropene-like transition state was located for the isomerization of the ruthenium–vinyl
intermediates.

Figure 4. Pathway to isomerization of the key ruthenium–vinyl intermediate complexes that dictates E/Z-
product selectivity (11).

Another study reported an interesting regiodivergent hydrosilylation of silyl alkynes that can
be performed with high diastereoselectivity and regioselectivity (13). The effects of both Cp and
Cp* ligands were explored. The less bulky Cp ligand gave the E-product (syn addition), while the
bulkier Cp* ligand gave the Z-product, arising from anti-addition of the HSi(OEt)3 (Scheme 3). The
DFT-computed mechanisms revealed that the process follows a familiar route that includes oxidative
hydrometalation, isomerization, and reductive silyl migration. In both cases, the addition sequence
involving initial hydride migration was preferred. With the less bulky Cp ligand, the oxidative
hydrometalation step disfavored α-addition and resulted in a preference for an overall syn addition
attributed to a reduced barrier for silyl migration to the same side as the migrating hydride that is
the rate-determining step. The preferred pathway of Cp* involved the hydride migrating to the less
sterically hindered α-carbon, despite migration to the β-carbon being lower in energy for this step.
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This preference was explained by the final step involving silyl migration that was rate determining and
lower in energy with initial hydride migration to the α-carbon. Taken together, the interplay between
the sterics of the bulky substrate silyl group with the steric variation in the ligand (Cp or Cp*) dictated
the regio- and diastereoselectivity.

Scheme 3. Regiodivergent hydrosilylation of silyl alkynes dependent on the steric bulk of the catalyst.

Hydrosilylation of thioalkynes was also explored using the [Cp*Ru(MeCN)3]+ cationic
complex (14). Interestingly, the silylation proceeds with syn addition to the alkyne and is highly
regioselective. With these unique substrates, the thio group serves to stabilize the
ruthenacyclopropane intermediate through positive charge delocalization. This charge stabilization
largely explains the high regioselectivity determined by the migration sequence. Opening of the
metallocyclopropene to a vinyl–ruthenium complex is also facile and downhill in energy by 9
kcal·mol-1, which is attributed to stabilization through α-coordination of the thio group to the Ru
center.

Trans-Selective Hydrogenation

Inspired by the initial discovery of the pivotal trans-selective hydrosilylation of alkynes, the
Fürstner group wondered whether the [Cp*RuL] catalyst system might be capable of promoting an
antidelivery of H–H across a π-system of the alkyne directly, bypassing the intermediacy of a vinyl
silane (Scheme 4). Excluding methods that produce trans products formally through isomerization of
the initially formed cis products (15), a direct antiselective hydrogenation manifold would be of great
value to complement the more established and traditional syn-selective hydrogenation methods.

Scheme 4. An alternative strategy for accessing trans alkenes directly from alkynes through direct
hydrogenation.

The concept was fully realized as subjection of an internal alkyne to the catalyst Cp*Ru(cod)Cl
in the presence of H2 resulted in the formation of the E-alkene in excellent yields and
diastereoselectivity (Scheme 5). The substrate scope is broad but limited to internal alkynes.
Preliminary investigations into the mechanism revealed that a σ–H2 complex, [Cp*Ru(H2)(cod)]
(16), is catalytically competent in the reaction, furnishing the same selectivity as the precatalyst (17).
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A dimeric dihydride complex gave cis–trans alkenes with very poor selectivity. Both results suggest
that the mechanism likely proceeds through a monomeric dihydride complex intermediate.

Scheme 5. Trans-selective semihydrogenation of a functionalized alkyne using the Cp*Ru(cod)Cl catalyst
(16).

More detailed experimental and computational investigations were performed on the nature of
the mechanism of this unorthodox, trans-selective semihydrogenation (18–20). An NMR technique
that uses parahydrogen-induced polarization transfer was used to help identify key intermediates of
the mechanism (21). Subjecting a functionalized alkyne (Figure 5) to the Cp*Ru(cod)Cl catalyst in
the presence of parahydrogen led to the identification of a ruthenium–carbene intermediate arising
from an unusually formal gem-hydrogenation. The complex could be crystallized, thus
unambiguously confirming the carbene structure. Further NMR results from 2D 1H-OPSY-EXSY
experiments with a similar alkyne substrate indicated that this carbene complex does lead to the
formation of the desired E-alkene; however, it also links the complex to side products from the
reaction often observed in small amounts, namely isomerized alkene products and the fully saturated
alkane side products.

Figure 5. Isolation of a key ruthenium–carbene species during the [Cp*Ru(cod)Cl] hydrogenation (18).

With this information in hand, combined with coupled cluster theory, DFT was used to probe
the mechanism. The mechanistic pathway was investigated at the DLPNO-CCSD(T)/def2-
TZVP//M06/def2-TZVP level of theory (Figure 6). Beginning from the precatalyst A0, the
substrate alkyne and H2 are loaded onto the Ru center to give the heteroleptic complex A1 in which
H2 coordinates through its σ-bond. The mechanism resembles that obtained in hydrosilylation (9).
The fleeting intermediacy of a dihydride species (A2) resulting from oxidative addition of H–H
is unique to this case. Upon passing though the low-lying transition state TSA2-A3 (ΔG‡ = 0.8
kcal·mol-1), this short-lived dihydride complex quickly transfers the H-atom proximal to the Cp* to
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an alkyne carbon. The η1-vinyl complex A3 quickly collapses to the ruthenacyclopropane E1. Two
pathways of nearly equal preference are available to E1. The first pathway involves direct reductive
elimination to deliver the Ru–H to form the associated E-alkene associated complex E2. The second
pathway proceeds through initial rotation about the Ru–C bond to form C1 in which the Ru–H
is positioned above and proximal to and is subsequently delivered to the β-carbon with little to no
energy barrier to produce the ruthenium–carbene C2.

Figure 6. Computed energy profile for the semihydrogenation of 2-butyne (18).

Scheme 6. The overall predicted mechanism highlighting the productive cycle (black) and unproductive cycle
that leads to side product formation (blue).

64



http://chemistry-chemists.com

Figure 7. Orbital interaction diagrams describing the bonding between Cp*RuCl and (a) 2-butyne and (b)
2-butene (20).

The competency of the ruthenium–carbene complex to deliver product was also probed
computationally. Indeed, the desired product and side products were predicted to arise from the
carbene through an associative mechanism involving H2 association to the unsaturated 16-electron
complex C2. The overall catalytic cycle was determined by a detailed mechanistic investigation that
combined theory with experiment (Scheme 6). The left cycle describes the formation of the desired
E-alkene and the right cycle details all pathways that led to side product formation. The exit channel
off the main catalytic cycle involves a simple low-barrier rotation about the formal Ru=C bond.
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Future efforts to optimize this important hydrogenation process should focus on disfavoring this
rotation through catalyst modification.

The nature of the alkyne coordination to the Cp*RuCl center was investigated using orbital
interaction theory (Figure 7) (20). Donation from the alkyne to the Ru center and backdonation
from the Cp*RuCl to the alkyne occured. Both π-systems of the alkyne participated in the bonding,
as they interacted equally with the LUMO(a′) (mostly 5s character with σ-symmetric bonding) and
the LUMO-1(a″) (π-symmetric bonding of the Ru fragment). The σ-bonding to the carbon distal to
the Cl ligand was enhanced via the σ-symmetric interaction between the alkyne π* LUMO(a′) and
the Cp*RuCl HOMO(a′) (mostly 3dz2 character) and amounted to the strongest mixing interaction.
A net charge transfer of Δq = 0.133e from the alkyne to the Cp*RuCl was calculated from natural
bond order partial charges. These results support the claim that the alkyne behaving as a four-electron
donor outcompetes the alkene for the metal center that can only behave as a two-electron donor. This
also explains why the alkene product does not react further.

Trans-Selective Hydrostannation

Similar reactivity might be expected to be accessible to other metal hydride reagents capable
of coordinating to the Ru center through their σ-bonds similar to H–SiR3 and H–H. One such
example involves hydrostannanes (Scheme 7) (4, 20, 22, 23). An analogous σ-coordination had been
observed in the manganese complex MeCp(CO)2MnHSnPh3 (24). Mechanistic investigations into
hydrostannation led to the isolation of σ-stannane–ruthenium complexes (4). The hydrostannation
proceeded with excellent E/Z- and regioselectivity in the presence of a hydroxyl directing group.

Scheme 7. Directed hydrostannation of propargyl alcohols catalyzed by [Cp*RuCl]4 (4).

The origins of both the regio- (proximal versus distal) and diastereoselectivity were investigated
using DFT at the SMD(DCM)-M06/def2-TZVP//M06-def2-SVP level of theory (Figure 8) (20).
Both the proximal (black) and distal pathways (grey) were explored. Initial complexation of the
propargyl alcohol produced INT0 and INT0′. Complex INT0 is favored over INT0′ by 4.8 kcal·mol-
1, largely as a result of the hydrogen bonding between the hydroxyl group of the substrate and the
chloro ligand in INT0. The subsequent binding of Me3SnH through the Sn–H σ-bond produced
INT1 in accordance with experimental solid-state structure data. The subsequent step involved a
concerted breaking of the Sn–H bond followed by concomitant transfer of the hydride to the ligated
substrate, all in a concerted manner. The hydride was delivered proximal to the Cp* consistent
with the mechanisms of both hydrogenation and hydrosilylation. The resulting ruthenacyclopropane
INT2 underwent a direct reductive elimination of the SnMe3 group to the remaining carbon of the
alkyne to produce the Z-product. Since the barrier height for the interconversion of INT0 and INT0′
was similar in magnitude to the highest barrier heights leading to the proximal and distal products, the
regioselectivity largely depended on the ground-state energy difference between INT0 and INT0′
rather than on the barrier to interconversion.
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Figure 8. Energy profile describing the regioselectivity in the Cp*RuCl catalyzed hydrostannation of
propargyl alcohol (20).

Trans-Selective Hydroboration

Hydroboration of alkynes in the absence of a metal catalyst is well established to proceed with a
syn addition of the X2B–H bond across the π-system (25). This syn addition mode has rarely been
violated, with such violations restricted to secondary processes.

An antiselective hydroboration manifold of alkynes could be accessed through the use of the
Cp*RuLn catalyst (Scheme 8) (26). The reaction proceeds with excellent diastereoselectivity for
most substrates. The regioselectivity in unsymmetrical substrates depends entirely on the presence of
directing functionality. The reaction does not proceed with terminal alkynes.

Scheme 8. Hydroboration of internal alkynes using a [Cp*Ru(MeCN)3]PF6 catalyst (26).

The mechanism for this enabling hydroboration reaction was investigated using DFT at the
SMD(DCM)-M06/6-311++G(3df,2pd)(def2-TZVP)//B3LYP/6-31G(d) (LANL2DZ) level of
theory (Figure 9) (27). The catalyst chosen for this study was [Cp*Ru(CH3CN)3]+. The overall
mechanism was found to be similar to that for hydrosilylation. The addition sequence proceeding
by initial hydride migration was predicted to be lower in energy by 1.7 kcal·mol-1 than the sequence
involving initial boron migration (black versus red pathway). This oxidative hydroboration step was
predicted to be rate limiting. Boron migration takes places on the face opposite to that of the prior
hydride migration consistent with an overall anti-addition mechanism.

Terminal alkynes’ inability to undergo hydroboration was also investigated computationally by
exploring alternative pathways. The lowest-energy pathway was predicted to be an oxidative coupling
of two alkynes to generate a ruthenacyclopentadiene intermediate that introduces a pathway to arene
side products. An ion mobility mass spectrometric study combined with collision-induced
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dissociation analysis supported the presence of the ruthenacyclopentadiene intermediate as well as
the cyclotrimerized product complexed to ruthenium.

Figure 9. Computed energy profile for the Cp*Ru(CH3CN)3 catalyzed hydroboration of internal alkynes
(27).

Summary

Hydrometalation and hydrogenation of alkynes catalyzed by a [Cp*RuL] complex lead to
selectivity patterns that few other catalysts impart. The unique selectivity results from divergent
mechanisms that are highly dependent on both ligand and substrate effects. The substrate can be
tailored to influence the regioselectivity through directing group bias. The diastereoselectivity is
dependent on the torsional dynamics of the initial insertion step. Computational investigations and
experiments combined with advanced spectroscopic techniques have uncovered many of the key
features and interactions that control selectivity, reactivity, and side product formation. Without
the powerful synergy between computation and experiment, the mechanistic subtleties that control
selectivity in these important transformations would have remained obscure.
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Chapter 4

A Biomimetic System for Studying Salicylate Dioxygenase
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We report the characterization of [Fe(T1Et4iPrIP)(sal)] (2) (T1Et4iPrIP = tris(1-
ethyl-4-isopropyl-imidazolyl)phosphine; sal2– = salicylate dianion), which serves
as a model for substrate-bound salicylate dioxygenase (SDO). Complex 2
crystallizes in the monoclinic space group P21/n with a = 10.7853(12) Å, b =
16.5060(19) Å, c = 21.217(2) Å, β = 94.489(2)°,and V = 3765.5(7) Å3. The
structure consists of FeII bonded in distorted square pyramidal geometry (τ =
0.32) with two salicylate oxygens and two T1Et4iPrIP nitrogens serving as the
base and the apical position occupied by the other ligand nitrogen.
[Fe(T1Et4iPrIP)(OTf)2] (1), the precursor for 2, catalyzes the cleavage of 1,4-
dihydroxy-2-naphthoate in the presence of O2. Complex 1 is also capable of
cleaving the salicylate aromatic ring in the presence of H2O2. The progression of

this reaction toward product formation involves an FeIII–phenoxide species.

Introduction

The deposition of aromatic waste products into the environment by either intentional or
accidental means is a threat to human health and may be responsible for a number of acute or
chronic diseases. Sources of these hydrocarbons include vehicle emissions and industrial exhaust
while other sources include wild fires, burning of plastics and pesticides, incomplete burning of
coal or other fuels, and oil spills (1, 2). Bacteria have evolved to utilize these waste products as
a carbon source. Activation of an aromatic substrate in aerobic microorganisms is usually affected
by hydroxylation of the ring and subsequent dearomatization. The typical ring-fission substrates
are catechol, protocatechuate, homoprotocatechuate, hydroquinone, gentisate, or homogentisate.
These substrates are converted to either mono- or dicarboxylic acids, depending on the mode of
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cleavage (3). Hydroquinones, homogentisate, and gentisate undergo fission of the aromatic ring
adjacent to the hydroxyl group by dioxygenases. For hydroquinones-bearing carboxyl groups (e.g.,
homogentisate and gentisate), cleavage usually occurs at the 1,2-position between the carboxyl and
hydroxyl group (4, 5). Intradiol FeIII dioxygenases are usually present in these ring-fission
dioxygenases while FeII is present for para-substituted diols-cleaving enzymes and extradiol-cleaving
enzymes (3, 6–8). A third type of dioxygenase that cleaves aromatic compounds (9–11) has been
assigned to a new class (Class III) (12). These enzymes catalyze the dioxygenation of gentisate,
homogentisate, 3-hydroxy-anthranilate, 1-hydroxy-2-naphthoate, 2-aminophenol, salicylate, 5-
aminosalicylate, 5-chlorosalicylate, and 5-nitrosalicylate (13). Gentisate, salicylate, 5-
aminosalicylate, and 5-chlorosalicylate are converted via the Class III dioxygenases while the rest are
oxidized by Class I and II enzymes. The Class III ring-cleaving dioxygenases are part of the cupin
superfamily (14, 15). Enzymes containing a 3His metal binding site are gentisate 1,2-dioxygenase
(GDO), salicylate 1,2-dioxygenase (SDO), 3-hydroxyanthranilate 3,4-dioxygenases, 1-hydroxy-2-
naphthoate dioxygenase (HNDO), and Type II hydroquinone 1,2-dioxygenase.

Gentisate 1,2-dioxygenase converts gentisate to maleylpyruvate (Scheme 1) (16, 17). GDO
contains FeII and has a high specificity for gentisate. Alternately, SDO (Scheme 1) catalyzes the
dioxygenation of many monohydroxylated aromatic substrates, which include 3‑, 4‑, and 5-
chlorosalicylate, and 1-hydroxy-2-naphthoate (9, 18). Other substrates include: 5-fluorosalicylate;
3,5-dichlorosalicylate; 3‑, 4‑, 5-bromosalicylate; 3‑, 4‑, and 5-methylsalicylate (9); 1-hydroxy-2-
naphthoate; 3- and 5-aminosalicylate; and 3- and 4-hydroxysalicylate (9, 18). Figure 1 shows the
structures of GDO (PDB 3BU7) (19) and SDO with bound gentisate (PDB 3NL1), bound salicylate
(PDB 3NJZ), and bound hydroxy naphthoate (PDB 3NKT) (12). No substrate-bound adduct has
been structurally characterized for GDO; however, hydrogen bonding interactions between the
active site residues (His162, Tyr190, Gln108, and Asp175) and two iron-bound water ligands are
clearly seen.

Scheme 1. Class III Dioxygenase Enzymes: GDO, SDO, and HNDO
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Figure 1. X-ray structure for the active site of GDO (PDB 3BU7) and SDO with bound gentisate (PDB
3NL1), salicylate (PDB 3NJZ), and naphthoate (PDB 3NKT).

Substrate-bound SDO active site structures also exhibit extensive hydrogen bonding
interactions between active site residues and substrates. In all cases, His162 is within bonding
distance to the carbonyl oxygen of the substrate and Arg83 also provides an H-donor to the bound
substrate oxygen of the carboxylate group. Arg127 also interacts in the salicylate and gentisate
structures. In the case of SDO, it has been proposed that His162 acts as proton donor to the evolving
peroxidate intermediate (20). It is quite probable that successful synthetic models for these active
sites will require outer-sphere H-bonding interactions. Interestingly, Eppinger et al. reported that a
GDO mutant (Ala112Gly) allowed GDO to function as SDO in its substrate preference (21). This
suggests that in GDO, salicylate is unable to bind productively (with both the deprotonated carboxyl
and hydroxyl groups) due to the Ala112 group (located distally to the active site); therefore, no
turnover is observed.

The catalytic mechanism for GDO is believed to first involve coordination of the substrate
followed by dioxygen binding. The O2 attacks at carbon-1 of the bound gentisate to form an
alkylperoxo intermediate (Scheme 2). Heterolytic cleavage of the O–O bond and insertion of one
oxygen atom into the ring C1–C2 bond (Criegee rearrangement) would be enhanced by conversion
of the hydroxyl group to a ketone at C5 and would result in formation of a cyclic lactone. Hydrolysis
by coordinated hydroxide could occur, resulting in formation of the final product (19, 22, 23).

For SDO, gentisate and 5-aminosalicylate are converted to products at a much faster rate (>100-
fold for gentisate) to products compared to salicylate. The rate constant for wild-type SDO (0.9 s–1)
(24) corresponds to ~68 kJ/mol. The key factor responsible for the enhanced catalytic rate could
be that gentisate possesses a hydroxyl group at the 5-position. The presence of an amino group for
5-aminosalicylate could also be key since deprotonation could occur here to stabilize the forming
intermediate. The hydrophobic active site pocket could be important in transferring electron density
to the ring. For gentisate-bound SDO (Figure 1, 3NL1), Trp104 is typically a tyrosine in many
GDOs. The presence of extensive H-bonding interactions in SDO between the substrate and binding
pocket could be an important factor in activation of the substrate; however, this point must be
investigated with model chemistry. The mechanism believed operative in GDO may not account for
the reactivity toward salicylate since no 5-OH group is present. The mechanism for salicylate 1,2-
dioxygenase has been investigated by a quantum mechanical and molecular mechanical (QM/MM)
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study (25). The study reveals that an active site His (His162) plays a role as an acid/base catalyst
supplying a proton to the substrate during catalysis. Roy et al. also conducted QM/MM calculations
on the mechanism of SDO and found that it is possible for a GDO-like mechanism to occur (Scheme
2) without the need for the 5-OH group (26).

Scheme 2. Proposed Mechanism for Dioxygenation of Gentisate by GDO (23)

To study and provide support for mechanistic proposals we have utilized tris(1-ethyl-4-
isopropyl-imidazolyl)phosphine (T1Et4iPrIP, Scheme 3) as our 3His metal binding site and have
synthesized [Fe(T1Et4iPrIP)(OTf)2] (1) to serve as a model for the iron site in SDO.

Scheme 3. Structures of T1Et4iPrIP and [Fe(T1Et4iPrIP)(OTf)2] (1)

Results and Discussion

Complex 1, first reported by our group (27), was reported to be a good model for iron–3His sites
from a structural and electronic standpoint. Complex 1 was shown to reversibly bind NO (similar to
other iron–3His enzyme active sites such as GDO and other mononuclear iron sites) (23, 28). We
studied the LFe + NO ↔ LFeNO equilibrium process spectroscopically by titrating a solution of NO
(7 mM) in THF at 25 °C with 1. The study yielded the equilibrium constant (Keq = 470 M–1) (29)
and is in line with similar studies (30).
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We sought to synthesize a model for the enzyme-substrate adduct to investigate and understand
the mechanism for SDO. To do this we reacted 1 with one equiv bis(tetraethylammonium) salicylate
in dichloromethane. After diffusion in an ether chamber and crystallization at -20 °C, light-green
crystals of [Fe(T1Et4iPrIP)(sal)] (2) deposited and were isolated in moderate yield. The
crystallographic parameters (Table 1) and bond distances and angles (Table 2) for 2 are given. The
structure is shown in Figure 2. The structure reveals FeII in distorted square pyramidal geometry (τ =
0.32) (31). The base comprises oxygens from phenoxy and carboxy groups of the salicylate and two
nitrogens from the imidazole groups of the ligand. The apical position is occupied by a third nitrogen
from T1Et4iPrIP. The average Fe–N bond distance (2.190 Å) is slightly longer compared to 1 (2.140
Å) (27) while the Fe–O distances (1.9519(12) and 2.0456(11) Å) are slightly shorter compared to
another iron salicylate complex (1.958(1) and 2.060(1) Å) (32).

Table 1. Crystallographic Data for [Fe(T1Et4iPrIP)(sal)]·(Et2O) (2·Et2O)

Complex 2·Et2O

chemical formula C35H53FeN6O4P

formula weight (g/mol) 708.65

temperature /K 100.0(5)

λ/Å 0.71073

Crystal system Monoclinic

space group P21/n

a /Å 10.7853(12)

b /Å 16.5060(19)

c /Å 21.217(2)

α/° 90

β/° 94.489(2)

γ/° 90

V /Å3 3765.5(7)

Z 4

μ/mm–1 0.487

Dcalcd /Mg/m3 1.250

R1 ((I > 2σ (I)) 0.0485

wR2 ((I > 2σ(I)) 0.1017

R1 = Σ||Fo|-|Fc||/Σ|Fo|, wR2 = [Σ[w(Fo2-Fc2)2]/Σ[w(Fo2)2]]1/2 w = q/[σ2(Fo2)+(a·P)2+b·P+d+e·sin(θ)].

Reactivity Studies

A model for SDO has previously been reported (32). [FeII(TpPh2)]+ (TpPh2 = hydrotris(3,5-
diphenylpyrazole-1-yl)borate) has been shown to catalyze the aromatic ring scission of 1,4-
dihydroxy-2-naphthoate using O2 as the oxidant (Scheme 4) (33). Incorporation of both oxygen
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atoms into the substrate was demonstrated. It was noted that the presence of 4-hydroxy group was
critical for the reaction and that substitution by –NH2 or –OCH3 did not lead to ring scission.

Table 2. Selected Bond Lengths (Å) and Angles (°) for [Fe(T1Et4iPrIP)-(sal)]·(Et2O)
(2·Et2O)

Bond Lengths (Å)

Fe(1)–O(2) 1.9519(12) P(1)–C(1) 1.8157(16)
Fe(1)–O(1) 2.0456(11) P(1)–C(2) 1.8219(15)
Fe(1)–N(2) 2.1598(13) O(1)–C(25) 1.2805(18)
Fe(1–)N(1) 2.1786(13) O(2)–C(31) 1.3147(19)
Fe(1)–N(3) 2.2320(12) O(3)–C(25) 1.2457(18)
P(1)–C(3) 1.8142(15)

Bond Angles (°)

O(2)–Fe(1)–O(1) 87.07(5) N(2)–Fe(1)–N(3) 84.16(5)
O(2)–Fe(1)–N(2) 151.58(5) N(1)–Fe(1)–N(3) 89.82(5)
O(1)–Fe(1)–N(2) 93.40(5) C(3)–P(1)–C(1) 97.93(7)
O(2)–Fe(1)–N(1) 117.36(5) C(3)–P(1)–C(2) 99.21(7)
O(1)–Fe(1)–N(1) 99.34(5) C(1)–P(1)–C(2) 97.49(7)
N(2)–Fe(1)–N(1) 90.64(5) C(25)–O(1)–Fe(1) 130.69(10)
O(2)–Fe(1)–N(3) 90.75(5) C(31)–O(2)–Fe(1) 128.11(10)
O(1)–Fe(1)–N(3) 170.56(5)

Figure 2. Oak Ridge thermal ellipsoid plot of 2 (50% probability). H-atoms have been removed for clarity.
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Scheme 4. Dioxygenation of 1,4-Dihydroxy-2-naphthoate (33)

The model complex was not capable of degrading salicylate or 1-hydroxy-2-naphthoate as is
the case with SDO and HNDO. In the reaction, the absorption band at 340 nm disappears and
two new charge-transfer bands appear at 720 nm and 920 nm, following a pseudo-first order rate.
The proposed mechanism (Scheme 5) (33) involves initial outer-sphere oxidation of FeII to FeIII by
oxygen followed by an internal redox reaction where iron is reduced back to FeII creating a radical on
the ligand. Oxygen then reacts with the iron center affording an FeIII alkyl peroxide moiety. The 4-
hydroxy group then directs heterolytic cleavage of the O–O bond via a Criegee type rearrangement
to generate an anhydride intermediate. The resulting coordinated hydroxide participates in hydrolysis
of the anhydride yielding the ring-opened product. [FeII(TpPh2)]+ was also shown to be unreactive
toward 4-methylsalicylate and 5-aminosalicylate (33). Using complex 1, we were also able to catalyze
the oxidative scission of 1,4-dihydroxy-2-naphthoate using O2 as the oxidant in CH2Cl2. Next, we
focused our attention on examining whether 1 is capable of catalyzing the ring scission of salicylate
in the presence of O2. NMR studies and gas chromatography–mass spectrometry (GCMS) analysis
indicated that although the solution quickly changes in color from yellow to brownish-red upon
exposure to oxygen, the salicylate was unaffected in these reactions. We then pursued using H2O2 as
the oxidant. The addition of 20 equiv H2O2 to 1 and bis(tetraethylammonium) salicylate in methanol
or CH2Cl2 at 25 °C resulted in the immediate formation of a deep reddish-purple solution (Figure
3). After 10 min the reaction became reddish-brown. Analysis of the reaction mixture by acidification
and extraction with CH2Cl2 indicated that the aromatic ring had been cleaved (Figure 4).

Scheme 5. Proposed Mechanism for the Dioxygenation of 1,4-Dihydroxy-2-naphthoate (33)
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Figure 3. Initial UV–vis spectrum of 1 and bis(tetraethylammonium) salicylate at a ratio of 1:1 in
methanol (−), spectrum in methanol after addition of 20 equiv H2O2 (···), and spectrum after

10 min (- - -).

A control experiment was run by replacing 1 with Fe(OTf)2·2MeCN. This reaction showed
no cleavage of the salicylate aromatic ring (Figure 4). The intermediate spectrum in Figure 3 is
anticipated to be related to an FeIII–phenoxide band arising from oxidation of the Fe by H2O2 (34,
35). The disappearance of this band is expected coincide with the cleavage of the aromatic ring.

Summary and Conclusions

In this work we reported the synthesis and characterization of 2, a structural model for substrate-
bound SDO. The precursor complex 1, was found to be active in the cleavage of 1,4-dihydroxy-
2-naphthoate in the presence of O2 and to affect the ring scission of salicylate in the presence of
H2O2. An intermediate species was observed during the oxidation of salicylate in the presence of

H2O2, and is believed to be an FeIII–phenoxide species with an intermediate in the ring scission
reaction. Low temperature studies are planned to determine if any intermediates are present prior
to the intermediate observed at 25 °C. Density functional theory studies will also help generate a
proposed mechanism for the reaction.

Experimental

Fe(OTf)2·2CH3CN was prepared according to literature procedure (36). 1 was also prepared
according to a published method (37). Anhydrous THF, pentane, dichloromethane, and ether were
obtained using a solvent purification system (Innovative Technologies, Inc., Amesbury, MA).
Methanol (CH3OH) was dried and distilled according to published procedures (38). Elemental
analysis was performed on pulverized crystalline samples that were placed under vacuum and sealed
in a glass ampule prior to submission (Atlantic Microlabs, Inc., Norcross, GA). H2O2 (80%, v/v) was
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prepared by adding anhydrous MgSO4 to 30% H2O2 (Alfa Aesar, Haverhill, MA) and storing this
mixture at 5 °C. The purity was determined by density measurements. Unless otherwise noted, all
the reaction chemicals and tetramethylsilane were AR grade (Sigma-Aldrich, St. Louis, MO or Alfa
Aesar) and used as received.

Figure 4. 1H NMR spectra (25 °C) of extracted reaction mixtures in CDCl3. Fe(OTf)2·2CH3CN (control,
top) and 1 reacted with 1 equiv bis(tetraethylammonium) salicylate and 20 equiv H2O2 in methanol. After

14 h, reactions were acidified with 1 N HCl and extracted with CH2Cl2. The CH2Cl2 was removed in
vacuo and the residues were redissolved in CDCl3 for analysis.

Synthesis

Bis(tetraethylammonium) Salicylate

To a stirred solution of salicylic acid (2.76 g, 0.02 mol) in CH3OH (10 mL) was added aqueous
Et4N(OH) (wt.% = 20%, 29.45 g, 0.04 mol). The solution was stirred for 30 min, evaporated under
high vacuum overnight to remove the solvent and affording a pale-white solid as the product. Yield:
7.54 g (95%). 1H NMR (400 MHz, CDCl3, δ (ppm)) = 7.92 (d, J = 2.0 Hz, 1H), 7.18–7.22 (m,
1H), 6.78 (d, J = 4.0 Hz, 1H), 6.69–6.73 (m, 1H), 3.29–3.34 (m, 16H), 1.27–1.30 (m, 24H).

[Fe(T1Et4iPrIP)(sal)] (2)

To a stirred solution of [Fe(T1Et4iPrIP)(OTf)2] (50 mg, 0.063 mmol) in CH3CN (2 mL) was
added a prepared solution of bis(tetraethylammonium) salicylate (25 mg, 0.063 mmol) with 2.5
equiv trimethylamine (22 µL, 0.158 mmol) in CH3CN (2 mL) under dry nitrogen. The solution
was stirred for 30 min then filtered. Ether was added to the filtrate until it became slightly cloudy.
The resulting mixture was filtered and placed at –30 °C. After a few days, light-green crystals were
deposited as the product. Yield: 25 mg (75%). IR (KBr pellet, cm–1): ṽ = 3124 (m), 3072(m),
2960 (s), 2932 (sh), 2869 (m), 2575(w), 1601 (vs), 1571(vs), 1465(vs), 1447 (vs), 1424 (s), 1383
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(s), 1352 (vs), 1323 (sh), 1259 (s), 1201(m), 1195 (m), 1147 (m), 1132 (m), 1107 (w), 1084(w),
1031(w), 1101(w), 965(w), 923(w), 879(m), 818(m), 757(m), 727(w), 707(w), 655(w), 610 (w),
569 (w), 541 (s), 490 (w), 446 (w), 407 (w). UV–vis [λmax, nm (ε, M–1 cm–1) in CH3OH] 409
(598), 262 (130500). Anal. Calcd for C31H43N6O3PFe: C, 58.68; H, 6.83; N, 13.24. Found: C,
58.03; H, 6.75; N, 12.86. Magnetic measurements, μeff (CDCl3 solution, 298 K): 5.20 μB.

Physical Measurements

A Cary 50 ultraviolet–visible (UV–vis) spectrophotometer was used to collect optical spectra.
FT-IR spectra were acquired on a Varian 3100 Excalibur Series and a Bruker ATR Alpha P
spectrometer. NMR spectra were monitored at 25 °C on a Brüker Avance II 400 MHz instrument
and sample peaks were referenced to tetramethylsilane (CDCl3). GCMS experiments were
performed on an Hewlett-Packard 6890/5973 GCMS. Solution magnetic susceptibility
measurements on 1 at 298 K were obtained using the Evans NMR method (39) with CDCl3
containing 5% CH3CN as the reference. Mass susceptibility, χg, was calculated from the following
equation:

Where Δf is the frequency shift in Hz of the reference compound, f is the fixed probe frequency
of the spectrometer, χo is the mass susceptibility in cm3 g–1 of the solvent, m is the mass in g of the
complex in 1 mL of solution, and do and ds are the densities of the solvent and solution, respectively.

X-ray Crystallography

Green blocks of 2 were obtained by allowing a saturated CH3CN solution of 2 with ether to
cool at –30 °C. A crystal of 2 was placed onto the tips of a thin glass optical fiber and mounted on
a Bruker SMART APEX II CCD platform diffractometer for data collection at 100.0(5) K (40). The
full data collection was carried out using MoKα radiation (graphite monochromator). The intensity
data were corrected for absorption (41). Final cell constants were calculated from the xyz centroids
after integration (42). The structures were solved using SIR2011 (43) and refined using SHELXL-
2014/7 (44). A direct-methods solution was calculated and provided most nonhydrogen atoms from
the E-map. Full-matrix least squares/difference Fourier cycles were performed which located the
remaining nonhydrogen atoms. All nonhydrogen atoms were refined with anisotropic displacement
parameters. All other hydrogen atoms were placed in ideal positions and refined as riding atoms with
relative isotropic displacement parameters. The asymmetric unit for each compound contains one
iron complex and one cocrystallized diethyl ether molecule, both in general positions. Refer to Table
1 for additional crystal and refinement information. Selected bond lengths and angles are listed in
Table 2.
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Chapter 5

Recent Advances in Ru-Catalyzed Olefin and C–H Bond
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A brief summary of recent (2011–2018) reports on olefin epoxidation and C–H
bond oxidation by ruthenium (Ru) complexes is presented herein. Emphasis is
on studies reporting mechanistic information with an overview of the techniques
used. This chapter is designed to provide foundational knowledge for those
beginning work in this area.

Designing and characterizing catalysts for the activation of C–H bonds is one of the most active
areas in chemical research today. New catalysts for the selective conversion of C–H to C–C (1–3),
C–N (2), C–X (4), and C–O (2) bonds seem to be reported daily in the chemical literature. Each of
these chemical transformations has been significantly developed and warrants an in-depth review of
the recent advances pertaining to their catalysis. For the purposes of this review, we will focus on the
oxidation of C–H bonds to C–O bonds (i.e., C–H bond hydroxylation) and the related oxidation
of C=C bonds to epoxides (i.e., olefin epoxidation). Specifically, this review will focus on C–H
bond oxidation by ruthenium (Ru) complexes, as a number of recent reviews have been published
on C–H bond oxidation by first-row transition metal catalysts (5–11). Recently, a number of new
and improved Ru catalysts have been reported . This chapter aims to offer a brief overview of these
developments and provide the reader with a foundation on which to start exploring the field.

Mechanism of Catalysis by RuIV–Oxo and RuIII–Oxyl Species

C–H bond oxidation mechanisms can be divided into two broad categories: inner- and outer-
sphere mechanisms. Inner-sphere mechanisms involve direct coordination between the catalyst and
substrate, which is typically followed by the oxidative addition of the C–H bond to form an
organometallic metal hydride species, followed by ligand exchange, and reductive elimination of
product (12, 13). In contrast, outer-sphere mechanisms typically involve an electrophilic attack of
the metal complex on the C–H bond to form the product, which may or may not be transiently
coordinated to the metal center (13). All known cases of C–H bond hydroxylation and olefin

© 2019 American Chemical Society
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epoxidation follow outer-sphere pathways; therefore, inner-sphere mechanisms will not be discussed
in detail.

Ruthenium–oxo (Ru=O) and Ru–oxyl (Ru–O•) species are key intermediates during C–H
bond hydroxylation and olefin epoxidation (Scheme 1). These species are typically formed by the
oxidation of a RuII or RuIII complex by a sacrificial chemical oxidant, although there are a few
examples of such species being formed electrochemically in the field of water oxidation (14).
Following formation of the Ru–oxo or hydroxo species, C–H bond hydroxylation can proceed via
two distinct pathways: radical rebound and oxene insertion. Similarly, alkene epoxidation can
proceed via a concerted two-electron nucleophilic attack on the Ru–O• or Ru=O intermediate,
or via two consecutive one-electron transfers with the formation of a substrate radical as an
intermediate. Significant effort has been devoted to identifying which factors influence the pathway
followed during catalysis, as the mechanism followed by oxidation catalysts is the most important
factor in determining overall stereoselectivity.

Scheme 1. General mechanisms of C–H bond hydroxylation. Adapted with permission from reference (15).
Copyright 2018 The Royal Society of Chemistry.

Radical Rebound Mechanism of C–H Bond Hydroxylation

The most common mechanism of C–H bond hydroxylation is the radical rebound. Originally
proposed by Groves (16, 17), the rebound mechanism involves initial H-atom abstraction from
an aliphatic substrate by the high-valent metal–oxo or hydroxo species (Scheme 1). The substrate
radical species formed then further reacts with the Ru catalyst to form the C–O bond. Under this
mechanism, the rate-determining step (RDS) is typically H-atom abstraction by the high-valent Ru
catalyst. As such, the overall rate of the reaction is directly controlled by the overall strength of the
C–H bond dissociation energy (BDE), as well as the oxidizing potential of the catalyst. Excellent
reviews on the relationship between BDE and H-atom abstraction by transition metals have been
published by Mayer (18, 19) (details on this relationship will not be discussed in-depth herein). It
is sufficient to say that for any particular catalyst, the rate of the reaction follows that predicted by
the Evans–Polanyi correlation (20) (i.e., the log of the rate constant [k] varies linearly with the BDE
of the substrate C–H bond). Thus, the rebound mechanism selectively oxidizes weaker C–H bonds
in preference to stronger C–H bonds and greater selectivity is predicted for catalysts with lower
oxidizing potentials.

In the rebound mechanism, stereoselectivity is determined in the moments following H-atom
abstraction. If the nascent substrate radical reacts quickly with the newly formed Ru–OH, the
original configuration of the C-atom can be retained leading to a retention of stereochemistry.
Conversely, with even a momentary delay in the rebound, the substrate radical can isomerize,
resulting in a racemic product mixture.
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Oxene Insertion Mechanism of C–H Bond Hydroxylation

Direct insertion mechanisms involve inserting an active ligand (such as a carbene, nitrene, or
oxene) between the C–H bond without forming a metal–alkyl intermediate. While well-established
as a mechanism for the formation of C–C and C–N bonds (3, 21), relatively few examples of C–O
bond formation via insertion have been reported. As originally proposed by Shaik for H2 oxidation
(22), the insertion mechanism for the Ru=O or Ru–O• species reacts with the substrate in a single
two-electron step to form a bound product alcohol in the RDS (Scheme 1). This bound product then
exchanges for solvent and the Ru center can be re-oxidized to its high-valent state by the oxidizing
agent. Oxene insertion provides several advantages over radical rebound, most importantly there is
no opportunity of isomerization in the transition state and, therefore, no racemization during the
formation of the C–O bond.

Alkene Epoxidation via One- and Two-Electron Mechanisms

Similar to C–H bond hydroxylation, alkene epoxidation can follow either a one-electron
stepwise or two-electron concerted pathway (Scheme 2) (23, 24). For epoxidation by Ru=O and
Ru–O• species, kinetic and computational results suggest that the one-electron stepwise pathway
typically dominates (25), with the overall enantioselectivity of the reaction determined by the rate
of radical rebound and the relative energies of the radical conformations. Unlike C–H bond
hydroxylation, there is no general RDS, with either oxidation of the metal center or nucleophilic
attack by the alkene being rate determining, depending on the catalyst and reaction conditions (26).

Scheme 2. General mechanisms of alkene epoxidation by Ru complexes.

Alkene Epoxidation

Alkene epoxidation is responsible for the synthesis of numerous industrially important materials
and is thus a prime target for improved synthetic methods (23, 27). Historically, organic peracids
have been employed as oxidants for the alkene epoxidation reactions (28); however, use of these
oxidants has major drawbacks including the generation of organic waste, narrow substrate scopes,
and difficulty separating the epoxide from byproducts (29). To overcome these problems, a number
of transition metal catalysts have been developed to enable efficient and selective alkene epoxidation
using more benign oxidants (23, 26, 27). Among these catalysts, those based on Ru have been
demonstrated to serve among the most as efficient and long-lived (23, 26). A number of improved Ru
catalysts have been reported since the comprehensive review by Chatterjee (26). This section focuses
on those catalysts reported since 2008 and refers readers to the aforementioned review for details on
earlier work in this area.
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Table 1. Relative Turnover Frequencies (TOF) and Turnover Numbers (TON) for
Epoxidation Catalysts

Complex Substrate Oxidant TOF (h-1) TONa Reference

1b Styrene PhI(OAc)2 6.3c 49.6 (30)

2ab Styrene PhI(OAc)2 3.4c 41.5 (30)

2bb Styrene PhI(OAc)2 5.3c 60.5 (30)

3ad Styrene H2O2 1.9 15 (31)

3bd Styrene H2O2 0.25 2.0 (31)

4ae trans-Stilbene PhI(OAc)2 2.6 61 (32)

4be trans-Stilbene PhI(OAc)2 2.0 47 (32)

5ae trans-Stilbene PhI(OAc)2 1.4 33 (32)

5be trans-Stilbene PhI(OAc)2 1.7 42 (32)

6e trans-Stilbene PhI(OAc)2 0.56 13 (32)

7e trans-Stilbene PhI(OAc)2 0.53 16 (32)

8f Styrene PhI(OAc)2 520g 440g (33)

9ab trans-Stilbene PhI(OAc)2 13.6c 80.1 (39)

9bb trans-Stilbene PhI(OAc)2 7.7c 59.4 (39)

10b trans-Stilbene PhI(OAc)2 250c 100 (39)

11ah trans-Stilbene PhIO 78 680 (40)

11bh trans-Stilbene PhIO 66 596 (40)

12h trans-Stilbene PhIO 18 148 (40)

13h trans-Stilbene PhIO 12 136 (40)

a Mols epoxide/mols catalyst. b Reaction conditions: 24 h, 298 K, 500 μM catalyst, 50 mM substrate, 100
mM oxidant, 15 mM biphenyl standard in dichloromethane (DCM). c Measured initial rate in μmol
substrate/h. d Reaction conditions: 8 h, 293 K, 8.3 mM catalyst, 167 mM substrate, 500 mM oxidant in
ethanol. e Reaction conditions: 24 h, room temperature (RT), 0.8 mM catalyst, 80.0 mM substrate, 160.0
mM oxidant in DCM. f Reaction conditions: 1.0 mM catalyst, 2.0 M substrate, 4.0 M oxidant, 4.0 M
water, 165 mM dodecane standard in 1:1 DCM/ethanol. g Per Ru center. h Reaction conditions: 910 mM
PhI(OAc)2, 910 mM water, and 0.5 mM catalyst were stirred at RT for 2 h in 5 mL of 1,2-dichloroethane
to hydrolyze the PhI(OAc)2 to PhIO. Substrate was then added to a final concentration of 455 mM, and the
reaction was stirred at RT with samples analyzed for product formation every 5–30 min.

One important development in the field since 2008 is the report by Dakkach et al. (30) reporting
on a family of Ru terpyridyl (tpy) complexes with (pyridyl)pyrazol and (pyridyl)pyrollidine ligands
(Figure 1). Compound 1 was determined to have a concerted two-electron RuII/IV couple between
pH 1.21 and 9.75, while compounds 2a and 2b were found to possess slightly separated one-electron
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RuII/III and RuIII/IV redox couples. Each of these catalysts showed epoxidation activity in the presence
of (diacetoxyiodo)benzene, (PhI(OAc)2) (Table 1). Interestingly, there is a competition between
steric and electron effects for epoxidation in this family of catalysts. Electronically, 1 has the highest
oxidizing potential and 2a has the lowest; therefore, with sterically unhindered epoxides such as
styrene, the overall rate of epoxidation is 1 > 2b > 2a. On the other hand, 2b possesses a sterically
bulky methyl group near the Ru=O species, inhibiting more sterically hindered epoxides from
approaching and greatly diminishing its rate of reaction relative to 1 and 2a (Table 1).

Figure 1. Structure diagrams of 1, 2a, and 2b (30).

In 2011 Chowdhury et al. (31) reported a related series of Ru complexes bearing tpy and 2-
quinolinecarboxylate ligands (Figure 2). The different isomers of this complex show significantly
different catalytic activity for alkene epoxidation, with 3a showing good activity for epoxidation
using hydrogen peroxide as the oxidant, and 3b requiring meta-chloroperbenzoic acid to catalyze
epoxidation (Table 1). This difference in reactivity between the isomers is attributed to the relatively
lower energy of RuIV=O observed for 3a, indicating the RDS for these catalysts is oxidation of the
RuII–OH2 resting state by the oxidant. On the basis of density functional theory (DFT) calculations
and radical scavenger competition experiments, these complexes were each proposed to follow the
stepwise – rather than concerted mechanism for epoxidation (Scheme 2).

Figure 2. Structure diagrams of Ru(tpy)(2-quinolinecarboxylate)Cl isomers 3a and 3b (31).

Also in 2011, Ru complexes bearing either tris(pyrazolyl)methane or tpy and bis(oxazoline)
(BOX) ligands were investigated by Serrano et al. (32) for selectivity in substrates containing multiple
alkene moieties (Figure 3). Intriguingly, the selectivity of these catalysts for ring versus vinyl
epoxidation in 4-vinylcyclohexene was found to vary dramatically with small changes in ligand (Table
2). This selectivity was investigated via DFT, where it was found that the RDS in these reactions
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was an initial complexation between the catalysts and one of the C=C bonds in 4-vinylcyclohexene,
and that switching from the benzyl side chains of 4a to the iPr side chains of 4b increased the
barrier to activation at the cyclohexene C=C bond by 1.4 kcal/mol (Figure 4). Stereochemical
retention was observed for these catalysts in the oxidation of cis-stilbene, suggesting a concerted
mechanism; however, it is not possible to exclude a stepwise mechanism with rapid rebound based
on the experimental data provided.

Figure 3. Structure diagrams of BOX ligand epoxidation catalysts 4–7 (32).

In 2013 Di Giovanni et al. reported a dinuclear Ru complex, {[RuII(tpy)(H2O)]2(μ-pyridazine-
3,6-dicarboxylate)}2+ 8, with exceptionally high epoxidation activity (Figure 5) (33). The high
activity of this catalyst is attributed to through-space cooperative effects enabled by electronic
communication through the pyridazine ligand (34, 35). Support for a cooperative mechanism was
demonstrated by comparison to the monomeric [RuII(tpy)(picolinate)(H2O)]+ complex, which
showed much lower activity. The overall mechanism of epoxidation by 8 was proposed to be
concerted nucleophilic attack by the alkene on one of the RuIV=O sites due to retention of
stereochemistry. As with the BOX catalysts, a stepwise process with rapid rebound cannot be
excluded because of the experimental results.
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Table 2. Selectivity for Ring versus Vinyl Epoxidation of 4-Vinylcyclohexene by Ru–BOX
Catalysts

Catalyst Conversion (%) Ring Oxidation (%) Vinyl Oxidation (%)

4a 74.1 97.4 2.6

4b 21.2 0 100

Reaction conditions: 24 h, RT, 0.80 mM catalyst, 80.0 mM substrate, 160.0 mM oxidant in DCM.

While often discounted as too prone to oxidation to serve as ligands during oxidation catalysis,
N-heterocyclic carbenes (NHC) have been demonstrated to serve admirably under the extremely
harsh conditions required for water oxidation (36, 37). With this powerful demonstration of their
resistance to oxidation, NHCs have begun to be investigated for their efficacy as ligands in other
oxidation reactions, including akene epoxidation and C–H bond hydroxylation. Early examples of
NHCs are those reported by the two groups led by Romero and Rodríguez in groups 9–10 (Figure
6) (38, 39). Each of these complexes was determined to have a concerted two-electron two-proton
RuII/IV redox potential in aqueous solution, with the potential varying in the order 10 < 9b < 9a.
In this family, 10 typically exhibited the greatest initial rate and turnover despite its lower redox
potential (Table 2). This was attributed to a combination of the amine ligand in 10 providing a more
nucleophilic Ru=O species relative to that formed by the terpyridine ligands in 9a and 9b, as well as
the potential for π–π interactions between 10 and aromatic substrates.

Figure 4. DFT optimized transition states of the RDS for epoxidation of 4-vinylcyclohexene by 4a (a) and
4b (b). Energy barriers are given in kcal/mol and interatomic distances are given in Å. Reprinted with

permission from reference (32). Copyright 2011 American Chemical Society.
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Figure 5. Structure diagram of {[RuII(tpy)(H2O)]2(μ-pyridazine-3,6-dicarboxylate)}2+ 8 (33).

In 2017 Liu et al. (40) reported some of the best characterized Ru–NHC complexes to catalyze
alkene epoxidation (Figure 6). In their report, the authors describe a family of Ru–NHC complexes
containing either a meridional tpy ligand or a facial N,N-bis(pyridin-2-ylmethyl)ethanamine ligand.
It was found that the mer complexes 11a and 11b were significantly more active for epoxidation than
the fac complexes 12 and 13 (Table 1). This is attributed to the ability of 11a and 11b to participate
in concerted two-electron transfers (ΔE1/2 ~30 mV), whereas 12 and 13 are limited to one-electron
chemistry (ΔE1/2 > 200 mV). Due to this ability to participate in two-electron chemistry, 11a and
11b are proposed to catalyze epoxidation via a concerted mechanism (Scheme 2), whereas 12 and 13
are proposed to catalyze the reaction via a stepwise mechanism (Scheme 2). Although, it should be
noted that retention of stereochemistry is observed during the epoxidation of cis-β-methylstyrene for
all catalysts in this family, indicating that if 12 and 13 follow a stepwise mechanism, then the rebound
is faster than rotation around the C–C bond in the radical intermediate, demonstrating the difficulty
of using only retention of stereochemistry to determine catalytic mechanisms in these reactions.

Figure 6. Structure diagrams of Ru–NHC epoxidation catalysts 9–10 (38, 39) and 11a–13 (40).

An excellent joint experimental theoretical study by Dhuri et al. (41) in 2015 describes the
unusual case of a Ru complex catalyzing either epoxidation or C–H bond hydroxylation, depending
on the substrate. Briefly, this complex, [RuIV(tpy)(2,2′-bipyrimidine)(O)]2+ 14 (Figure 7), was
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found to epoxidize styrene via a stepwise nucleophilic attack, but hydroxylates cyclohexene to 2-
cyclohexen-1-ol via rate-determining H-atom abstraction. Support for these mechanisms was
provided because of DFT energy barrier calculations in combination with kinetic isotope effect (KIE)
studies. Further discussion of this catalyst’s C–H bond hydroxylation activity is provided in the
following section.

Figure 7. Structure diagram of [RuIV(tpy)(2,2′-bipyrimidine)(O)]2+ 14 (41).

Alkane Hydroxylation

Alkane hydroxylation (i.e., the conversion of C–H to C–OH groups) is one of the most active
areas in catalysis research today (42). This is due to the combined importance of installing functional
groups at unactivated sites in organic synthesis (13, 43) and the relevance to the synthesis of liquid
fuels from renewable resources (44). With regards to Ru complexes synthesized for this reaction,
a wide variety of ligand scaffolds have been employed, including porphyrins (45), amines (46),
phosphines (47), and even polyoxometalates (48). Among these scaffolds, polypyridyl ligands are
among the best studied due to their oxidation resistance and synthetic accessibility (49).

For our first example of alkane hydroxylation complexes using polypyridyl ligands, we return to
the work of Dhuri et al. (41) discussed in the previous section (Figure 7). In this report 14 was found
to catalyze the hydroxylation of allylic and aliphatic C–H bonds. The RDS for each of these reactions
is H-atom abstraction, although RuIII rather than the RuII expected from the rebound mechanism
(Scheme 1) was found as the product during stoichiometric oxidation experiments. Further kinetic
experiments revealed that the mechanism involved a “radical non-rebound” mechanism, where
the initially formed RuIII–OH species dissociates from the carbon radical. The carbon radical is
then further oxidized to the alcohol by a second RuIV=O molecule (Scheme 3). This mechanism is
chemically distinct from the rebound mechanism yet may be indistinguishable from a slow rebound
under catalytic conditions, demonstrating the value of stoichiometric kinetics studies.

Scheme 3. General mechanism of radical non-rebound C–H bond hydroxylation.

More recently, Du Bois and Sigman et al. have demonstrated selective C–H bond oxidation
using periodic acid and Ru complexes of bpy, 15, and 4,4′-di-tert-butyl-2,2′-bipyridine (dtbpy),
16 (Figure 8) (50). This complex was found to selectively hydroxylate only the most electron rich
sites in a variety of substrates, i.e. the catalysts show a strong preference for benzylic and tertiary
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aliphatic sites. Of particular note is the tolerance of 16 for nitrogen-containing functional groups
(Table 3), which may be oxidized to N-oxides or coordinate to the metal center of the catalyst,
inhibiting the reaction. Key to this tolerance is the addition of an acid cocatalyst. It is hypothesized
that this acid additive inhibits binding of and oxidation at N-sites by protonating them, although
further investigation into this mechanism is ongoing. Oxidation of chiral substrates by 16 shows
nearly complete retention of stereochemistry, suggesting an oxene insertion mechanism (Scheme 1);
however, a radical mechanism with rapid rebound cannot be precluded on this basis alone.

Table 3. Relative TOF and TON for C–H Bond Hydroxylation Catalysts
Complex Substrate Oxidant TOF (h-1) TONa Reference

15b 2-isohexylpyridine H5IO6 3.5 14 (50)

16b 2-isohexylpyridine H5IO6 4.1 16.2 (50)

16c 2-isohexylpyridine H5IO6 4.5 17.8 (50)

16c 4′-isopropylacetophenone H5IO6 4.6 18.4 (50)

17d ethylbenzene NaIO4 4.2 25 (51)

18e ethylbenzene electrode 133 1600 (52)

21f 4-ethylbenzenesulfonate CANg 38 38 (54)

22f 4-ethylbenzenesulfonate CANg 35 35 (54)

23f 4-ethylbenzenesulfonate CANg 33 33 (54)

a Mols alcohol (ketone/aldehyde)/mol catalyst. b Reaction conditions: 60 mM substrate, 3.0 mM catalyst,
180 mM oxidant, 360 mM triflic acid, 4 h at RT in 1.67 mL 1:1 acetic acid:water solvent. c Reaction
conditions: 60 mM substrate, 3.0 mM catalyst, 120 mM oxidant, 360 mM triflic acid, 4 h at RT in 1.67
mL 1:1 acetic acid:water solvent. d Reaction conditions: 55.6 mM substrate, 560 mM oxidant, 1.7 mM
catalyst, in 4.5 mL 2:1 acetonitrile:water solvent for 6 h at 70 °C. e Reaction conditions: 10 nmol catalyst
on a 1 cm2 nano-ITO electrode (ITO = Indium-doped Tin Oxide), 20.0 mM substrate, 100.0 mM
LiClO4 electrolyte, 1.0% water in propylene carbonate solvent, 1.74 V constant potential for 12 h at 23

°C. f Reaction conditions: 100 mM substrate, 200 mM oxidant, 1 μM catalyst in D2O for 1 h at 23

°C. g CAN = cerium(IV) ammonium nitrate.

In 2017, Gupta and Choudhury reported an NHC-based Ru catalyst, 17, for oxidation at
benzylic C–H bonds (Figure 9) (51). On the basis of electrospray ionization mass spectrometry
(ESI-MS) and ultraviolet-visible spectroscopy is time-course studies, 17 was found to form a cis-
dioxo RuVI species when oxidized with NaIO4, which then proceeds to abstract a benzylic H-atom in
the RDS. This RDS was further supported by an observed hydrogen/deuterium (H/D) KIE of 3.4,
indicating involvement of the substrate H-atom in the RDS. Addition of a radical trap to the reaction
mixture resulted in a significant reduction in TOF and TON, strongly suggesting a radical rebound
mechanism for this catalyst (Scheme 1). As is common in C–H bond oxidation, hydroxylation
at secondary sites was not observed as any product alcohols were likely rapidly oxidized to the
corresponding ketones.
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Figure 8. Structure diagram of [Ru(bpy)2Cl2] 15 and [Ru(dtbpy)2Cl2] 16 (50).

Figure 9. Structure diagram of [Ru(NHC)(bpy)(MeCN)2](OTf)(PF6) 17 (51).

A rare example of electrochemical C–H bond oxidation by a well-defined Ru catalyst was
reported in 2012 by Meyer et al. (52). In this report, the bpy ligand of a known C–H bond oxidation
catalyst, [Ru(Mebimpy)(bpy)(OH2)](PF6)2 (Mebimpy = 2,6-bis(1-methylbenzimidazol-2-
yl)pyridine), was modified with phosphonate groups to generate 18 (Figure 10). When attached
to a nano-ITO electrode, 18 was found to exhibit significant catalytic activity for the conversion
of ethylbenzene to acetophenone (Table 3). Remarkably, the catalyst remains stable for hours on
the electrode surface, leading to turnover numbers significantly greater than typically seen for
homogeneous catalysts and demonstrating the advantages of heterogenizing known catalysts. KIE
studies showed only a minor H/D KIE of 1.2. In conjunction with a lack of inhibition of the reaction
in the presence of O2, this result suggests 18 operates via the oxene insertion mechanism (Scheme
1). Unfortunately, no alcohol products are observed to form during C–H bond oxidation by 18.
This is attributed to rapid oxidation of the alcohol intermediate by 18 at the electrode surface before
diffusion can occur.
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Figure 10. Structure diagram of the phosphonate functionalized [Ru(Mebimpy)(bpy)(OH2)]2+ derivative,
18 (52).

In 2011, Kojima and Fukuzumi reported a particularly well characterized C–H bond
hydroxylation catalyst based on tpa, [Ru(tpaH)(bpy)(O)](PF6)3 19 (Figure 11) (53). Kinetic
analysis of C–H bond oxidation of cumene by 19 revealed two distinct steps: the observed rate
constant for the first of which exhibited linear dependence on the concentration of cumene and
an H/D KIE of 12, and an observed rate constant for the second of which was independent of
cumene concentration and an H/D KIE of 1. Varying the substrate further revealed that the observed
rate constant for the first step decreased linearly with the substrates’ C–H BDE. Based on these
kinetic experiments, 19 was found to follow the radical rebound mechanism (Scheme 1) with H-
atom abstraction serving as the RDS in the catalytic cycle. Additionally, the inclusion of radical traps
in the catalytic mixture had no effect on the rate or product distribution of 19, further supporting
the rebound over the non-rebound mechanisms. Remarkably, using ESI-MS the authors were able
to identify the initial product of the rebound reaction with cumene, i.e. the bound cumyl alcohol
species 20 (Figure 11). Further investigation of the products via ESI-MS determined that the second
observable step in the C–H bond hydroxylation by 19 is irreversible ligand exchange between the
bound, oxidized substrate, and the acetonitrile used as solvent.

Figure 11. Structure diagrams of [Ru(tpaH)(bpy)(O)](PF6)3, 19, and its rebound product with cumene,
20 (53).
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Based on this work, in 2012 Fukuzumi and Kojima reported on the C–H bond oxidation activity
of several Ru(tpa)-based complexes (Figure 12) (54). These complexes were found to serve as very
active catalysts for the oxidation of alcohol to aldehydes and ketones and were also capable of
oxidizing benzylic C–H bonds to the corresponding ketones (Table 3). H/D isotope studies on the
oxidation of methanol by the corresponding RuIV–oxo species showed KIEs of 1.7–2.5, depending
on the catalyst. These values indicate that the RDS in C–H bond oxidation by these complexes is H-
atom abstraction which is followed by radical rebound (Scheme 1).

Figure 12. Structure diagrams of Ru(tpa)-based C–H bond oxidation catalysts 21–23 (54).

Summary

C–H bond hydroxylation and alkene epoxidation are two of the most active areas in catalysis
today. These reactions share high-valent oxo species in their mechanism, and thus mechanistic
insights into one of these reactions can lead to insights in the other. In the past decade, a number
of new strategies using Ru catalysts have been employed to understand the mechanism of these
reactions. These strategies, including the use of NHC ligands and heterogenizing known
homogeneous catalysts, have led to remarkable improvements in catalytic activity.

While much of the current effort is focused on first-row transition metals, considerable work
remains to improve our understanding of the mechanism C–H bond oxidation and alkene
epoxidation by Ru. As our understanding improves, new opportunities to improve the sustainability
of these reactions will become possible through use of greener reaction conditions. This selection of
catalytic developments demonstrates the significant progress made toward this goal in the last ten
years. It is the authors’ hope that this article assists a new generation of researchers to employ Ru
catalysts toward improving our understanding of this vital reaction.
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Despite the well-established techniques to characterize the core structure and
composition of metallic nanoparticles (NPs), the characterizations of surface
stabilizers on metallic NPs remain very challenging. Such NPs are active catalysts
for the hydrogenation of alkene, alkyne, aromatic, nitro, ketone, and aldehyde
groups. The stabilizers affect the size, solubility, stability, and catalytic activity of
NPs. A variety of stabilizers have been characterized using infrared spectroscopy
(IR), NMR, elemental analysis, X-ray photoelectron microscopy, energy-
dispersive X-ray spectroscopy, thermogravimetric analysis, and mass
spectrometry. These stabilizers include carbonyl, phosphine, N-heterocyclic
carbene, amine, aniline, thiolate, citrate, and phosphine oxide. This chapter
focuses on developments for the qualitative and quantitative analyses of NP
stabilizers, which are discrete molecules or ions.

Introduction

This chapter illustrates many spectroscopic and titration methods to characterize and quantify
surface ligands and stabilizers on metallic nanoparticles (NPs). Although the characterizations of the
core structure and composition of zerovalent, metallic NPs are well established, the characterizations
of the surface ligands or stabilizers on NPs remain a great challenge (1, 2). These zerovalent, metallic
NPs represent the most active NP catalysts for the hydrogenation of alkene (3), aromatic (4), nitro
(5), alkyne (6), ketone (7), and aldehyde (7) groups. The surface ligands or stabilizers can determine
or influence the stability and activity of NP catalysts. They prevent NPs from aggregating and forming
bulk material (1, 2), which leads to the loss of surface area and catalytic activity. Meanwhile, the
surface ligands or stabilizers can block the surface binding sites and poison the catalyst.

For the sake of brevity, surface ligands or stabilizers will simply be referred to as stabilizers in
this chapter. The term ligand implies the presence of a surface metal–ligand coordinate covalent
bond. These ligands can be small organic molecules such as amine (8–10), carboxylate (11–18),
and thiolate (6, 11, 15, 19–27). The more general term stabilizer has no such implication, and
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it includes ionic or Derjaguin–Landau–Verwey–Overbeek (DLVO) stabilizers, such as chloride,
acetate, ammonium, sodium, and hydroxide, which may or may not be involved in a coordinate
covalent bond (1, 2, 18, 28–30). The distinction between a ligand and an uncoordinated stabilizer
can only be determined by experiment. In this chapter, the term ligand is used only when the
presence of a surface metal–ligand coordinate covalent bond is supported by direct spectroscopic
evidence.

The characterizations of stabilizers are discussed in this chapter using examples. The sections
are organized by the atomic number of elements, from ruthenium to gold. The sections are further
organized by the stabilizers, with the established stabilizers discussed first, followed by the novel
ones. In each case, brief background information is provided regarding the synthesis, purification,
characterizations on the NP core, catalytic activity, and theory of NPs. The detailed characterizations
of stabilizers follow, and specific characterizations data is included for reference and comparison. The
NPs are labeled using the metal element followed by the stabilizers in parentheses. Unless otherwise
specified, the NP size refers to the average diameter rather than the radius.

Except for a few highly cited works from the 1990s, the scope of this chapter is limited to studies
published since the year 2000 (27, 31, 32). For earlier studies, readers are referred to the 1985 ACS
Symposium Series Volume 288, Catalyst Characterization Science: Surface and Solid State Chemistry by
Marvin L. Deviney and John L. Gland and a 2007 review by Ott and Finke (2, 33). Techniques that
require highly specialized equipment are avoided; interested readers are referred to reviews on NP
characterizations using a custom-built mass spectrometer (34) or a synchrotron radiation facility for
X-ray absorption spectroscopy (2). Instead, this work is dedicated to the most general techniques
accessible to chemists, only highlighting a selected group of studies focused on the characterizations
of stabilizers. The characterizations of atomically precise, subnanometer molecular gold clusters are
beyond the scope of this chapter. Such a cluster is best described as a multinuclear metal complex
rather than NPs.

The well-established methods to characterize the structure of the NP core include high-
resolution transmission electron microscopy (HRTEM), selected area electron diffraction (SAED),
and powder X-ray diffraction (PXRD). The compositional analysis is performed using elemental
analysis (EA), X-ray photoelectron microscopy (XPS), energy-dispersive X-ray spectroscopy (EDX),
and atomic absorption spectroscopy. The general techniques to characterize the stabilizers include
(listed in descending order according to accessibility): IR spectroscopy, EA, mass spectrometry
(MS), solution-phase proton NMR spectroscopy, diffusion-ordered NMR spectroscopy (DOSY),
two-dimensional (2D) NMR, multinuclear NMR spectroscopy, thermogravimetric analysis (TGA),
XPS, EDX, and solid-state magic-angle-spinning NMR (MAS NMR) spectroscopy.

The abbreviations, rather than full names, will be used to describe these common spectroscopic
techniques. Additional abbreviations, listed in alphabetical order, include: attenuated total
reflectance (ATR), carbonyl ligand (CO), 1,5-cyclooctadiene (cod), 1,3,5,7-cyclooctatetraene
(cot), and an organic alkyl or aryl group (R).

Case Studies

Ru (Phosphine)

Chaudret, Philippot, Salmeron, and co-workers have carried out extensive studies on the
characterizations of surface organic ligands on the Ru NP catalysts (10, 35–39). The authors have
streamlined the surface ligand characterizations on Ru NPs, using solution-phase proton NMR,
1H–13C heteronuclear single quantum coherence 2D NMR spectroscopy, solid-state 13C and 31P
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MAS NMR spectroscopy with or without cross-polarization, XPS analysis of binding energies, EA,
FT-IR, and titration of surface hydrides using an olefin.

Typically, the Ru NPs are made by the decomposition of an Ru complex, Ru(cod)(cot), under
H2 (38). A small organic ligand is present in the reaction mixture and stabilizes the NPs. The reaction
is carried out using air-free techniques by degassing the solvent using freeze-pump-thaw cycles and
an argon protective atmosphere. A variety of Ru NPs are made by varying the ligand (e.g., phosphine
and N-heterocyclic carbene) and reaction conditions, and the surface structure is thoroughly
characterized.

In 2014, Martínez-Prieto et al. reported (37) the synthesis of Ru NPs stabilized by
bis(diphenylphosphino)butane (dppb), as shown in Figure 1. The synthesis was carried out using
a one-pot, two-step protocol starting from the Ru(cod)(cot) precursor. The reaction conditions
included using degassed heptanol as the solvent at room temperature in a Fisher–Porter reactor under
3 bar H2. The reaction mixture quickly turned from yellow to dark, indicating the formation of NPs.
The heptanol-stabilized Ru NPs formed initially, and, 1 h later, a solution of dppb in tetrahydrofuran
(THF) was added to replace heptanol with dppb. The reaction continued for 14 h at room
temperature to form Ru NPs stabilized by dppb.

Figure 1. Ru NPs stabilized by dppb ligands.

The solution was concentrated by evaporation at 70 °C to purify the NPs. The dppb-stabilized
NPs were precipitated using pentane. A second pentane wash was performed to remove any free
organic molecules such as heptanol and phosphine that were not adsorbed to NPs. Finally, after
solvent removal under vacuum, the NPs were isolated in a dry powder form.

The Ru–Pt NPs catalyzed styrene hydrogenation in a degassed THF solution at 25 °C and
under 3 bar H2. Complete styrene hydrogenation to ethylcyclohexane was achieved with a turnover

frequency (TOF) of 2.1 h−1. By monitoring the product formation, the authors found that styrene
hydrogenation to ethylbenzene occurred first, followed by arene hydrogenation to ethylcyclohexane
as the final product.

The 3.1 ± 0.4 nm NPs formed and have a crystalline hexagonal close-packed (hcp) structure,
similar to Ru bulk metal, with a roughly spherical shape under HRTEM. The XPS binding energy
(280.5 eV for the 3d5/2 peak) of the Ru NPs was higher than metallic Ru (280.0 eV for the 3d5/2
peak). The π-acceptor ligand dppb coordinated to Ru could increase its binding energy by lowering
the energy of d orbitals. The binding energy calibration is conducted using the Au 4f7/2 peak at 84.0
eV and the Fermi level edge at 0 eV.

The dppb surface ligand was characterized by solid-state MAS NMR. In the proton-decoupled
31P MAS NMR spectrum of the Ru NPs, the peak at 34.5 ppm was assigned to the phosphorous
atom. In the proton-decoupled 13C MAS NMR of the Ru NPs, shown in the bottom spectrum of
Figure 2, peaks near 25 ppm were assigned to the alkyl groups of dppb and possibly the alkyl groups
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of residual heptanol ligands. The synthesis of Ru(dppb) was achieved by the ligand replacement of
Ru(heptanol) with dppb; however, the exchange may not be complete. Peaks near 130 ppm were
assigned to the aryl groups. 13C-labeled CO was added and adsorbed onto the Ru NPs to study their
surface structure by 13C MAS NMR, shown in the top spectrum of Figure 2. The peak at 195.7 ppm
was assigned to the terminal carbonyl group, and the peak at 229.9 ppm was assigned to the bridging
carbonyl group. The 13C-labeled CO adsorption experiment suggests the availability of two distinct
binding sites on the surface of Ru NPs.

Figure 2. The proton-decoupled 13C solid-state MAS NMR spectrum of the Ru(dppb) NPs before adding
13CO (bottom) and after adsorption of CO (top). Spinning side bands of the 195.7 ppm peak are marked

with asterisks. Reaction conditions for 13CO adsorption: 25 °C, 3 bar H2, and 20 h. Reproduced with
permission from ref (36). Copyright 2014 American Chemical Society.

Elemental and inductively coupled plasma–atomic emission spectroscopy analyses found
10.48% of carbon, 2.48% of phosphorous, and 2.48% of hydrogen attributed to the phosphine
ligand. The NPs consisted of 69.99% of ruthenium. XPS binding energies confirmed the presence
of carbon and phosphorous elements. The binding energy of phosphorous (134.4 eV) is higher than
that of free and uncoordinated dppb ligands (130 eV). The high binding energy suggests that the
dppb ligands are directly coordinated to surface Ru atoms and rules out the presence of free dppb
ligands.

The Ru(dppb) NPs catalyzed the Fischer–Tropsch synthesis of C1–C4 alkanes from H2 and

CO. Up to 1.3 × 10−5 s−1 TOF was detected in the formation of C2–C4 alkanes at a temperature of
150 °C, which is relatively low for the Fischer–Tropsch reaction.

Ru–Pt (Phosphine)

Dppb was also used to stabilize Ru–Pt bimetallic NPs (40). Two organometallic complexes in a
1:1 ratio were used in the synthesis of the Ru–Pt NPs. Ru(cod)(cot) served as the source of Ru and
[Pt(Me)2(cod)] (Me = methyl) served as the source of Pt. They were mixed in a THF solution in
the presence of the dppb ligand (40). The reaction was carried out in a Fisher–Porter reactor at room
temperature and under 3 bars H2.

To isolate the NPs in a dry powder form, pentane was added to precipitate the NPs at −30 °C.
The NPs were washed twice with pentane under argon, using a cannula, and dried under vacuum.
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The Ru–Pt NPs catalyzed styrene hydrogenation in a degassed THF solution at 25 °C and
under 3 bar H2. Complete styrene hydrogenation to ethylcyclohexane was achieved with a TOF of

2.1 h−1. By monitoring the product formation, shown in Figure 3, the authors found that styrene
hydrogenation to ethylbenzene occurred first, followed by arene hydrogenation to ethylcyclohexane
as the final product.

Figure 3. The formation of ethylbenzene, followed by ethylcyclohexane in the styrene hydrogenation
catalyzed by Ru–Pt (dppb) NPs. Reaction conditions: 25 °C, 3 bar H2, and 0.03 mmol total Ru–Pt

metal. Reproduced with permission from ref (39). Copyright 2013 Royal Society of Chemistry.

TEM analysis showed that the Ru–Pt NPs have the size of 1.8 ± 0.2 nm. HRTEM revealed
both hcp and face-centered cubic (fcc) structure in these NPs. Inductively coupled plasma–atomic
emission spectroscopy analysis showed a Ru to Pt ratio of 1.2:1.

The FT-IR and solid-state MAS NMR studies confirmed the presence of dppb ligands on Ru–Pt
NPs. The stretches at 1884 cm−1 and 3070–2850 cm−1 were assigned to the C=C and C–H
stretching modes of the dppb ligand. Proton-decoupled 31P MAS NMR showed four peaks at 4.78
ppm, 37.63 ppm, and 25.57 ppm, which were assigned to dppb ligands coordinated to Ru at different
Ru sites, as well as the hydrogenated dppb ligand, presumably due to the hydrogenation of the aryl
group of dppb. In the proton-decoupled 13C MAS NMR spectrum of the NPs, peaks from 10 to
40 ppm were assigned to the alkyl carbons of the dppb ligand, and peaks at 110 and 135 ppm were
assigned to the aryl carbons.

Ru (N-Heterocyclic Carbene)

N-Heterocyclic carbene (NHC) ligands are well known for the homogeneous Ru catalyst in
olefin metathesis (41), and studies have emerged using NHC ligands to stabilize NPs (42). Chaudret
and co-workers have made seminal contributions to the synthesis and surface ligand
characterizations of Ru NPs stabilized by NHC ligands (36, 38, 39, 43).

In 2011, Ru NPs (36) stabilized by tBu·NHC and IPr·NHC ligands (Figure 4) were synthesized
using Ru(cod)(cot) as the precursor organometallic complex. Ru (NHC) NPs were made at room
temperature under 3 bar H2 in pentane solvent and in the presence of tBu·NHC·HCl or
IPr·NHC·HCl imidazolium chloride salts, which generated the NHC ligands in situ. The NPs were
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purified by removing the pentane solvent under vacuum. The Ru NPs catalyzed the complete
hydrogenation of styrene to ethylbenzene at 25 °C and under 3 bar H2.

Figure 4. The imidazolium salts, tBu·NHC·HCl (left) and IPr·NHC·HCl (right), and the Ru NPs
stabilized by the corresponding NHC ligands.

Under otherwise identical conditions, Ru NPs made from tBu·NHC·HCl and those from
IPr·NHC·HCl both have a size of 1.7 ± 0.2 nm, as shown by TEM imaging. HRTEM analyses
detected crystalline NPs with hcp structure.

Surface hydride ligands on the NHC-stabilized Ru NPs were detected and quantified using
an olefin titration method (36). In the absence of H2, Ru NPs react with 2-norbornene to form
2-norbornane in pentane solvent. Due to the lack of H2, the authors argue that the only source
of hydrogen responsible for norbornene hydrogenation is the surface hydride on Ru NPs. For the
1.7 nm NPs, the ratios of surface hydride to surface Ru atoms are 1.1:1 for NPs made with
tBu·NHC·HCl and 1.3:1 for those made with IPr·NHC·HCl. The surface Ru atoms are calculated
based on modeling studies (27, 44). Similar modeling studies are discussed in the sections on the Pd
(dodecylthiolate), Ir (polyoxoanion), and Au (dodecylthiolate) NPs.

The percentage of surface ligand coverage can be calculated by dividing the number of hydrides
by the number of surface Ru atoms. Therefore, high surface ligand coverages of 110% and 130% were
determined. Elemental analyses showed the significant presence of carbon and nitrogen, which is
expected when NHC ligands are present. The Ru (tBu·NHC) NPs contained 18.7% carbon, 3.3%
hydrogen, and 2.0% nitrogen. The Ru (IPr·NHC) NPs contained 37% carbon, 5% hydrogen, and
2.2% nitrogen.

The solution-phase 1H NMR analysis was carried out for a C6D6 solution suspension of
tBu·NHC-stabilized Ru NPs. A broad signal was detected at 1.4 ppm, assigned to the tbutyl group.
No signals were detected in the 6–7 ppm region. This region would give the aromatic protons on the
imidazole ring. The absence of these proton NMR signals was attributed to the immobilized nature
of NP surface ligands, as opposed to a free ligand in solution. For the IPr·NHC-stabilized Ru NPs,
only the methyl groups can be identified with a very broad signal from 1.0 to 1.8 ppm. A variety of
mechanisms, such as slow tumbling rate, surface heterogeneity (a variety of binding sites), Knight
shift, paramagnetism, and ferromagnetism, can lead to a broad solution NMR signal (28, 36, 38, 45).

Tightly bound surface ligands tend to have broader solution NMR signals than unbound, free
ligands (45); however, without further solution NMR analysis using DOSY and nuclear Overhauser
effect spectroscopy (NOESY) techniques, this evidence alone does not suggest that the ligand is
tightly bound (45). A lack of broadening also does not necessarily suggest unbound free ligands. An
example of surface ligands that give sharp NMR signals is discussed in the section on the Pt (NHC)
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NPs. The NHC ligands on Ru were resistant to ligand exchange by thiols and appeared to be tightly
bound.

Solid-state 13C MAS NMR spectroscopy enabled much more accurate analysis of the surface
ligand than solution-phase proton NMR spectroscopy. 1H–13C cross-polarization was used to
enhance the signal-to-noise ratio. The spectrum of tBu·NHC-stabilized NPs showed the vinylic
carbons at 120 ppm, the quaternary carbons at 55 ppm, and the methyl carbons at 30 ppm. To
identify the C2 carbene carbon (NCN) coordinated to Ru NPs, Ru NPs made from 13C-labeled
tBu·NHC (N13CN) ligand were synthesized and analyzed. The carbene carbon appeared at 190 ppm.
For the IPr·NHC-stabilized NPs, signals were assigned to alkyl carbons at 25 ppm, aromatic carbons
at 135–150 ppm, and carbene carbons at 205 ppm.

Continuing work on Ru (NHC) NPs, Martínez–Prieto et al. reported (39) various NHC surface
ligands bearing long-chain alkyl groups and cholesterol moieties. Similar methods using 13C MAS
NMR and elemental analyses were carried out to characterize the surface ligands. Notably, for the
NPs stabilized by cholesterol-derived NHC ligands, the ruthenium content was only 50% by weight,
as shown by atomic absorption spectroscopy. These NPs catalyzed the complete hydrogenation of
many organic molecules, such as phenol to cyclohexanol and acetophenone to 1-cyclohexylethanol,
at room temperature and under 5 bar H2.

Rh (NHC and Imidazolium Salt)

Martinez-Espinar et al. reported (4) the synthesis and surface ligand characterizations of Rh NPs
stabilized by IPr·NHC ligands, shown in Figure 5. Rh NPs with a TEM size of 1.68 ± 0.26 nm were
made using [Rh(η3-C3H5)3] (with C3H5 being the allyl group) as the precursor complex in THF
solvent at 35 °C for 16 h under 4 bar H2 and in the presence of IPr·NHC·HCl imidazolium chloride.
Purification was performed by three cycles of washing–precipitation by pentane, followed by solvent
removal under vacuum.

Figure 5. Rh NPs stabilized by the IPr·NHC ligand and the imidazolium salt.; the hashed line indicates
physical adsorption of an ionic stabilizer.

HRTEM showed that the NPs were highly crystalline with an fcc structure. PXRD confirmed the
size and crystallinity of fcc Rh. XPS analyses of the binding energies of Rh 3d electrons suggested that
the surface of the NPs contained 97– 99% of zerovalent Rh atoms, where the 3d5/2 peak was found
at 306.7 eV and the 3d3/2 peak was found at 311.40 eV. The instrument was calibrated using the 3d5/

2 line of Ag with a full width at half maximum (FWHM) of 0.8 eV.
The IPr·NHC-stabilized Rh NPs catalyzed the hydrogenation of phenol at 30 °C in 3 h. At 1.7

bar H2, a TOF of 23 h−1 was measured (based on the mole number of the product divided by the
mole number of surface Rh atoms). The selectivity was 75% with respect to the partial hydrogenation
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product (i.e., cyclohexanone) and 25% with respect to the complete hydrogenation product (i.e.,
cyclohexanol). When the H2 pressure was raised to 30 bar, TOF rose to 81 h−1, and the selectivity,
with respect to cyclohexanol, increased to 68%. The catalyst was also active in the hydrogenation of a
variety of benzene and pyridine derivatives.

The olefin titration method, described previously for Ru (NHC) NPs, was again used to quantify
the surface hydride ligands. The method reacts Rh NPs directly with 2-norbornene in the absence of
H2. On average, 0.58 surface hydride was detected per surface Rh atom for the 1.68 ± 0.26 nm NPs,
giving a surface hydride ligand coverage of 58%, a much lower value than the 110% and 130% values
determined for Ru NPs of a similar size (1.7 nm). FT-IR analyses detected alkyl C–H stretches at
2850–2960 cm−1 and aromatic C=C stretching and C–H bending modes at 1500–1700 cm−1 and
680–860 cm−1, respectively.

The NP surface structure was studied by FT-IR upon adsorption of 13CO ligands. Carbonyl
stretches at 2067 and 2026 cm−1 were assigned to the germinal CO ligands in an Rh(CO)2 surface

moiety. Carbonyl stretches at 1995 and 1845 cm−1 were assigned to the terminal and bridging CO
ligands, respectively.

Solution-phase proton NMR spectroscopy was performed for the Rh NPs in d8–THF; a broad
signal was observed between 6.75 and 7.75 ppm, assigned to the protons on the phenyl ring. A
signal at 7.94 ppm was assigned to the vinylic protons on the imidazole ring. The methyl signals
on isopropyl groups were found at 0.82 and 1.29 ppm. Upfield chemical shifts at 0.5–2 ppm were
assigned to aliphatic protons, possibly originated from the hydrogenation of the aromatic groups
of the IPr·NHC ligand. The broad 10.23 ppm peak was assigned to the NCHN proton of the
imidazolium cations, which, presumably, are physically adsorbed to Rh NPs without being
coordinated to the surface Rh.

To verify that this 10.23 ppm chemical shift belongs to the IPr·NHC·HCl imidazolium salt,
solution-phase proton NMR spectroscopy was used on a sample of Rh NPs made from 13C-labeled
IPr·NHC·HCl, with 13C isotope at the C2 (N13CHN) position. Strong 13C–1H coupling was
observed between the labeled carbon and the 10.23 ppm peak, consistent with the presence of an
imidazolium salt. In the 13C NMR spectrum of the 13C-labeled Rh NPs, the 140 ppm and 170
ppm peaks were assigned, respectively, to the C2 carbon (N13CHN) of the imidazolium salt and the
carbene carbon (N13CN) coordinated to Rh. Analysis by heteronuclear single quantum coherence
2D NMR spectroscopy shows the 1H–13C correlations between the 10.23 ppm proton NMR shift
and the 140 ppm 13C NMR shift. This 10.23 ppm peak persists even after washing the Rh NPs
with water and reacting with PPh3 and P(OPh)3 in an unsuccessful attempt at ligand exchange,
presumably because the ligand is tightly bound to the surface of NPs without the help of a surface
metal–ligand bond.

In solid-state 13C MAS NMR, a signal at 25.57–29.83 ppm was assigned to methyl carbons,
32.6 ppm was assigned to methine (tertiary) carbons, and 28 ppm assigned to aromatic carbons.
The downfiled signals at 140 and 170 ppm were assigned to the carbene carbons of the coordinated
NHC ligand and the noncoordinated imidazolium NCHN carbons, consistent with the findings
from solution-phase 13C NMR spectroscopy.
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Rh [Bis(imino)pyridine]

An RhI complex (Figure 6) with an [N,N,N-Bis(imino)pyridine] pincer ligand served as the
precursor to Rh metallic NPs (46). The Rh NPs were prepared by the hydrogenation of the pincer
complex in the presence of KOtBu, in 2-propanol solvent, at 60 °C in 7 h and under 1 atm H2.
Both ligand and metal are from the same complex in this synthesis, and purification of the NPs was
performed by washing them with 2-propanol and drying. TEM images showed 1.5 ± 0.2 nm NPs.
The Rh NPs that formed in situ and in a solution suspension from the precursor complex catalyzed
the aromatic hydrogenation reactions. The hydrogenation reactions are similar to those of the Rh
(NHC) NPs discussed in the previous section.

Figure 6. A RhI pincer complex as a precursor for the Rh NPs.

The reaction conditions were very mild. Under 1 atm H2 at 60 °C in 5 h and using a 2% catalyst
loading (based on Rh), phenol was reduced to cyclohexanone with a quantitative yield. Benzene
was reduced to cyclohexane in quantitative yield in 4 h under otherwise identical conditions. The
NPs also catalyzed the dehalogenation of 1,4-dichlorobenzene to benzene with 86% yield in 4 h.
Control experiments, including the Hg adsorption test, suggest that the dehalogenation reaction is
catalyzed by both homogeneous and NP catalysts. Aromatic hydrogenation was only catalyzed by the
NP catalyst.

Solution-phase proton NMR spectroscopy in CDCl3 showed broad aromatic peaks from 6.3 to

7.6 ppm and aliphatic peaks from 0.5 to 2.3 ppm. The proton-decoupled 19F NMR spectrum showed
a singlet at –61.1 ppm, assigned to the CF3 groups on the two phenyl rings. These results suggest that
the Rh NPs are stabilized by the partially hydrogenated N,N,N-bis(imino)pyridine ligand originated
from the precursor complex.

Pd (Dodecylthiolate)

Shon and co-workers have performed extensive studies (11, 19, 20, 26, 47) on the synthesis,
catalysis, and characterizations of several surface thiolate ligands on Pd NPs. The thiolate ligands
(RS−) on the surface of Pd NPs are made from the NaBH4 reduction of a ligand precursor molecule,
S-alkanethiosulfate (RS–SO3−). In the synthesis of Pd NPs, alkanethiosulfate ligands initially
attached to the surface of Pd NPs but were then reduced by NaBH4 to thiolate via the cleavage of

the S–S bond and the loss of a sulfite (SO3−) group. The authors streamlined the surface ligand
characterizations using solution-phase proton NMR, TGA, and FT-IR analyses. They estimated the
surface ligand coverage using a truncated octahedron model (26, 27).

This indirect approach using S-alkanethiosulfate ligands was developed to produce Pd NPs with
a lower surface ligand coverage than Pd NPs made using thiolate ligands directly (27). Since the
ligands block the active sites, high coverage of thiolate ligands on NPs is undesirable for NP catalysts
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(28). The surface ligands stabilize the NPs from agglomeration; however, they can poison the catalyst
simultaneously. The authors studied the NPs for their selectivity in catalytic hydrogenation and
isomerization of olefins.

A review (19) by San and Shon discussed a variety of metal NPs stabilized by thiolate ligands that
are generated in situ from S-alkanethiosulfate, including Au, Pd, Pt, and Ir NPs. The catalytic activity
and selectivity were also discussed. To avoid duplication, only three key studies are highlighted herein
that focus on the characterizations and quantitation of the surface thiolate ligands.

Gavia et al. reported the initial work (26) on the synthesis of dodecylthiolate-stabilized Pd NPs
(Figure 7), using a modified Brust–Schiffrin method (26, 31). Alkanethiosulfate was used as the
precursor to alkanethiolate instead of attaching alkanethiolate ligands directly to Pd NPs.

Figure 7. Dodecylthiolate [S(CH2)11CH3]-stabilized Pd NPs.

First, a water-soluble potassium tetrachloropalladate(II) complex (K2PdCl4) underwent cation
exchange with tetra-N-octylammonium bromide (TOAB), a phase-transfer agent. Organic-soluble
tetra-N-octylammonium tetrachloropalladate was formed. The water-soluble thiolate ligand, sodium
S-dodecylthiosulfate, was also brought into the organic layer by cation exchange using TOAB. NP
formation occurred in an aqueous–organic biphasic system when NaBH4 reduced PdII to Pd0. Pd
NPs with a size of 2.59 ± 1.15 nm were made at 22 °C in 3 h. Pd NPs with different sizes were
also prepared by varying the reaction conditions and purified by removing the aqueous layer, drying
under vacuum, and repeatedly washing with ethanol, acetonitrile, and acetone. The NPs were
isolated in a powder form after volatiles were removed under vacuum.

Solution-phase proton NMR analysis showed broad peaks at 1.2 and 0.8 ppm, assigned to
methylene and methyl hydrogens, respectively. Hydrogens at the α- (RCH2–S−) and β-
(RCH2CH2–S−) positions cannot be detected. Presumably, the signals were broadened beyond
recognition (see the sections on Ru (NHC) and Pt (NHC) NPs for additional discussions on
broadening).

TGA was performed at room temperature to 600 °C. The weight loss during thermolysis was
attributed to the loss of organic thiolate surface ligands. A weight loss of 31.4% was detected in the
thiolate-stabilized 2.59 ± 1.15 nm Pd NPs. Therefore, the authors believe that the NPs has a 68.6%
Pd content. Based on a truncated octahedron model (26, 27), the NP size and the surface ligand
quantity were used to estimate the average molecular formula of Pd NPs. The average molecular
formula for the 2.59 ± 1.15 nm Pd NPs was Pd586(dodecylthiolate)142 with a surface ligand coverage
of 0.52 per surface Pd atom, or 52%. Pd NPs ranging from 1.51 to 3.38 nm were made by varying
reaction conditions (temperature, number of reagents, and ligands). Increasing the NP size resulted
in decreasing ligand surface coverage from 75% (0.75 ligands per surface Pd atom) for the 1.51 nm
NPs to 34% for the 3.38 nm NPs.

The 2.59 ± 1.15 nm Pd NPs catalyzed the isomerization of allylic alcohol to propanal with 90%
conversion, 81% selectivity, and 12% of hydrogenation product, 1-propanol, in 4 h and 12 mmol
H2. The catalyst loading was 5%, based on total Pd relative to allylic alcohol; the TOF was 407 h−1,
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based on the mole number of the isomerized product, propanal, per Pd atom. As expected, the TOF
increased with the decrease in surface ligand coverage in all five samples of NPs. For example, the
1.51 nm NPs had the highest ligand surface coverage of 75% and gave the lowest TOF of 61 h−1. NPs
with a size of 3.38 nm had a ligand surface coverage of 34% and the highest TOF of 449 h−1. This
increase in catalytic reactivity with an increase in NP size is remarkable and counterintuitive because
smaller NPs were believed to be more active (due to higher surface area) than larger NPs.

The studies suggest that surface ligand coverage can be more important than size in determining
catalyst activity. In this case, the 1.51 nm Pd NPs were more poisoned than 3.38 nm NPs. Further
lowering the ligand coverage may increase catalyst activity; however, during synthesis, when the
ligand to palladium ratio is lower than 1:1, no NPs can form. Instead, Pd bulk material precipitates.

Pd (Alkylthiolate and Arylthiolate)

The method for the synthesis of thiolate-stabilized Pd NPs, discussed in the previous section,
was used to synthesize three types of Pd NPs (20), each bearing a different ligand: hexylthiolate, (2-
cyclohyexylethyl) thiolate, and 2-phenylethyl thiolate. The size of the NPs were 2.3 ± 1.1 nm, 2.9 ±
1.3 nm, and 1.7 ± 0.8 nm, respectively.

Solution-phase proton NMR analyses were performed on these NPs. The chemical shifts of the
ligands were assigned using the proton NMR chemical shifts of the free, unbound ligands (e.g., the
spectrum of sodium S-hexylthiosulfate was compared to the Pd NPs stabilized by hexylthiolate).

In the NMR spectrum of the hexylthiolate-stabilized Pd NPs, the β-methylene protons
(RCH2CH2–S−) at 1.66 ppm for the free ligand were used to assign a broad signal found at this
region for the bound ligand of Pd NPs. Two very broad peaks at 1.3 and 0.9 ppm were assigned
to the rest of the methylene groups and the terminal methyl group, respectively. The assignments
were based on the chemical shifts of methylene and methyl protons for the free, unbound sodium S-
hexylthiosulfate. Protons at the α-position (RCH2–S−) were expected at 3.00 ppm for the Pd NPs,
but the signal could not be detected and was possibly broadened beyond recognition (see the sections
on Ru (NHC) and Pt (NHC) NPs for additional discussions on broadening).

The proton NMR chemical shifts of the other two types of NPs could not be accurately assigned
due to signal broadening beyond recognition. For the NPs stabilized by (2-cyclohyexylethyl) thiolate
ligands, three very broad alkyl chemical shifts were observed from 0.9 to 1.7 ppm. No distinct
chemical shifts could be identified at all for the NPs stabilized by 2-phenylethylthiolate ligands. An
extremely broad signal from 6.6 to 7.5 ppm was detected, which could be due to the aryl protons.

TGA determined the Pd content for the thiolate-stabilized NPs was 88% for Pd (hexylthiolate),
84% for Pd [(2-cyclohyexylethyl)thiolate], and 83% for Pd (2-phenylethyl thiolate). Using the
respective NP core size of 2.3 nm, 2.9 nm, and 1.7 nm, the surface ligand coverage was estimated to
be respectively 0.35, 0.41, and 0.32 ligands per surface Pd atom, or 35%, 41%, and 32%.

All three types of NPs catalyzed the isomerization reaction of allylic alcohol to propanal with
higher than 92–98% yield. However, the Pd (2-phenylethylthiolate) catalyst appeared to be more
selective than the Pd (hexylthiolate) catalyst for the isomerization of 1-phenyl-2-propen-1-ol to the
ketone, propiophenone. Pd (2-phenylethylthiolate) was less selective, giving 78% yield of ketone and
22% of hydrogenation products. Pd (hexylthiolate) was the least selective catalyst, giving 46% yield
of ketone and 54% of hydrogenation products.

Water-soluble Pd NPs (47) were synthesized using sodium ω-carboxyl-S-undecanethiosulfate
as the ligand precursor to the ω-carboxyl-undecanethiolate ligand. Previously, the thiolate-stabilized
Pd NPs were only soluble in an organic hydrocarbon solvent (20, 26, 27). Using these water-soluble
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Pd NPs, catalytic isomerization of allylic alcohols to aldehydes can be carried out in a biphasic
solvent mixture. Allylic alcohols dissolved in the organic layer can be hydrogenated using the Pd NPs
dissolved in the aqueous layer. At the end of the reaction, the catalyst in the aqueous layer can be
easily removed and recycled.

TEM images showed that the Pd NPs stabilized by ω-carboxyl-undecanethiolate had a size of
2.4 ± 1.15 nm and were well dispersed. Proton NMR analyses and TGA similar to those used for Pd
(alkylthiolates) NPs were carried out.

The presence of the carboxylate group of the ω-carboxyl-undecanethiolate ligand was verified
by FT-IR analyses of Pd NPs stabilized by this ligand. For the Pd NPs, stretches at 3000–2850
cm−1 were consistent with the presence of alkyl groups of the 11-mercaptoundecanoate ligand. The
strong antisymmetric and symmetric –COO− stretches were identified at 1550 cm−1 and 1440 cm−1,
respectively. The O–H stretch near 3300 cm−1 and a shoulder near 1700 cm−1 could be consistent
with the carboxylic acid group (–COOH), in addition to the carboxylate group (–COO−).

Ir (Polyoxoanion)

The stabilization of NPs from aggregation and formation of bulk material (1) is believed to be
due to steric or electrostatic effects (1, 2); however, the stabilization by the van der Waals force and
by the surface metal–ligand bonding can also contribute. The zerovalent metallic NPs are vulnerable
to oxidation by air (32).

The all-inorganic Ir NPs stabilized by polyoxoanion have a mode of stabilization called an
electrosteric effect, which is the result of large size and the multiple negative charges of a
polyoxoanion such as [P4W30Nb6O123]16−. Finke and Lin (2, 32) reported the synthesis and

thorough characterizations of Ir NPs stabilized by [P4W30Nb6O123]16− polyoxoanions, shown in
Figure 8. A variety of of spectroscopic techniques, including TEM, EA, FT-IR, mass spectrometry,
NMR spectroscopy, and modeling studies, allow the authors to establish a molecular formula for
the NPs, [Ir0900(P4W30Nb6O12316−)60](Bu4N)660Na300 (Bu = butyl). These NPs are referred to
as the Ir 900 NPs. The square bracket indicates an anionic NP core with polyoxoanion stabilizers.
The tetra-N-butyl ammonium and sodium cations serve as counter ions. A zeta-potential of –40 mV,
measured using an electrophoresis experiment, is consistent with the proposed model in which the
polyoxoanions are adsorbed to the surface. The sodium and tetra-N-butylammonium cations serve
as counter ions in the outer diffusion layer of NPs.

Figure 8. Ir NPs stabilized by [P4W30Nb6O123]16− polyoxoanions and the counter ions: sodium and
tetrabutylammonium cations.

The synthesis of the polyoxoanion-stabilized Ir NPs was carried out using an organometallic
precursor complex, (Bu4N)5Na3[(cod)Ir·P2W15Nb3O62], at room temperature in an acetone
solvent and under 2.7 atm of H2. The decomposition of the precursor complex led to NP formation.
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Purification of the NPs was performed to remove free, uncoordinated tetra-N-butylammonium
cations and polyoxoanions. This was done by precipitation of the NPs using hexane, discarding
the supernatant that contains impurities, dissolving the NPs in acetone, and drying under vacuum.
TEM images of these Ir NPs showed that they have a size of 3.0 ± 0.4 nm. SAED studies indicate
that the crystalline NPs have an fcc structure, similar to bulk Ir metal. The Ir NPs catalyzed the
hydrogenation of cyclohexene. This “reporter reaction” is studied in great detail by Finke and co-
workers to determine the kinetic mechanism of NP nucleation and growth (2, 32).

The FT-IR spectrum of the polyoxoanion-stabilized Ir NPs showed stretches at 1088, 947, 920,
896, and 774 cm−1. They are characteristic of P2W15Nb3O629− or its dimer, [P4W30Nb6O123]16−.

EA found in the Ir NPs 14.48% C, 2.67% H, 1.02% N, 20.1% Ir, 0.84% P, and 14.5% O.
Based on EA, the authors calculated the average empirical formula for the Ir 900 NPs to be
[Ir15(P4W30Nb6O123)(Bu4N)11Na5]n. This formula gives a very similar composition of 15.28% C,
2.89% H, 1.11% N, 20.8% Ir, 0.89% P, and 14.23% O. The average empirical formula describes the
relative ratios of all the elements in a molecule; however, it is not the average molecular formula for
the NPs. EA does not provide information regarding the number n in the average empirical formula,
which is an integer that determines the average total atoms of NPs.

The average molecular formula of the Ir 900 NPs was determined with the help of a theoretical
model (27). Using the 3.0 ± 0.4 nm NP size from TEM measurements, the average empirical
formula from EA, and a theoretical model of NPs (26, 27, 32), the authors calculated the average
molecular formula to be [Ir15(P4W30Nb6O123)(Bu4N)11Na5]60, or the algebraically equivalent

[Ir0900(P4W30Nb6O12316−)60](Bu4N)660Na300.
The theoretical model approximates the fcc Ir NPs as a truncated octahedron. Depending on

the size or diameter of a truncated octahedron, the corresponding number of atoms is known. These
numbers are called “magic numbers” and have different values depending on the size of NPs. For
example, a 3.0 nm truncated octahedron is made of Ir 900 atoms, where the magic number is 900.

The average molecular weight was measured directly, using the sedimentation-equilibrium
method at an ultracentrifugation speed of 20,000 rpm (32). The measured value of 180,000 ± 8,000
g/mol is close to the molecular weight based on the average molecular formula from theoretical
modeling, 170,000 g/mol. Fast-atom bombardment mass spectrometry of the Ir NPs detected two
broad peaks corresponding to the polyoxoanion ligands. The one at 5000 m/z was attributed to
the P2W15Nb3O629− anion, and the one at 10,000 m/z was attributed to the P4W30Nb6O12316−

anion. The molecular weight measurement suggests that the stabilizer is the dimeric form,
P4W30Nb6O12316−.

Ir (Dodecylthiolate)

The synthetic method for the formation of Pd NPs also enabled the synthesis of 1.2 nm thiolate-
stabilized Ir NPs, shown in Figure 9 (25). The S-alkanethiosulfate ligands (R–S–SO3−) used by
Gavia et al. served as a precursor to thiolate ligands. This indirect route of NP synthesis was
developed for Ir because the direct attachment of the thiolate ligand failed to give Ir metallic NPs.

The NP synthesis was carried out in a biphasic mixture of 1:1 toluene and water at 60 °C. Water-
soluble potassium hexachloroiridate (K2IrCl6) served as the iridium precursor and TOAB as the

phase tansfer agent. This agent is responsible for bringing the [IrCl6]2− complex anion to the organic
phase by the formation of tetra-N-octylammonium hexachloroiridate. Sodium S-dodecylthiosulfate
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[CH3(CH2)11S–SO3Na] was also brought to the organic layer by TOAB. NaBH4 reduced IrIV to Ir0,
en route to NP formation. NaBH4 also reduced the S-dodecylthiosulfate ligand to form thiolates in
situ that stabilized the Ir NPs.

The organic layer containing the NP was washed repeatedly with water and collected using
a separatory funnel. The organic solvent was removed under vacuum, and the NPs were washed
thoroughly with ethanol, methanol, and acetone to remove organic molecules that were not tightly
bound to the NP surface. The NPs were isolated in a powder form after drying under vacuum.

TEM images showed that the average particle size was 1.2 ± 0.3 nm. XPS analysis showed Ir
(4f7/2) and (4f5/2) peaks at 60.8 eV and 63.8 eV, respectively, consistent with metallic Ir0 (16).
The binding energy was calibrated using the oxygen 1s peak at 528.5 eV. These Ir NPs have strong
magnetic properties, unlike Ru NPs, which are believed to be diamagnetic (38).

The solution-phase proton NMR spectrum of the alkanethiosulfate-stabilized Ir NPs in CDCl3
showed broad peaks at 1.80–1.60 ppm, 1.50–1.20 ppm, and 0.9–0.8 ppm, assigned respectively to
the β-methylene group (–CH2–CH2–S–), methylene groups further away from the β position, and
the terminal methyl group. In contrast to Ir NPs, the β-methylene groups in Pd NPs stabilized by
thiolate ligands are broadened beyond recognition. The broadening of solution-phase proton NMR
peaks is commonly associated with organic ligands bound to the surface rather than with free ligands
(25).

Due to the thorough purification procedures by aqueous-organic extraction and by washing with
a variety of polar organic solvents, free ligands that were not bound to the surface of Ir were not
observed in the solution-phase proton NMR spectrum. These unbound, free species include tetra-
N-octylammonium with the α–CH2–N at 3.40 ppm, didodecyldisulfide with the α–CH2–S–SR at

2.54 ppm, and dodecanethiolate with the α–CH2–S− at 2.18 ppm.
FT-IR analysis of the thiolate-stabilized Ir NPs showed alkyl stretches of thiolates ligands at

3000–2800 cm−1 (stretching mode) and 1450 cm−1 (bending mode). Stretches associated with
sulfonate (RSO3−) were absent (1350 cm−1 and 1175 cm−1 for the antisymmetric and symmetric
S=O stretches), which indicates the absence of the alkanethiosulfate precursor ligand. It was
proposed that NaBH4 carried out reductive S–S cleavage to convert alkanethiosulfate to thiolate
ligands that stabilized Ir NPs.

TGA detected a weight loss of 38.5% when the sample was heated from 150 to 600 °C. The
result suggests that the NPs contain 61.5% of Ir and 38.5% of organic compounds and volatiles. The
XPS binding energy for S (2p) is found at 162.2 eV, attributed to the sulfur atom coordinated to Ir.

Figure 9. Dodecylthiolate-stabilized Ir NPs.

Ir (Citrate)

To study the surface-enhanced Raman scattering activity of Ir metallic NPs, Cui et al.
synthesized citrate-stabilized 2.5 nm Ir NPs, shown in Figure 10 (16). Under nitrogen, a diluted
aqueous solution (1%) of trisodium citrate was combined with IrIII trichloride (0.03%). The pH of
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the solution was adjusted to 7–9 using NaOH. The reaction was heated to reflux, and a 1 M NaBH4

aqueous solution was used to reduce IrIII to Ir0.

Figure 10. Ir NPs stabilized by citrate anions. The precise binding mode is unclear, and the most acidic
proton is removed in the citrate anion.

The Ir NPs were purified by precipitation with ethanol. HRTEM analysis showed that these
NPs were crystalline and were 2.5 ± 0.5 nm. The SAED and PXRD spectrum showed the (111),
(200), (220), and (311) reflections of fcc metallic Ir. XPS analysis showed the 4f7/2 and 4f5/2 binding

energies of Ir at 61.2 and 64.1 eV, attributed to Ir0. Binding energies at 62.3 eV and 65.2 were
attributed to an oxidized Irn+ species. The presence of an oxidized Irn+ species could be due to
the incomplete reduction by NaBH4 or possibly oxidation during the purification–characterization
stage.

XPS analysis showed C 1s binding energies at 284.6 and 288.3 eV, which were assigned to
the citrate stabilizer. The 284.6 eV peak was assigned to the methylene carbon bonded only to
other carbons. The 288.3 eV peak was assigned to carbons bonded to oxygen. XPS analysis showed
O 1s binding energies at 531.3, 532.2, and 533.1 eV, which were assigned to the oxygens of the
citrate stabilizer. The 531.3 and 532.2 eV peaks were assigned to the carbonyl (C=O) and hydroxyl
(C–OH) oxygen. The 533.1 eV peak was assigned to the negatively charged O− of citrate anions. The
binding energy calibration was conducted using the C 1s peak at 284.8 eV.

The precise binding mode of citrate to Ir NPs is unclear. Based on the pKa value, the proton of
the central carboxylic acid group, as shown in Figure 10, is the most acidic (48) and most likely to be
removed. The zeta-potential of –25 mV is consistent with a citrate anion-stabilized NP core.

Pt (Carbonyl and Hydroxide)

In 2000, Wang et al. (29) reported the synthesis of stable, 1–2 nm Pt NPs in basic ethylene
glycol solution at 160 °C for 3 h and under argon or N2. The Pt NPs were made without using any
conventional stabilizer to prevent aggregation. The conventional stabilizers are, for example, a small
organic ligand such as phosphine, a surfactant such as oleic acid or dodecylthiol, or a polymer such as
polyvinyl alcohol or polyvinylpyrrolidone (1). PXRD analysis showed that the NPs have a crystalline
fcc structure.

The Pt NPs were considered “unprotected” due to the lack of conventional stabilizer. Wang et al.
emphasized that these unprotected NPs were not “truly bare,” which describes metal-only NPs that
have no stabilizers. Without stabilizers, the NPs would quickly aggregate and precipitate (28, 29). In
contrast, the Pt NPs were stable enough to stay suspended in solution for months (28, 29, 49). XPS
analysis did not detect any chloride in NPs, ruling out the possibility of a chloride stabilizer (2). EA
showed less than 0.8% of carbon, which could be due to ethylene glycol. Consequently, the authors
proposed hydroxide anions from NaOH and ethylene glycol from the solvent as the stabilizers.
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Approximately 15 years later, Baquero (49) et al. and Schrader (28) et al. reported the direct
characterizations of the surface ligands of the Pt NPs (Figure 11), where ethylene glycol, hydroxide,
and CO have been detected directly. In 2014, Baquero et al. reported a 2050 cm−1 stretch in the
FT-IR spectrum of the Pt NPs made with the Wang method. This stretch corresponds to a linearly
adsorbed, terminal CO ligand (49, 50). Vibrations at 3000–2790 cm−1 and 1770–1400 cm−1 were
assigned to C–H stretching and bending modes of surface-bound ethylene glycol, which could not
be removed by washing the NPs with an organic solvent. The FT-IR studies were performed in the
transmission mode on NPs drop-casted on a CaF2 substrate.

Figure 11. Hydroxide- and carbonyl-stabilized Pt NPs.

In 2015, Schrader et al. reported (28) that a strong IR stretch at 2026 cm−1 was observed for
the Pt NPs made with the Wang method and attributed to the linearly adsorbed, terminal (50) CO
ligand from the oxidation of ethylene glycol, as shown in Figure 12. In a control experiment, the Pt
NPs made in water without ethylene glycol lacked this 2026 cm−1 stretch. A stretch at 1830 cm−1

was assigned to a bridging (50) carbonyl ligand, and a stretch at 1730 cm−1 was assigned to the C=O
stretching mode of a carboxylate group (28), although the stretch appears to be consistent with a
carboxylic acid group instead (50). The presence of carboxylic acid could be due to the oxidation
of ethylene glycol to glycolic acid. In contrast to Baquero et al.’s studies, Schrader et al. could not
identify IR stretches or solution-phase proton NMR signals that corresponded to the ethylene glycol
stabilizer, ruling out this stabilizer. The FT-IR studies were performed in the ATR mode on a solution
suspension of NPs in ethylene glycol and used ethylene glycol as a reference.

The hydroxide ligand overlapped with water in the IR spectrum. To resolve this issue, the
presence of hydroxide ligands was indirectly characterized by IR (28), using the surface hydroxide-
induced CO shift from 2046 to 2020 cm−1, when the NaOH concentration during synthesis
increased from 0.0625 M to 0.5 M. The shift in CO stretch was attributed to an increase in the surface
hydroxide coverage and a decrease in CO coverage. The decrease in CO coverage led to a reduction
in the dipole–dipole coupling of adjacent CO ligands (28). On the other hand, hydroxide ligands
probably increased the π-basicity (51) of surface Pt atoms and weakened the CO bond due to metal-
to-ligand back-bonding (51). The back-bonding weakened the C=O bond and caused a redshift of
the CO stretch. Pt NPs with a densely packed monolayer of CO ligands had a blueshifted IR stretch
at 2060 cm−1 (28).

To suppress the dipole–dipole coupling effect, which blueshifts the CO stretch when the surface
ligand coverage is high, Altmann (49) et al. measured the “singleton frequency” of surface CO
ligands at a theoretical surface ligand coverage of CO approaching 0%. By diluting 12CO with 13CO,
12CO surface ligands were separated from one another by 13CO. The authors made the Pt NPs in
ethylene glycol and deposited them on a TiO2 support for analysis using diffuse-reflectance infrared

Fourier transform spectroscopy. The singleton frequency of linearly bonded, terminal 12CO was
found at 2039 cm−1 (50). Minor stretches at 1839 and 2114 cm−1 were also detected, attributed to
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bridging 12CO coordinated to Pt0 and 12CO coordinated to an oxidized Ptn+ species, respectively
(50). The 13CO stretch was found at 2024 cm−1.

Figure 12. Infrared spectra of Pt NPs made in ethylene glycol (top), Pt NPs made in water without ethylene
glycol (middle), and Pt NPs made in ethylene glycol and water (bottom). The carbonyl stretch appears near
2000 cm−1. The hydroxide stabilizer cannot be distinguished from water. Reproduced with permission from

ref (28). Copyright 2015 American Chemical Society.

Pt (Amine or Pyridine)

Based on Wang’s method for synthesis of Pt NPs stabilized by carbonyl and hydroxide ligands,
Bäumer and co-workers et al. further introduced amine and pyridine stabilizers to these Pt NPs,
shown in Figure 13, and performed detailed FT-IR studies (8, 52). The Pt NPs are therefore
stabilized by amine or pyridine, in addition to carbonyl and possibly hydroxide.

Figure 13. (a) p-Phenylenediamine and carbonyl stabilizers on Pt NPs, (b) Hexyldecylamine stabilizer on
Pt NPs without carbonyl.
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Bäumer and co-workers studied these NPs for the Pt-catalyzed H2 oxidation by O2 in the
context of developing a hydrogen gas sensor. A hydrogen gas sensor made of Pt NPs detects hydrogen
via the exothermic reaction between hydrogen and oxygen that generates heat as a signal for
detection. Pt NPs catalyze this reaction and also catalyze the selective hydrogenation of
crotonaldehyde.

The synthesis of Pt NPs, stabilized by hexadecylamine or aniline, started with Wang’s synthesis
of Pt NPs in basic ethylene glycol solvent, discussed in detail in the previous section. At the end of
the reaction, a solution of hexadecylamine or aniline in toluene was added to a solution suspension
of Pt NPs in ethylene glycol. A biphasic ethylene glycol–toluene mixture formed. After 3 h at room
temperature, the amine stabilizer binds to the Pt NPs, leading to a change of solubility in the NPs.
The dark Pt NPs transferred from the polar ethylene glycol phase to the nonpolar toluene phase.

The NPs were purified by removing the ethylene glycol phase and washing the toluene layer with
water and ethanol. Pt NPs with various nitrogen-based stabilizers attached were made. The stabilizers
included hexadecylamine, aniline, 1,8-diaminooctane, and p-Phenylenediamine. The TEM images
showed that, before adding an amine, the NPs had a size of 1.8 ± 0.5 nm. After attaching aniline
ligands, the size of the NPs did not change significantly (1.9 ± 0.3 nm).

As discussed in the previous section, the Pt NPs synthesized in ethylene glycol gave FT-IR
stretches that can be attributed to the surface CO stretching mode (2050 cm−1); ethylene glycol
C–H stretching and bending modes (3000–2790 cm−1 and 1770–1440 cm−1, respectively); and
carboxylic acid C=O stretching mode (1730 cm−1). After adsorption of the p-Phenylenediamine
ligand, FT-IR analysis of the NPs showed the amine –NH2 stretching and bending modes at

3420–3340 cm−1 and 1630 cm−1, respectively. Aromatic C=C stretches were found at 1510 cm−1.
Upon the adsorption of p-Phenylendiamine, the CO stretch shifted from 2050 cm−1 to a lower
frequency of 2020 cm−1. The redshift could be due to a combination of a reduction in dipole–dipole
coupling from adjacent CO and an increased electron density on Pt leading to a greater π back-
bonding (51) to CO (see the previous section for additional discussions on back-bonding) (49).
Since CO formation originates from the Pt oxidation of ethylene glycol (28, 52), the presence of CO
ligands on Pt NPs may indicate the presence of free surface binding sites that catalyzed the oxidation
of ethylene glycol to CO.

In contrast to p-Phenylenediamine, when hexyldecylamine was used as the stabilizer, no CO
stretch was found for the Pt NPs. The absence of CO ligand is rationalized by the full ligand coverage
by hexyldecylamine and the lack of any binding sites that would catalyze the oxidation of ethylene
glycol to CO.

Based on electron microscopy imaging, the authors suggest that the p-Phenylendiamine serves
as a bifunctional stabilizer with two binding sites that can bridge two Pt NPs and form a three-
dimensional network structure, as shown in Figure 14 on the right. The NPs stabilized by the
monofunctional stabilizer hexyldecylamine can only form a 2D planar structure, as shown on the left.

To develop a hydrogen gas sensor (8, 52), the authors studied the catalytic aerobic oxidation
of H2 using these Pt NPs. The NPs stabilized by p-Phenylenediamine were much more active than
NPs stabilized by hexyldecylamine. The higher activity was attributed to the more available surface
binding sites for catalysis. The importance of the available binding sites for catalysis is also observed
in the Pd NPs by Gavia et al. (26).

The Pt NP catalyst with p-Phenylenediamine ligands was also more stable than the NP catalyst
stabilized by hexyldecylamine ligands (8, 52). Morsbach et al. studied the details of ligand
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degradation of these Pt NPs using FT-IR (8). Analyses before and after catalytic aerobic oxidation of
H2 were performed on the Pt NPs for comparisons.

Figure 14. Hexyldecylamine-stabilized Pt NPs (left) and p-Phenylenediamine-stabilized Pt NPs (right).
Reproduced with permission from ref (52). Copyright 2014 American Chemical Society.

For the Pt (hexadecylamine) NPs, the N–H bending modes (1640–1550 cm−1) and C–N
stretching modes (1100 cm−1) vanished in the postmortem analysis, suggesting the cleavage of the
C–N bond. The stretches for C–H bending (1470 cm−1) and rocking modes (720 cm−1) diminished,
and a new C=O vibration appeared at 1720 cm−1, consistent with the oxidation of alkyl C–H bonds
to ketone or aldehyde. Similarly, for the Pt (1,8-octandiamine) NPs, the loss of CH2 rocking modes

(720 cm−1) and C–N stretching (1270 cm−1) occurred. Formation of stretches above 3000 cm−1 and
C–O vibration at 1070 cm−1 suggested the formation of an epoxide. Overall, the alkyl amine and
diamine ligands underwent loss of the amino groups and oxidation of the alkyl groups.

For the Pt (aniline) NPs, the loss of C–N vibration at 1260 cm−1 and the retention of aromatic
C=C stretches at 1600–1500 cm−1 suggested that the phenyl ring may be stable against degradation
under H2 oxidation conditions in the presence of a Pt NP catalyst. For the Pt (p-Phenylenediamine)
NPs, the postmortem IR spectrum showed that the p-Phenylenediamine stabilizer remained intact.
The N–H (3411 and 3327 cm−1), C=C (1575 cm−1), C–N (1290 cm−1), and N–H (1614 cm−1) all
retained. The authors concluded that the high stability of Pt (p-Phenylenediamine) NP catalyst over
13 h is due to the stability of the p-Phenylenediamine ligand, which prevents Pt NPs from aggregation
and loss of catalytic activity. In this case, catalyst stability correlates activity.

Pt {NHC Ligand and Na3[PtIIMe(OH2)(NHC)2] Ionic Stabilizer}

Baquero et al. found (53) that Pt NPs can be dually stabilized by surface ligands and by ionic
DLVO stabilizers (1, 2). As discussed in this chapter’s introduction, an NP stabilizer can be either a
surface ligand or an ionic DLVO stabilizer (1, 2). The Pt NPs reported by Baquero et al. are stabilized
by both mechanisms.

The authors synthesized the Pt NPs using an NHC-ligated PtII complex, as shown in Figure 15
(53). Each NHC ligand contains two sulfonate groups that enable the synthesis to be carried out
in water to form water-soluble Pt (NHC) NPs. No external reductant was used to convert the PtII

complex to Pt0 NPs. Instead, the reductive elimination (51) of the two methyl groups occured to form
ethane, where Pt lowered its oxidation state by two. The Pt NPs range from 1.3 to 2.0 nm.
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Figure 15. The synthesis of Pt NPs that are dually stabilized by the NHC ligands and the
Na3[PtIIMe(OH2)(NHC)2] ionic stabilizers. The hashed line indicates physical adsorption.

The authors identified an NHC surface ligand and an ionic DLVO stabilizer,
Na3[PtIIMe(OH2)(NHC)2] (1, 2). The NHC ligand contained two sulfonate groups and is a

dianion, which makes the complex, [PtIIMe(OH2)(NHC)2]3−, a trianion. The NHC surface ligands
are chemically adsorbed to surface Pt via coordinate covalent bonds, but the ionic stabilizers are
physically adsorbed without a chemical bond to surface Pt.

FT-IR and solution-phase proton NMR spectroscopy confirmed the presence of the NHC
ligands. No CO stretch was found in these Pt NPs because they were synthesized in water rather than
ethylene glycol, as in the previously discussed system investigated by Wang et al. (29), Bäumer and
co-workers (49, 52), and Schrader et al. (28). In D2O, the proton NMR spectrum of the Pt (NHC)
NPs showed broad signals that can be assigned based on the NMR spectrum of the NHC-ligated Pt
complex. The imidazole vinylic (CH=CH) protons were detected at 7.4–7.1 ppm, and the b- and a-
methylene groups were found at 2.9 and 2.2 ppm, respectively.

1H–13C cross-polarization magic angle carbon NMR spectroscopy of the Pt NPs was performed.
Signals from the imidazole vinylic (CH=CH) carbons (124–122 ppm) and the α‑, β‑, and γ-
methylene groups (49, 26, and 49 ppm) were detected. The carbene (NCN) signal was very weak,
and therefore, it was measured using a 13C–labeled NHC ligand, where the C2 position (N13CN)
was labeled. The carbene (N13CN) signal was found at 177 ppm. A 940 Hz 13C–195Pt coupling was
observed, suggesting a direct C–Pt bond on the surface of the NPs.

Notably, even after purification by dialysis for 72 h, the solution-phase proton NMR spectrum
still showed sharp signals in addition to the broad signals coming from the surface-bound NHC
ligands. This finding suggests the presence of tightly bound stabilizers that do not cause line
broadening. NP stabilizers do not necessarily give rise to broadened solution-phase proton NMR
shifts, even though they often coincide (28, 45, 54). Indeed, DOSY (45) found that these sharp
signals belong to a species that has a diffusion coefficient of 2.5 × 10−10 m2s−1. This coefficient is
similar to that of the surface-coordinated NHC ligands that give broad solution-phase proton NMR
signals. The diffusion coefficient is about half that of the molecular complex bearing the same NHC
ligand. The diffusion coefficient of the solvent water molecule is close to 20 × 10−10 m2s−1.

The Stokes–Einstein equation (55) relates the hydrodynamic radii (size) of a molecule with its
diffusion coefficient. Surface ligands bound to NPs diffuse at a much lower rate than unbound, free
ligands (45). DOSY is often used in semiconductor NPs (45) to distinguish between free molecules
and NP surface ligands in the same solution. The results suggest that the two species are both
adsorbed to the Pt NPs, despite having very different line width in solution-phase proton NMR
spectroscopy.

Electrospray ionization–mass spectrometry detected a species consistent with the
{Na2[PtIIMe(NHC)2]}2− anion. Based on the NMR chemical shifts and electrospray
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ionization–mass spectrometry studies, the structure of this second stabilizer was determined to be
Na3[PtIIMe(OH2)(NHC)2]. The sharp solution-phase proton NMR signals were attributed to this
complex anion. The authors believed that the Pt complex anion was not directly coordinated to a
surface Pt atom, consistent with a DLVO (or ionic) stabilizer for the NPs (1, 2).

Au (Dodecylthiolate)

Hostetler et al. (27) made thiolate-stabilized Au NPs, shown in Figure 16, in a biphasic
toluene–water solvent (19, 27, 31). In the synthesis, HAuCl4 hydrate was dissolved in water and a
phase-transfer agent, TOAB, was dissolved in toluene. After mixing the two solutions, phase transfer
of the [AuCl4]− anion from the aqueous to the organic phase occurred. The aqueous layer was
removed, the organic layer was collected, and dodecanethiol was added to stabilize NPs.

Figure 16. Dodecylthiolate-stabilized Au NPs.

Upon addition of an aqueous NaBH4 solution to the organic layer, NPs formed under a biphasic
condition. Au NPs from 1.5 to 5.2 nm in diameter were made by systematic variations on three
reaction conditions: (1) temperature at the time NaBH4 was added, (2) the mole ratio of
dodecanethiol versus HAuCl4 hydrate, and (3) the rate at which NaBH4 was added. The authors
found that the NP size was affected most significantly by the ratio of ligand to HAuCl4 hydrate.
Increasing the ligand-to-metal ratio resulted in smaller NPs. XPS analyses on Au 4f7/2 showed that
the relatively large 2.8 nm NPs had binding energy at 84.0 eV, the same as that of bulk gold metal. The
very small 1.5 nm NPs had binding energy at 84.4 eV, approaching that of AuI alkanethiolate polymer
at 84.9 eV. The binding energy was calibrated using the carbon 1s peak of the methylene carbon of
the dodecylthiolate ligands at 284.9 eV.

The shape of these NPs resembled truncated octahedrons (44); therefore, the authors estimated
the number of total atoms and surface atoms for the deodecylthiolate-stabilized Au NPs, ranging
from 1.5 to 5.2 nm, using the “magic number” (44) of atoms in truncated octahedron models that
matched the size of the NPs.

The modeling studies (27, 44) showed that the NPs with a size from 1.5 to 5.2 nm had 110 to
4800 Au atoms. For example, calculations showed that a 2.0 nm truncated octahedron made of Au
consisted of 314 Au atoms, and a 4.0 nm octahedron consisted of 2406 Au atoms. Out of the total
314 atoms for a 2.0 nm truncated octahedron made of Au, 174 of them were surface atoms, and the
number of surface atoms was 752 for the 4.0 nm truncated octahedron made of Au.

The number of dodecylthiolate ligands was calculated theoretically and compared with the
experimental values. The number of ligands ranged from 53 to 520 for NPs from 1.5 to 5.2 nm in size.

Only the surface of the truncated octahedron can bind ligands. Each dodecylthiolate ligand
has a theoretical “footprint,” or the minimal surface area taken up by the ligand. Based on the
19.46 nm2 surface area of the 2.0 nm truncated octahedron and the 0.214 nm2 footprint of a single
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dodecylthiolate ligand, the theoretical maximum ligand coverage is 91 ligands (19.476 nm2 divided
by 0.214 nm2) for a 2.0 nm truncated octahedron and 326 ligands for a 4.0 nm truncated octahedron.

The NP size was measured using HRTEM and small-angle X-ray scattering. The calculated
maximum number of surface ligands matched well with the experimental values for the average
number of ligands measured using TGA. For example, for 4.0 nm Au NPs, the calculated percentage
for the ligand was 12.2% wt. The experimental value measured using TGA was 12.8% wt. The loss of
mass when heating the sample was attributed to the loss of the surface thiolate ligands.

The limit of this model is that it assumes an ideal polyhedral geometry with flat surfaces for the
NPs. Realistically, NP surfaces can be rough and contain more corners, steps, and surfaces than an
ideal polyhedron (1, 27). The corners, steps, and additional surfaces lead to a greater surface area
than that suggested by the model. Therefore, the model can underestimate the maximum number of
surface ligands of an NP.

Thiolate signals from solution-phase 1H and 13C NMR spectra are characteristically broader than
a free, unbound thiolate. This broadening is due to low tumbling rates and surface heterogeneity.
The latter is attributed to the different Au binding sites at terraces, edges, and corners on the uneven
NP surface (45). The degree of signal broadening is different across the deodecylthiolate chain. In
C6D6, the 38 ppm methylene carbon signal at the β-position (CH2–CH2–S−) was broadened nearly
beyond recognition. The proton signal of the methyl group at the end of the thiolate alkyl chain was
the sharpest at 0.4 ppm.

FT-IR analysis measured the antisymmetric stretching frequency of the methylene groups of
dodecylthiolate surface ligands on Au NPs. For NPs with an average size from 1 to 4 nm, the
stretching frequencies varied only slightly and were detected at 2919 to 2924 cm−1. The stretching
frequency was comparable to that of crystalline polyethylene, where the methylene antisymmetric
stretching frequency is at 2920 cm−1. The dodecylthiolate ligands are believed to adopt a densely
packed structure of crystalline solid (27, 56). The C–S bond vibration was found at 720 cm−1,
where the C–S bond is at the antiposition to the adjacent (−S–C–C–C) C–C bond. The C–S bond
vibration was also found at 640 cm−1 for some of the NPs, where the C–S bond is at the gauche
(defect) position relative to the adjacent C–C bond.

Thermolysis of the dodecylthiolate-stabilized NPs was performed at 240–260 °C. Dodecyl
disulfide formed and was detected by mass spectrometry. The formation of disulfide was attributed
to the oxidation of two molecules of dodecylthiolate. No thiol ligand (the conjugate acid of thiolate)
was detected, consistent with the presence of thiolate rather than thiol ligands.

Au (Citrate, Citric Acid, and Thiolate)

The Brust–Schiffrin method (31) was used to make very small Au NPs ranging from 1.5 to 5.2
nm (27). To make thiolate-stabilized Au NPs in the 5–100 nm range, a method (17) was developed
based on the ligand replacement of citrate-stabilized Au NPs with thiols. The effectiveness of this
ligand exchange was rationalized by the higher Au–thiolate bond energy than that of the
Au–carboxylate bond. It was assumed that citrate surface ligands were completely displaced by thiols
using this synthetic method.

Park and Shumaker–Parry reported (17, 18) that the NPs formed by this ligand replacement
method contained a significant number of citrate ligands. Therefore, the ligand replacement was
incomplete. The carboxylate and carboxylic acid groups of citrate ligands formed a stable hydrogen-
bonded network that resisted the ligand replacement by thiols. Al-Johani et al. studied the complex
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surface Au–carboxylate binding mode in detail using solid-state 13C and 23Na NMR spectroscopy
and computational modeling (57).

The 40 nm Au NPs stabilized by citrate and thiolate ligands were made using a two-step
procedure. The citrate-stabilized Au NPs were synthesized first, followed by the ligand displacement
reaction with thiols. The citrate-stabilized Au NPs were made using the Frens method (18), where
HAuCl4·3H2O and trisodium citrate in an aqueous solution were heated at reflux for 1 h. The

citrate anion reduced AuI to Au0 (18). To perform the ligand replacement of citrate with thiolate,
an aqueous solution-suspension of Au NPs was centrifuged to form a pellet. A solution of thiols in
ethanol was mixed with the citrate-stabilized Au NPs. The replacement reaction occurred over 2 h
at room temperature. Purification of the thiolate-stabilized Au NPs was performed by three cycles of
centrifugation, discarding the supernatant, and resuspending the NPs in ethanol.

ATR-IR analysis of the 40 nm Au NPs showed a hydrogen-bonded carboxylic acid C=O stretch
at 1704 cm−1, attributed to the hydrogen-bonded cyclic dimer of carboxylic acid groups between a
bound citrate and a citric acid. Another C=O stretch at 1734 cm−1 was attributed to the hydrogen-
bonded acyclic dimer of carboxylic acid groups (58). The antisymmetric stretch of the η1-carboxylate
coordinated to surface Au appeared at 1611 cm−1. The antisymmetric stretch of the η2-carboxylate
coordinated to surface Au in a bidentate fashion appeared at 1540 cm−1. The antisymmetric stretch
of the carboxylate attached to the middle quaternary carbon appeared at 1575 cm−1.

In XPS spectroscopy, the carbon 1s peak appeared at 287–291 eV, which is a higher binding
energy for a carboxylic acid or carboxylate group than the carbon 1s peak for a hydrocarbon at
284.8 eV. A carbon 1s binding energy was detected at 287.6 eV, assigned to the carboxylate ligand
coordinated to Au. The peak at 289.4 eV was assigned to the uncoordinated carboxylic acid group.

Au (Phosphine Oxide)

Cano et al. (7) developed Au NPs stabilized by secondary phosphine oxide ligands L1 to L6,
shown in Figure 17. These Au NPs are air-stable and catalyze the selective hydrogenation of aldehyde
groups over alkene, arene, nitro, and ketone groups.

Figure 17. Secondary phosphine oxide ligands as stabilizers for Au NPs.

Pentavalent secondary phosphine oxide (R2HP=O) is at a tautomeric equilibrium with the
trivalent phosphinous acid (R2P–OH). The phosphine oxide form is more stable than the
phosphinous acid form. In general, the equilibrium shifts to the phosphinous acid form in the
presence of a metal, due to the formation of a metal–phosphorus bond. Removal of a proton of
phosphinous acid gives an oxygen-centered anion, which is capable of carrying out an outer-sphere
heterolytic cleavage of dihydrogen. This reaction produces a metal hydride intermediate capable of
hydrogenation of aldehyde.

NPs with different sizes and various secondary phosphine surface ligands were made by varying
only the ligand and using otherwise identical reaction conditions. Different Au NPs ranging from
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1.2 to 2.2 nm were made using ligands L1 to L5 at ambient temperature over 15 h and in aqueous
THF solvent. The very bulky ligand L6 failed to stabilize Au NPs; Au precipitated with L6 instead of
forming NPs. Two-coordinate gold complexes ligated by chloride and different secondary phosphine
ligands served as the source of both metal and ligand. The reduction of AuI complex to metallic
Au NPs was carried out by 14 equivalents of NaBH4. The NPs were purified by three cycles of
centrifugation, removal of the supernatant, and resuspension. Residual solvent was removed under
vacuum. TEM analyses showed that the NPs had a narrow size distribution. For example, L1 gave
1.24 ± 0.16 nm NPs, and L2 gave 1.6 ± 0.16 nm NPs.

Quantitative EA, TGA, and EDX were carried out. The Au NPs stabilized by various secondary
phosphine ligands consisted of 44–66% gold and a large amount of ligand. For example, Au NPs
stabilized by L1 contained carbon in 35.12%, hydrogen in 5.35%, phosphorous in 4.42%, and gold
in 46.28%. EDX detected carbon in 33.93%, oxygen in 4.79%, gold in 47.00%, and phosphorous in
5.54%. TGA detected up to 52.72% of organic ligands.

The authors reported a metal-to-ligand ratio of 1.48:1 for the NPs stabilized by L1, without fully
disclosing the details. The ratio was probably calculated using the Au/P mole ratio. The metal-to-
ligand ratio calculated based solely on the mole of Au divided by the mole of P was 1.64:1 using the
data obtained from the EA. The ratio was instead 1.33:1 when using the EDX data. The average of
these two values is 1.49:1. The average empirical formula of the NPs based on the TGA alone can be
estimated as Au1.06 L11 with an Au-to-ligand ratio of 1.06:1, which assumes that all mass loss during
thermolysis is due to the desorption of phosphine ligand and that no other ligand is present. Cano et
al. reported ratios ranging from 1.32:1 to 2.88:1 for the five samples of Au NPs.

Modeling studies by van Hardeveld and Hartog calculated the number of surface atoms
corresponding to the size of metal crystals in hcp, body-centered cubic (bcc), or cubic close-packed
(ccp) structures (44). Cano et al. found a close to 1:1 ratio of surface metal atoms versus ligands for
NPs made using L1 to L4. This result suggests that the surface ligand coverage, calculated by the
number of surface atoms divided by the number of ligands, is 100%. For the 2.2 nm NPs stabilized by
L4, the 100% coverage is more than twice the ligand coverage of the Au (dodecylthiolate) NPs with
a similar size (27).

This much higher ligand coverage of L4 may be rationalized by a much smaller ligand footprint
of the secondary phosphine and a greater surface area of Au NPs stabilized by secondary phosphine
oxide ligand L4 than Au NPs, which are the same size but are stabilized by dodecylthiolates.

XPS analyses of the NPs stabilized by L1 and L2 gave 84.8 and 84.9 eV, significantly higher than
the thiolate-stabilized Au NPs of similar size at 84.0 eV or 83.8 eV. Binding energy of AuI species
ranges from 85.5 to 86 eV. The binding energies of Au NPs stabilized by L1 and L2 approached the
value of a AuI species. The binding energy was calibrated using the 3d5/2 line of Ag with a FWHM of
0.8 eV. Therefore, the authors suggested that the phosphine-stabilized Au NPs consist of a mixture of
AuI and Au0 species.

Summary

IR, NMR, and elemental analyses are the most general methods to characterize stabilizers. All
examples involve at least one of these techniques, and Table 1 summarizes these approaches to
characterizing NP stabilizers.
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The elemental composition of NP stabilizers can be identified and quantified through EA, XPS,
and EDX. The structure of the stabilizers can be determined using IR, NMR, XPS, MS, and titration.
With the help of a quantitative model of NPs, the ligand coverage can be calculated, or estimated,
using EA or TGA. NMR and IR studies have been used to distinguish coordinated surface ligands
from uncoordinated surface stabilizers.

The average empirical formula of NPs, including stabilizers, can be calculated from EA or TGA.
The average molecular formula can be measured directly using ultracentrifugation or calculated using
the average core size of NPs and the average empirical formula of NPs.

New strategies have been developed to synthesize thiolate-stabilized NPs using S-
alkanethiosulfate ligand precursors [in the sections on the Pd and Ir (dodecylthiolate) NPs]. As
techniques evolve and interest in identifying stabilizers grows, new stabilizers are revealed even for
NPs initially reported years ago [in the sections on the Pt (carbonyl and hydroxide) and Au (citrate,
citric acid, and thiolate) NPs]. Multiple species can costabilize the NPs [in the sections on the Rh
(NHC), Pt, and Au (citrate, citric acid, and thiolate) NPs]. NHC and secondary phosphine oxide
ligands, which are well known for homogeneous catalysts (51) but unconventional for NPs, are
currently being explored as stabilizers of well-defined metallic NP catalysts {in the sections on the Ru
(NHC), Rh (NHC), Rh [bis(imino)pyridine], Pt (NHC), and Au (phosphine oxide) NPs}.

Characterizing the stabilizers on metallic NPs is difficult and has yet to become a common
practice. FT-IR spectroscopy is an accessible and sensitive technique, but the spectrum can be
misinterpreted when the fingerprint region is crowded. An FT-IR analysis should be corroborated by
an orthogonal method (e.g., EA or XPS).

EA is routinely used to characterize metal complexes but rarely performed on NPs. An
investigator should discard the assumption that metallic NPs have the same composition as bulk
metal, free of stabilizers and made of nearly 100% metal. Nanomaterials can have different structures,
compositions, and properties from their bulk counterparts (1).

The accuracy of an XPS binding energy measurement depends on the reference material used
for instrument calibration. The carbon 1s peak, from adventitious carbon under ultrahigh vacuum
conditions, is often the reference with a binding energy at 284.7 eV (59), but the value can vary by
1 eV or more (59). This is a significant variation when used to distinguish the oxidation states. In
addition, the adventitious carbon signal can overlap with the carbon peaks of the organic stabilizers.
Alternatively, sputtered gold or a piece of gold foil as an XPS support material is a common reference,
giving the Au 4f7/2 peak at 83.98 eV (59). Cu 2p3/2 at 932.66 eV and Ag 3d5/2 at 368.26 eV are also
common references.

Solution-phase proton NMR spectroscopy has been used successfully for characterizations of
the stabilizers on semiconductor NPs (quantum dots), and DOSY, one-dimensional and 2D
NOESY, and rotating-frame Overhauser spectroscopy have also been implemented (45). Progress
using NMR spectroscopy on noble metallic NPs was reported in 2015 (60). The solution-phase 1H
NMR spectra of the dodecylthiolate ligand for Pd, Ir, and Au NPs have very broad signals for the
methylene protons that are overlapped. The chemical shifts for the protons at the α- and β-positions
can be broadened beyond recognition. However, the methyl peaks of dodecylthiolate are relatively
sharp, and the line widths (FWHM) increase with the core size of Au NPs (27). Moreover, a DOSY
study was carried out for the Pt(NHC) NPs costabilized by NHC ligand and a bis-NHC Pt complex,
which is likely physically adsorbed onto the NPs (53). The latter gave very sharp chemical shifts. The
chemical shifts of the NHC protons were well separated. Similar diffusion coefficients, 2.5 × 10−10

versus 2.8 × 10−10 m2/s, were respectively determined for the two stabilizers.
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Table 1. Summary and References of the Stabilizer Characterizations
Compositional Analysis

EA Ru (Phosphine), Ru (NHC), Ir (Polyoxoanion), Pt
(Carbonyl and Hydroxide), and Au (Phosphine Oxide)

(7, 29, 32, 36, 37)

XPS Ru (Phosphine), Ir (Dodecylthiolate), Ir (Citrate), Pt
(Carbonyl and Hydroxide),and Au (Citrate, Citric Acid, and
Thiolate)

(16, 25, 29, 37, 58)

EDX Au (Phosphine Oxide) (7)

Structural Analysis

IR, NMR, XPS, or
MS

Ru (Phosphine), Ru (NHC), Rh (NHC),
Pd (Dodecylthiolate), Ir (Dodecylthiolate), Ir
(Polyoxoanion), Ir (Citrate), Pt (Carbonyl and Hydroxide),
Pt (Amine or Pyridine), Pt (NHC), Au (Dodecylthiolate),
and Au (Citrate, Citric Acid, and Thiolate)

(4, 16, 25–28, 32, 36,
37, 49, 52, 53)

Ligand Coverage Analysis

EA or TGA Pd (Dodecylthiolate), Pd (Alkylthiolate and Arylthiolate), Ir
(Dodecylthiolate), Au (Dodecylthiolate), and Au (Phosphine
Oxide)

(7, 11, 20, 25–27, 47)

Hydride Titration Ru (NHC) and Rh (NHC) (4, 36)

Modeling Studies Ru (NHC), Rh (NHC), Pd (Dodecylthiolate), Pd
(Alkylthiolate and Arylthiolate), Ir (Polyoxoanion), Au
(Dodecylthiolate), and Au (Phosphine Oxide)

(4, 7, 26, 27, 32, 36)

Determination of Average Empirical or Molecular Formula

EA Ir (Polyoxoanion) (32)

TGA Pd (Dodecylthiolate) and Au (Dodecylthiolate) (26, 27)

Ultra-Centrifugation Ir (Polyoxoanion) (32)

The solid-state 13C NMR spectrum of NP stabilizers can have relatively sharp peaks, but the
technique has yet to be widely used for the characterizations of the stabilizers. The 1H–13C cross-
polarization in solid-state 13C NMR spectroscopy can increase signal-to-noise ratio and reduce
experiment time (61); however, the 1H–13C cross-polarization cannot be carried out without
hydrogen (61). The quaternary carbene carbon in the NHC-stabilized Ru, Rh, and Pt NPs were
only detected using NPs made with 13C-labeled NHC ligands. For a comprehensive discussion on
solid-state NMR spectroscopy, readers are referred to the book Solid-State NMR: Basic Principles and
Practice (58).

The NMR Knight shift, named after Walter Knight (62), refers to the coupling of a nucleus
by the unpaired conduction electrons on the metallic NP surface. The carbonic–carbon signal of
the NHC-stabilized 3.8 nm Pd NPs was shifted downfield dramatically to 600 ppm and severely
broadened (36), which was attributed to the Knight shift. The downfield shift and peak broadening
were consistent with a surface Pd–C bond. For further reading on the NMR Knight shift in noble
metal NPs, please refer to the review article by Marbella et al. (60).
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The direct characterizations of the metal hydrides on metallic NPs are rare, but the species is
likely an important intermediate in catalysis. The proton chemical shifts of metal hydrides on Ru NPs
could not be observed directly by NMR spectroscopy (38). The hydrides are identified by titrating
the Ru NPs with an olefin, where a hydrogenation reaction occurred in the absence of H2. Notably,
the protons of hydroxide ligands on anatase TiO2 nanocrystals have been studied by Jeantelot et al.
using solid-state 1H NMR spectroscopy (63).

Currently, the average molecular formula of metallic NPs is rarely determined or estimated
(26, 32). The direct measurement or estimate of the average molecular weight of metallic NPs is
extremely rare, but possible approaches include ultracentrifugation (32), static light scattering (64),
and polyacrylamide gel electrophoresis (65). Time-of-flight mass spectrometry has emerged as a
technique for the characterizations of relatively complex organic stabilizers on NPs (66). The field
of computational chemistry has grown rapidly, but in general, computational studies have yet to
be implemented for the stabilizers in this chapter. The development of computational methods for
nanomaterials appears to have a fascinating outlook (67).
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This chapter discusses Titanium dioxide (TiO2) fabrication and its photocatalytic
application. The review examines the basic principles of photocatalytic H2
production, degradation of pollutants, CO2 reduction, and N2 reduction using
TiO2 photocatalysts under ultraviolet light conditions. The focus includes
synthesis and modification of TiO2 nanophotocatalysts for improved
photocatalytic applications. The synthesis methods examined contains the
sol–gel, sol, hydrothermal, solvothermal, vapor deposition, electrochemical,
direct oxidation, surfactant controlled, and the plasma-assisted process. The
photocatalytic activities of pure TiO2 suffer from limitations such as the fast charge
carrier recombination and its wide bandgap of approximately 3.2 eV. Improving
the photocatalytic activities of TiO2 has been the focus of many reports.
Modifications of TiO2 consist of changing the crystal structure and morphology,
doping with metal and nonmetal chemicals, incorporating carbon materials
(carbon nanotubes and graphene), and noncarbon materials (i.e., metals,
semiconductors, dyes, and noncarbonaceous two-dimensional materials). Lastly,
future prospects are discussed for the application of TiO2.

Introduction

Titanium dioxide (TiO2) has been a widely studied semiconducting metal oxide since the
discovery of its photocatalytic water splitting on TiO2 under ultraviolet (UV) irradiation by Fujishima
and Honda in 1972 (1–3). Due to its excellent thermal stability, wide bandgap with suitable band
edge, low cost, nontoxic effect, and corrosion resistant properties (1), TiO2 has been used in many
promising applications (such as solar harvesting and solar fuel production). The primary applications
of photocatalysis include the conversion of water to generate O2 and H2 and the photodegradation of
aqueous and atmospheric organic pollutants (1–4). The photocatalytic efficiency of TiO2 is governed
by material properties, the irradiance frequency, and irradiance intensity. In particular, the material

© 2019 American Chemical Society
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properties dominating photocatalytic activity include bandgap, charge transportation, crystal
structure, specific surface area (SSA), and the particles’ size (5). Understanding these properties and
synthesis processes is essential in designing a high-performing photocatalyst.

Developing methods to modify TiO2 by increasing the SSA, deceasing particle size, and
optimizing crystal structure are effective strategies for enhancing the overall photocatalytic reaction
efficiency (1, 6–9). When compared to bulk TiO2, nanostructured TiO2 has novel properties that
can be utilized to improve its photocatalytic activities (10). TiO2 nanostructures are particularly
interesting due to their high SSA, enhanced charge carrier conductivity, and excellent mechanical
strength (1).

The photocatalytic activity of pure TiO2 is limited due to the fast recombination of electrons (e-)
and holes (h+) pairs (4), as well as its wide bandgap of approximately 3.2 eV, which only absorbs UV
light (2–3% of the solar spectrum) (4, 5). A wide variety of different methods have been developed
to increase the photocatalytic activity of TiO2. Two important aspects of these methods are based
on suppressing charge recombination and extending the wavelength response range in the visible
light region (4). These approaches include doping TiO2 nanomaterials with other elements (5, 11,
12), sensitizing with photosensitizers such as dyes (11), depositing metal nanoparticles (4, 13) or
coupling with other semiconductors (14), and incorporating carbon materials (15, 16).

Figure 1. Schematic illustrating water splitting using TiO2 (17, 20). (a) Charge transfer and recombination
during photocatalytic water splitting, and (b) the energy position of the VB and CB. Reproduced with

permission from ref (17). Copyright 2014 Elsevier.

Principles of Photocatalysis

The photocatalytic splitting of H2O into H2 and O2 on TiO2 photocatalysts is shown in Figure

1 (17). The three main steps of the process (Figure 1a) consist of: (1) photogeneration of e- and h+

when excited by photons with energy greater than the TiO2 bandgap; (2) transportation of the charge
carriers to the TiO2 surface; and (3) surface charge transfer between carriers with reactants (e.g.,
H2O). However, the photogenerated charge carriers may recombine with each other, subsequently
dissipating energy without mediating the photocatalytic reaction. Recombination is the major
restriction in TiO2 photocatalysis since it reduces the overall reaction efficiency. In the case of water
splitting (Figure 1b), the energy position of the lowest level in the conduction band (CB) is more

136



http://chemistry-chemists.com

negative than the reduction potential of water (0 V versus normal hydrogen electrode [NHE] at pH
= 0) (2H+ + 2e- = H2) while the valence band’s (VB) highest energy level is more positive than

the oxidation potential of water (+1.23 V versus NHE at pH = 0) (4OH- + 4h+ = O2 + 2H2O).
Photogenerated carriers can also split renewable organic chemicals (e.g., ethanol) to produce H2
(18). In this case, the organic chemical functions as an electron donor. The efficiency can be
measured using the gas evolution rate (µmol·h-1) and the quantum yield, which is defined as the
number of events occurring per photon absorbed (18, 19).

Figure 2. Schematic diagram for the reaction steps in: (a) photodegradation of aqueous organic pollutants
(21), (b) photocatalytic CO2 reduction, and (c) photocatalytic N2 reduction (24). (a) Reproduced with

permission from ref (21). Copyright 2012 Elsevier. (c) Reproduced with permission from ref (24).
Copyright 2018 Royal Chemical Society.

In addition to reacting with water and ethanol to produce H2 and O2, the photogenerated
carriers are able to degrade organic pollutants (21), reduce CO2 to a fuel (22, 23), reduce N2 to
NH3 (24), and disinfect contaminated water. As shown in Figure 2, holes in the VB oxidize water
and subsequently generate extremely powerful oxidants such as •OH radicals to oxidize organic
pollutants (21). Electrons can be transferred to O2 molecules and generate superoxide radical anions

(O2•-), powerful oxidants that can react with organic pollutants to produce CO2 (21).
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TiO2 Nanomaterials Morphologies and Crystallographic Structures

Typical forms of bulk TiO2 include thin films, powders, and single crystals. To increase the SSA,
decreasing the TiO2 particle size to the nanometer scale leads to nanomaterials such as nanosheets
(6), nanoparticles, nanorods, nanowires, nanotube, nanofilms, and nanoribbons (25). Nanowires
and nanofibers are two quasi-one-dimensional (Q1D) structures with diameters less than 100 nm
and a specific growth direction, while nanorods and nanowires have similar structures, the length is
shorter. Nanotubes have a hollow interior structure while nanobelts and nanoribbons are structurally
similar to nanowires, but with well-defined side faces. Models for selected TiO2 Q1D nanostructures
are shown in Figure 3.

Figure 3. Models for selected TiO2 Q1D nanostructures.

TiO2 exists in many different crystal forms, under both standard temperature and pressure
conditions, as well as other forms reported under high pressure. These include anatase (tetragonal),
rutile (tetragonal), TiO2–B (monoclinic), brookite (orthorhombic), TiO2–R (ramsdellite-
structured), TiO2–H (hollandite-structured), TiO2–II (columbite-type), and TiO2–III
(baddeleyite-type) (26). Although anatase, brookite, rutile, and TiO2–B are known to occur
naturally (26), the other phases that only exist under high pressure conditions are unstable under
ambient conditions (26). Rutile is considered the most stable phase based on thermodynamics,
whereas the metastable anatase, TiO2–B, and brookite phases are transformed into rutile when
treated at 600–900 °C (27). All the various TiO2 phases are formed by stacking co-coordinated

TiO6 octahedral units with the Ti4+ ion positioned in the center of the octahedron and six oxygen
atoms located at the six corners. The TiO6 octahedron stacks oxygen atoms either via edge-sharing
or corner-sharing (Figure 4) (28). Due to the Jahn–Teller effect, the different phase structures show
distinctions in the distortion and assembly pattern of each octahedron and octahedron chain (29).
The selected properties of anatase, rutile, brookite, and TiO2–B are shown in Table 1.
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Figure 4. Model of TiO2 octahedron showing edge-sharing and corner-sharing. Notes: black circles
correspond to oxygen atom and grey circles correspond to titanium atom.

Anatase is a tetragonal structure (Figure 5) (10) predominantly configured with edge-sharing
octahedron (30). Each octahedron in anatase has four sharing edges and each O2- ion is closely
surrounded by three Ti4+ ions. Anatase can be synthesized by employing the wet chemical process
(27). The wet chemical process usually leads to the formation of anatase nanoparticles because
anatase is relatively thermodynamically stable when the size is confined to the nanoscale level (27).

Table 1. Properties of Anatase, Rutile, Brookite, and TiO2–B (10, 30, 31)

Rutile also has a tetragonal structural configuration; however, the c axis is shorter in comparison
to the anatase structure (Figure 6) (10). Rutile is composed predominantly of corner-sharing
octahedron units (30) with octahedral apices connected to each other by edge-sharing chains parallel
to the z axis and the chains cross-linked in a corner-sharing manner. In the rutile phase, the {011}
and {100} crystal face families have the lowest energy, and thus is the most stable phase (Figure 6)
(32). When compared to the other phases, rutile production through solution phase synthesis or
transformation of other phases at 600–900 °C is due primarily to its thermodynamic stability (27).
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Figure 5. Anatase structure and SEM image: (a) anatase unit cell, and (b) SEM image (up) and the model
(below) of truncated octahedron-shaped anatase crystal with exposed {001} and {101} facets (9). Note:

black circles indicate oxygen atoms. (b) Reproduced with permission from ref (9). Copyright 2014 Springer
Nature.

Figure 6. Rutile unit cell. Note: black circle corresponds to oxygen atoms.

TiO2 brookite orthorhombic structure is composed of large unit cells (Figure 7) (10). The
structure consists of distorted TiO6 octahedrons which are connected by both edge- and corner-
sharing to construct the framework shown in Figure 7. Although brookite is synthesized through the
wet chemical process, it normally coexists with the rutile or anatase phases (30).

TiO2–B is constructed with large unit cells (Figure 8) with a monoclinic structure with a
particularly long a axis (32, 33). TiO2–B consists of corrugated sheets with edge- and corner-sharing
TiO6 octahedrons that are stacked to construct a 3D framework. TiO2–B can be synthesized by
proton exchange and subsequent dehydration of the titanate layers at approximately 300 °C (33, 34).
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TiO2–B can be transformed into anatase or rutile at high temperatures because of its thermodynamic
instability (33, 34).

Figure 7. Brookite unit cell.

Figure 8. TiO2–B unit cell (32). Reproduced with permission from ref (32). Copyright 2014 America
Chemical Society.

TiO2 Nanomaterials Synthesis

Methods for synthesizing TiO2 nanostructures include sol–gel, chemical vapor deposition
(CVD) and physical vapor deposition (PVD), hydro/solvothermal, direct oxidation, surfactant
controlled approach, and the electrochemical route. A brief overview of various methods is discussed
in the following sections.

Sol–Gel Method

The sol–gel method is commonly used to synthesize various ceramic materials (5). In general,
a colloidal suspension is produced from the hydrolysis and polymerization reaction of precursor
molecules (5). Subsequently, complete polymerization and removal of the solvent leads to the
formation of a solid gel phase. The solid gel is then easily cast into the desired shape (e.g., nanofilms
and nanofibers). Finally, the wet gel is transformed into TiO2 by dehydration and heating treatment.
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TiO2 nanomaterials usually result from the hydrolysis of a titanium precursor. In a typical
procedure to produce TiO2 nanoparticles (5), a TiO2 sol solution is produced by slowly mixing a
precursor such as titanium isopropoxide in an alcoholic solution containing water. The 3D polymeric
skeletons with close packing were developed by forming Ti–O–Ti chains. Next, the mixture is heated
at 90–100 °C for 6 h to produce the gel. Subsequently, heating the gel at 400 °C for 2 h increases the
crystallinity of the TiO2 anatase.

Combining the sol–gel method and an anodic alumina membrane template with long nanopores
is useful in producing TiO2 nanowires (Figure 9) (35). A brief description of the process involves
immersing porous anodic alumina membrane in a boiling TiO2 sol followed by drying and heating.
After heating at 500 °C, the TiO2 sol is converted into anatase TiO2. Next, the anodic alumina
membrane template is removed by placing the combined TiO2/alumina membrane template into a
H3PO4 aqueous solution.

Figure 9. TiO2 anatase nanotubes SEM image prepared by combining the sol–gel and template methods
(35). Notes: synthesized using anodic alumina membrane template and TiO2 sol, drying and heating at 60

°C for 12 h, and anodic alumina membrane template was removed in a 5wt% H3PO4 solution at room
temperature for 3 h. Reproduced with permission from ref (35). Copyright 2002 America Chemical

Society.

Sol Method

The sol method is a nonhydrolytic sol–gel process. The method involves reacting titanium
chloride with a metal alkoxide such as titanium alkoxide where RO- is an alkoxide (Eq. 1).

The reaction results in the formation of Ti–O–Ti bridges. The alkoxide groups are either
titanium alkoxides or the products generated by in situ reacting titanium chloride with alcohols. Zhu
et al. (36) reported mixing TiF4 with benzyl alcohol to produce an organic-rich titanium precursor.
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Next, the mixture is placed in an autoclave at 160 °C for 24 h with the subsequent formation of
anatase nanosheets (Figure 10).

Figure 10. TiO2 anatase nanosheet SEM image (36). Note: TiO2 anatase nanosheet was synthesized using
TiF4 and benzyl alcohol at 160 °C for 24 h. Reproduced with permission from ref (36). Copyright 2013

America Chemical Society.

Figure 11. Commercially available, magnetically stirred stainless steel pressure vessel configured with
pressure control and an external pump to control the gas flow (37). Reproduced with permission from ref

(37). Copyright 2007 Elsevier Ltd.

Hydrothermal Method

Hydrothermal synthesis is extensively employed for producing nanoparticles in the ceramic
industry. The method is performed in aqueous solution under selected temperatures and/or pressure
conditions. The autoclave reactor consists of stainless steel pressure vessels with or without a Teflon
liner (Figure 11). The temperature can be set to 300 °C by controlling the pressure. The morphology
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for the prepared TiO2 nanomaterials depends on the nature of solution, pH value, temperature, and
the reaction time (5).

Figure 12. Q1D TiO2 nanostructure transmission electron microscopy (TEM) images (a) TiO2 nanotubes
produced using 10 M NaOH aqueous solution at 140 °C, and (b) anatase TiO2 nanowire produced using

10 M NaOH aqueous solution at 190 °C (38). Reproduced with permission from ref (38). Copyright
2004 Royal Society of Chemistry.

Q1D TiO2 nanomaterials have also been produced using the hydrothermal method (Figure 12).
This widely used method employs treating TiO2 particles in a 5–15 M NaOH aqueous solution at
110–200 °C for 24–120 h (38–44). The transformation of TiO2 powder into nanotubes involves
cutting, exfoliation, or delamination of TiO2 lamellar nanosheets from a crystalline precursor (39).
The lamellar nanosheets edges have many atoms with dangling bonds that are unstable (39). Next,
the lamellar nanosheets are bent and scrolled into Q1D nanotubes or nanowire to saturate the
dangling bonds (Figure 12) (39).

Figure 13. Nanorods TEM image synthesized using a solvothermal method (40). Note: TiO2 nanorods
were synthesized by mixing titanium isopropoxide, anhydrous toluene, and oleic acid at 250 °C for 20 h.

Reproduced with permission from ref (40). Copyright 2003 Elsevier.
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Solvothermal Method

The solvothermal method is identical to the hydrothermal process in that it uses only a
nonaqueous solvent (e.g., toluene). The solvothermal process has better control of the reaction
temperature, particle size, morphology, and crystallinity of TiO2 products (32). The temperature
can be significantly raised by employing organic solvents with high boiling points. Different solvents
with different physical and chemical properties can affect the diffusion behavior, solubility, and
reactivity of the reactants, which in turn influences the crystallization and the crystal morphology of
the final products (32). Kim et al. reported that TiO2 nanorods were produced by mixing titanium
isopropoxide with anhydrous toluene and oleic acid at 250 °C for 20 h (Figure 13) (40).

Chemical/Physical Vapor Deposition Method

Vapor deposition involves producing a vapor that is subsequently condensed onto a heated solid
surface. The process is usually executed in a vacuum chamber. If the final product does not involve a
chemical reaction, the method is designated as PVD; otherwise, the process is designated as a CVD.

Producing TiO2 nanowires using a simple PVD method is illustrated in the SEM image shown in
Figure 14 (41). In a typical synthesis process, 1.5 g of precursor material (i.e., pure Ti metal powder)
and a Si(100) substrate are separately placed on 2 graphite boats in a tube furnace. In this system,
the precursor Ti powder is placed in a high-temperature zone (1050 °C) and the Si(100) substrate
is positioned in a low-temperature zone (850 °C). The PVD process is initiated when an Ar/O2
mixture gas flowing at a pressure of 40,000 Pa (300 Torr) is used to convert Ti into a layer of TiO2
nanowires (41).

Figure 14. SEM images of TiO2 nanowires SEM images grown on a Si(100) substrate using the PVD
method (41). Reproduced with permission from ref (41). Copyright 2005 Elsevier.

Figure 15 shows evidence of producing TiO2 anatase nanorods by growing them on silica
substrates using the CVD method (42). By using a N2/O2 mixture gas, Wu and Yu demonstrated the
vapors of the titanium acetylacetonate (Ti(C5H7O2)4) precursor were used to produce nanorods at
a relative low temperature ranging between 200–230 °C (42). The precursor reacts and is grown at a
relatively high temperature (500–700 °C) on a silica substrate surface. The phase and morphology of
the TiO2 products are tunable by adjusting the substrate temperature and pressure (42). For example,
anatase and rutile TiO2 nanorods were produced at 560 °C and 630 °C with the pressure set at 667 Pa
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(5 Torr), respectively. In comparison, TiO2 nanowalls were produced with the different conditions
of 535 °C and under 480 Pa (3.6 Torr).

Figure 15. TiO2 anatase nanorods SEM image (42). Note: CVD conditions were 560 °C and 667 Pa (5
Torr) (42). Reproduced with permission from ref (42). Copyright 2004 American Chemical Society

Electrochemical Method

Synthesis using the electrochemical method includes electrodeposition and electrochemical
etching/anodization. Electrodeposition is frequently used to grow TiO2 nanocoating on a substrate
by reducing titanium ions in an electrolyte at the cathode surface. TiO2 nanowires coatings are
synthesized using a template such as an alumina membrane on an Al substrate. Typically, titanium
deposits into the pores of the template utilizing 0.2 M TiCl3 solution as the electrolyte (43). Anatase
TiO2 nanowires are produced after heating the Ti infused alumina membrane coating at 500 °C for
4 h in an open furnace (Figure 16). Next, the alumina membranes are partly removed by chemical
etching in a 3 M NaOH for 5 min.

Besides the electrodeposition method, electrochemical etching/anodization is a versatile
process that allows the production of a dense and well-defined TiO2 nanomaterial onto a titanium

surface (1, 32, 44, 45). Electrochemical oxidation produces Ti4+ (Ti →Ti4+ + 4e-) when titanium
metal is exposed to a sufficiently high anodic voltage in a cell. Next, the Ti4+ ions react with O2- in the
electrolyte (Eq. 2) to produce a solid TiO2 layer (29, 45, 46).

Direct Oxidation Method

Oxidizing titanium metal can be employed to produce TiO2 nanomaterials. For example, TiO2
nanorods on a titanium plate were produced by oxidation using a 30% H2O2 aqueous solution at 78
°C for 72 h (47). The TiO2 nanorods phase structure is controllable by adding inorganic salts (e.g.,
NaF, NaCl or NaSO4) (47). Pure anatase nanorods are produced by adding NaF or NaSO4, while
pure rutile nanorods are produced by adding NaCl.
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Figure 16. SEM image of TiO2 nanowires produced using a electrodeposition method (43). Reproduced
with permission from ref (43). Copyright 2005 AIP Publishing.

Surfactant Controlled Method

With the assistance of surfactants, the isotropic growth of TiO2 nanostructures is accomplished
by the hydrolysis of titanium alkoxides. Surfactants have the ability to select the crystal facet and
manipulate the final structure of TiO2 nanomaterials, since they modify the surface energy of desired
facets (32). For example, Cozzoli et al. reported growing anatase nanorods by employing the
hydrolysis of titanium tetraisopropoxide and using oleic acid as the surfactant (48).

Plasma-Assisted Method

Employing TiO2 powders has many disadvantages, including the need for separation or filtration
(4), problematic use in continuous flow systems, and particle agglomeration. Overcoming these
disadvantages has been accomplished by employing TiO2 thin films (Figure 17). In thin film systems,
the TiO2 photocatalyst is coated onto the wall of a solar parabolic reactor. Plasma-assisted deposition
(PAD) processes (49) have been widely applied to prepare thin films (50). The PAD processes
generally include plasma-enhanced chemical vapor deposition (PECVD) and magnetron sputter
deposition. PAD processes have increased significant interests in industrial use, mainly due to the
following: (1) Low temperature deposition when compared to conventional PVD and CVD
processes. For example, silicon nitride a coating can be deposited by PECVD at 300 °C. Whereas,
the conventional CVD process is conducted at 900 °C (49); (2) A broad range of experimental
parameters (e.g., pressure, gas flow, excitation frequency, and power) can be adjusted to optimize
composition and microstructure of the film (51); (3) High deposition rates (1 nm·s-1 – 40 µm·s-

1)permit low-cost fabrication (51); (4) PAD allows for uniform coating on substrates with different
shapes such as flat, hemispherical, long fibers, cylindrical shapes, and the interior of tubes (51); (5)
PAD films show better mechanical properties (e.g., adhesion, stress compensation, abrasion, and
wear resistance) when compared to their PVD counterparts (51); (6) PAD allows for doping to
optimize the photocatalytic activities of the thin film (51).
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Figure 17. (a) TiO2 coated glass cylinders using sol–gel method and annealed at 500 °C, and (b) a plug
flow system for water purification (52). Reproduced with permission from ref (52). Copyright 2014 Royal

Society of Chemistry.

PECVD is a method employed for film preparation using gas phase precursors activated in a glow
discharge environment (51). Using a plasma as a reactive medium allows the CVD process to take
place at a much lower temperature. Fragmentation of the precursor is accomplished by collisions with
electrons produced in the plasma.

The PECVD process can be conducted under both low and atmospheric pressure conditions.
In particular, the atmospheric-pressure plasma jet (APPJ) process (Figure 18) (53, 54) and the
dielectric barrier discharges (DBD) plasma (55) are promising candidates to replace the thermal
CVD or sol–gel processes, which are employed for depositing functional coatings (53, 54). Using
these replacement technologies is due to low cost, high deposition rates, low operational
temperatures, one step process, easy implementation, and in-line process capabilities. Careful
control of the plasma parameters (i.e., plasma source, the titanium precursor, and precursor carrier
gas) allows the formation of well-adherent and solid TiO2 coatings with tunable properties at low
temperature conditions (56). Utilizing low temperature conditions allows employing a wide
selection of substrates without inflicting damage to the optical fiber glass, nickel film, and carbon-
polymer composite (56, 57).

Figure 18. Illustration of an open-air APPJ setup for depositing TiO2 coating on a flat substrate (53).
Reproduced with permission from ref (53). Copyright 2019 John Wiley and Sons.

Fakhouri et al. (54) employed an open-air APPJ and titanium isopropoxide as precursor (Figure
18a) to deposit photocatalytic TiO2 coatings with high porosity and high SSA at a high deposition

rate (20–40 µm·s-1). In an open-air APPJ system, the porosity and crystallinity of the TiO2 coating
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was controlled by varying deposition parameters such as pulse frequency, gas flowrate, and the
post-annealing temperature (54). A APPJ TiO2 coating deposited at 23 kHz and 2400 L·s-1 was
characterized with a high SSA porous structure (Figure 18b) and a significant enhancement in the
photocatalytic efficiency for degrading RhB when compared to an N-doped TiO2 coating, which was
generated by radio frequency (RF) magnetron sputtering (54, 58).

Using TiCl4 and O2 as precursors, Nie et al. employed an atmospheric cold DBD plasma for
synthesizing nanocrystalline anatase TiO2 (Figure 19a) (55). The size of the TiO2 nanocrystal

attained was 10–15 nm (Figure 19b) when the plasma energy density was set at 5.9 kJ·L-1. Peng et al.
observed decreasing particles size with increasing the plasma energy density (53). The DBD plasma
process is promising because it is a single-step process, low cost, easy to control, and utilizes simple
equipment for the discharge.

Figure 19. (a) Schematic of DBD reactor for synthesizing anatase TiO2, and (b) TEM image of DBD
TiO2 nanocrystal (55). Reproduced with permission from ref (55). Copyright 2007 John Wiley and Sons.

Magnetron sputter deposition is mainly utilized for industrial application to deposit metals,
oxides, nitrides, and alloys (49). In the case of physical magnetron sputtering (49), the bombarding
ions (i.e., argon ions at 500–1000 V) physically sputter the target metallic atoms that are transferred
to and deposited onto a substrate. When employing reactive magnetron sputtering, a reactive gas
(O2 and N2) with dissociation products that chemically react with the target titanium is supplied
in addition to the bombarding ions. For example, the physical magnetron sputtering of a Ti target
with argon as the bombarding gas results in the formation of Ti thin film. A TiO2 thin film can be
synthesized if O2 is supplied as reactive gas (58). Fakhouri et al. (58) synthesized N-doped TiO2 thin
films on silicon substrates (Figure 20) by reactive RF magnetron sputtering using a dual reactive gas
mixture of N2 and O2.
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Figure 20. Scanning electron microscope (SEM) images of TiO2 coatings synthesized by reactive RF
magnetron sputtering at different pressures (a) 3 mTorr, and (b) 14 mTorr (58). Note: 1 mTorr represents

0.13 Pa. Reproduced with permission from ref (58). Copyright 2014 Elsevier.

Other Methods

Sonication has been employed to produce TiO2 nanostructures (5). In addition, microwaves
have been used to prepare TiO2 nanomaterials (5). The main advantages of using microwaves are
rapid volumetric and selective heating.

Modifications of TiO2 Nanomaterials

A majority of pure semiconductors are characterized as low quantum yield, low optical response,
and limited utilization rate of visible light. Low photocatalytic efficiency has become a challenge
on designing and developing photocatalysts for practical applications. Fortunately, the modification
of pure semiconductors is a facile strategy to enhance their overall efficiency. The mechanisms for
modification include the following (4, 6, 59–61): (1) modifying the crystal structure and
morphology; (2) narrowing bandgap; (3) suppressing charge recombination; (4) introducing
cocatalysts; and (5) enhancing charge transfer.

Modifying TiO2 Crystal Structure and Morphology

Modifying Crystal Structure

TiO2 photocatalytic properties are significantly affected by the crystal structure and morphology
(62). Pure anatase is more active than rutile. The poor photocatalytic activities of rutile are due to the
intrinsic defects in the rutile structure where the electrons are trapped. The photocatalytic activity of
biphasic anatase–rutile photocatalysts increases significantly when compared to pure phases of TiO2
(63). When the two crystal phases are combined, electron migration across the anatase–rutile phase
interface facilitates the charge separation that causes a subsequent increase in photocatalytic activity
(Figure 21) (63, 64).

Modifying Morphology and Nanostructure

Particle size and morphology can strongly affect the dynamics of e--h+ recombination (bulk
and surface recombination) (65–68). Generally, bulk charge recombination is significant in a well-
crystallized semiconductor with a large particle size (65). Decreasing the particle size closely
correlates to a significant decrease in the bulk charge recombination, an increase of the SSA, and
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improved photocatalytic activities (65). However, according to Okura and Kaneko, increasing the
SSA beyond a threshold value could lead to enhancing surface defects and surface charge
recombination with a subsequent negative effect on photocatalysis (69). Hence, a trade-off between
bulk charge recombination and surface charge combination must be evaluated before designing a
photocatalyst (5).

TiO2 two-dimensional (2D) nanostructures (i.e., nanosheets and nanoplates) and Q1D
nanostructures (i.e., nanowire, nanotube, nanoribbon, nanorod) also facilitate the charge transfer
inside the crystals to the surface, and subsequently enhance the charge separation. Atomic scale
thickness, smaller diameter, and large surface area shorten charge transfer distance and lower time;
hence, the bulk charge recombination is impeded (5, 7, 70, 71).

Figure 21. Anatase–rutile phase junction structure (72). Reproduced with permission from ref (72).
Copyright 2008 John Wiley and Sons.

Doped-TiO2

One effective solution to enhance the photocatalytic efficiency is to generate an impurity in the
forbidden band via metal and nonmetal doping (4, 6, 61). Doping decreases the TiO2 bandgap and
expands the TiO2 optical response into the visible region.

Metal Doped-TiO2

Many researchers have reported that metal doping with Sn, Fe, Ru, Mo, Os, Re, V, and Rh can
significantly increase photocatalytic activity under visible light conditions (11, 63). The mechanism
of visible light photocatalysts using metal doping is illustrated in Figure 22 (62). An appropriate
doping element creates either a donor level or an acceptor level (62). These new levels narrow
the original band to expand the optical response of the photocatalyst into the visible region (62).
Additionally, by promoting charge separation, the doping ions serve as a recombination inhibitor by
trapping charge carriers (62).

Nonmetal Doped-TiO2

Unlike metal ion dopants, nonmetal doping elements are able to upshift the VB edge without
the formation of any donor or acceptor levels in the forbidden band. The up-shifting valence of the
band edge results in a narrowed band gap (Figure 23) (62). Various nonmetal chemicals such as C,
N, and S have been used to dope TiO2 (62, 73). To date, N-doping is most efficient and most widely
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investigated (74, 75). In N-doped TiO2, the substitution of N for O results in the mixing of the N
2p level with the O 2p level and the narrowing of the bandgap (62). The narrowed bandgap is closely
linked to much higher photocatalytic activities in the visible range when compared to pure TiO2.

Figure 22. Donor level and acceptor level generated in forbidden band (a) without doping, and (b) with
doping metal ion (62). Reproduced with permission from ref (62). Copyright 2010 American Chemical

Society.

Figure 23. VB shifting by doping nonmetal ions (62). Reproduced with permission from ref (62). Copyright
2010 American Chemical Society.

Carbon-Based TiO2 Composites

Introducing carbon nanomaterials into TiO2 significantly increases the photocatalytic activity
of TiO2 (76, 77). The main focus of this chapter is the utilization of graphene, carbon nanotubes
(CNT), and carbon quantum dots (78, 79). Carbon materials function by improving the TiO2
photocatalytic activities through the following (15, 80–82): (1) Enhancing the photocatalytic activity
by increasing adsorption of organic molecules (e.g., graphene and CNTs has a high SSA and adsorbs
organic pollutant molecules efficiently via π–π conjugation system (78). Phenol has the same
aromaticity as graphene. As a result, the π–π conjugation facilitates the adsorption of chemicals such
as phenol on graphene. (2) Extending the light absorption region utilizing carbon materials is able
to generate a red shift in the photo-responding range and improve the utilization of visible light (15,
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80–82). (3) Suppressing charge recombination (15, 80–82) using carbon based materials serves as an
electron scavenger by accepting electrons from the TiO2 and providing a fast electron transfer route
because of its high charge carrier mobility (15, 80–82). The photogenerated electrons in TiO2 are
transported to carbon materials with holes remaining in TiO2 (15, 80–82).

CNT Based TiO2

CNTs, cylindrical nanostructures with single or multiple walls (Figure 24), have been employed
as electron acceptors to increase the photocatalytic activity. This enhancement is due to their
chemical stability, unique structures, excellent electron mobility, adsorption, mechanical, and
thermal properties (83). In a composite with TiO2, CNTs enable charge separation and increase
the SSA (83, 84). CNT–TiO2 hybrids have been synthesized by various methods such as mixing of
TiO2 with CNTs, sol–gel and hydrothermal synthesis of TiO2 in the presence of CNTs, CVD, PVD,
electrochemical as well as plasma-assisted methods (83–85).

Figure 24. (a) Single-walled carbon nanotube and (b) multiwalled carbon nanotube.

Graphene Based TiO2

Increasing interest in using graphene in recent years (Figure 25) is primarily due to its exceptional
physical and chemical properties. Graphene, a 2D carbon atoms sheet, is characterized with a high
charge carrier mobility (15,000 cm2·V-1·s-1), high SSA (up to 2630 m2·g-1), high thermal
conductivity (approximately 5000 W·m-1·°C -1), and a tunable bandgap by chemical doping
(86–88). These properties are leading reasons why graphene modified TiO2 photocatalysts are able
to find promising applications for air and water purification (15, 89, 90). Figure 26 shows a general
morphology of graphene-modified TiO2 nanotube composites (78). TiO2 nanotubes dispersed on
the graphene sheets maintain direct contact with the graphene sheets. Graphene has a high SSA and
adsorbs organic pollutant molecules efficiently through a π–π conjugation system (78). In addition,
graphene serves as an electron scavenger by accepting electrons from the TiO2 and provides a fast
electron transfer route because of its high charge carrier mobility (15, 80–82). The photogenerated
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electrons in TiO2 are transported to the graphene nanosheet with holes remaining in TiO2 (15,
80–82). The electrons on graphene are transferred to electron acceptors and the remaining holes in
TiO2 are transferred to electron donors.

Figure 25. Graphene nanosheet composed of one atomic carbon layer.

Figure 26. TEM image of graphene modified TiO2 nanotubes (left) and its schematic figure for mechanism
of charge transfer and separation (right) (78). Reproduced with permission from ref (78). Copyright 2012

American Chemical Society.

Noncarbon-Based TiO2 Composites

The TiO2 can be enhanced by incorporating noncarbonaceous materials including noble metals,
semiconductors, and noncarbonaceous 2D materials.

Depositing Metal Nanoparticles

Depositing transition metals (Ag, Pt, Au, Cu, and Pd) on TiO2 nanostructures can significantly
improve photocatalytic activities (18, 91, 92). Transition metals serve as cocatalysts and as electron
traps to delay the charge recombination (19, 93). Figure 27 shows the electron trapping phenomenon
at the Schottky barrier between the metal particle and a semiconductor (19, 94). Due to the Schottky
barrier, excited electrons migrate and are trapped in the transition metal during photocatalysis, while
the holes in TiO2 are free to transfer to the semiconductor’s surface and subsequently, react with
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reactants (19, 94). For example, the Pt–TiO2 system is notably efficient in producing H2 gas because
of the catalytic effect of Pt and electron trapping (19, 95).

Figure 27. Metal modified semiconductor (a) charge transfer and (b) bandgap (19). Reproduced with
permission from ref (19). Copyright 1995 American Chemical Society.

Semiconductor Coupling

Semiconductor coupling is another effective approach to improve the photocatalytic activity
because of enhanced charge separation by forming a heterojunction structure (19, 96). Coupling
TiO2 and CdS with a narrow bandgap of 2.5 eV improves its photocatalytic activity in the visible
region (14). A charge separation diagram is shown in Figure 28. The photogenerated electrons in
CdS are transported to the TiO2 conductive band, whereas the holes remain in the CdS VB. This
charge transfer facilitates the charge separation. In addition to CdS, other semiconductors such as
CdSe, Fe2O3, and Cu2O that possess a smaller bandgap and coupled with a proper band edge
position are characterized with a negative potential to reduce reactants or a more positive potential to
oxidize reactants (Figure 29) (97, 98). These semiconductors can couple with TiO2 and improve the
photocatalytic efficiency (97, 98).

Figure 28. Electron transfer in the CdS/TiO2 system (19). Reproduced with permission from ref (19).
Copyright 1995 American Chemical Society.
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Figure 29. Bandgap edge position for different semiconductors in aqueous solution at pH = 1 (99).
Reproduced with permission from ref (99). Copyright 2001 Springer Nature.

Dye Sensitized TiO2

Increasing the TiO2 visible light photocatalytic activity has been observed by adsorbing organic
and inorganic dyes onto the TiO2 surface (96, 100). This increase is due to the electron transport
from the excited dye to the TiO2 CB when dye molecules are excited by visible light (96, 101).
The electrons in the titanium dioxide CB react with dissolved dioxygen to generate superoxide and
hydrogen peroxide radicals that react with organic pollutants (96). Dye sensitized TiO2 has been
observed with increasing hydrogen production rate under visible light conditions. Dhanalakshmi
et al. (102) reported increasing H2 production rate using TiO2 enhanced with Pt nanoparticles

and [Ru(dcpy)2(dpq)]2+ dye. This observation indicated an effective electron transfer from dye
molecules to TiO2 under visible light (102).

Noncarbonaceous 2D Materials

Noncarbonaceous 2D materials, similar to graphene, can be used to enhance the photocatalytic
properties of TiO2 due to their large SSA, high charge mobility, tunable electronic properties, ultra-
light weight, and high mechanical flexibility (103). The noncarbonaceous 2D materials used to
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enhance TiO2 include MoS2, borophene (104), germanene (105), silicene (106), phosphorene
(107), and bismuthene (108). Using a hydrothermal method, Zhou et al. (109) reported the
synthesis of TiO2 produced the nanobelt coated with a few layers of MoS2 nanosheets
(TiO2@MoS2). The TiO2@MoS2 composites exhibited efficient visible light absorption and a large
increase in the H2 production rate under visible light when compared to pure TiO2 with a negligible
photocatalytic H2 production rate (109). The increasing H2 production rate is due to the increasing
charge separation provided by 2D MoS2 nanosheets (109). In addition, the TiO2@MoS2 hybrids
exhibited increased adsorption and photocatalytic decomposition of organic dyes when compared to
pure TiO2 (109).

Outlook

This chapter briefly introduced the electronic properties and structure of TiO2, the principles of
photocatalysis, the synthesis of TiO2, and modifications of TiO2 photocatalyst. Although significant
progress has been made in TiO2 photocatalytic research, the following issues need to be addressed:

(1) TiO2 nanopowder needs to be recovered before discharging treated water. Using TiO2
nanopowder is an effective solution for increasing its photocatalytic activities due to
increasing the SSA; however, separating TiO2 nanopowder from the treated water is
difficult (4) and is considered as a contaminant (96). Residual TiO2 nanoparticles in water
bodies could cause an ecological risk to aquatic ecosystems (96). TiO2 thin films coated on
transparent substrate (i.e., glass and fiber) (56) is a promising strategy to overcome this
problem.

(2) Regeneration and reuse of TiO2-based photocatalysts is an important aspect.
Regeneration and reuse will lead to decreasing production cost and conserve the use of
TiO2 and other materials. The stability and efficiency of a photocatalyst can be significantly
reduced after several recycles and should be addressed (4) based on the process economics.

(3) TiO2 catalysis can be enhanced by employing other 2D materials to modify its structure.
Synthetic 2D materials with unique characteristics (i.e., borophene) have been examined
in recent years (104, 110, 111). For instance, borophene provides increased tunability, due
to its anisotropy and polymorphism within a family of chemically similar structures (104).
Borophene is the lightest 2D metal with electrical properties, mechanical properties, and a
large specific surface (104, 112–115). These properties indicate borophene can function as
an electron acceptor as well as a promising material to enhance photocatalysts, such as
TiO2.

(4) The production rate of H2 can be enhanced by using electron donors such as ethanol,
methanol, formic acid, and 1,2,3-propanetriol (116). Wang et al. (117) reported
increasing H2 production rate using organic pollutants as electron donors (i.e., methylene
blue, methyl orange, rhodamine B, and 4-chlorophenol). This observation indicates the
possibility of producing H2 from pollutants.
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Summary

This chapter presents an overview of the principle of photocatalysis for H2 production,
degradation of pollutants, CO2 reduction, and N2 reduction. TiO2 is an extensively studied
semiconductor. The development of a highly active TiO2 photocatalyst is a challenge when
employing solar energy to remediate polluted water and for producing green fuels, such as H2 and
ethanol. Modifying the morphological and crystallographic structures TiO2 can significantly affect
and improve the photocatalytic property under UV light. Other modification methods include
doping and incorporating carbonaceous and noncarbonaceous materials. Future research should
focus on recycling the photocatalysts, decreasing the impact of TiO2 nanopowder discharge into the
environment, and modifying TiO2 with emerging materials.
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Metal–organic frameworks (MOFs) are a broadly-defined class of self-assembled
structures prepared by combining organic linkers with metal-based secondary
building units. Although these structures have been used for many applications,
being the site for many interesting modes of catalysis is one of the more exciting
utilities. In this chapter we review works in the field over the last three years and
explore newer approaches to performing catalysis with these carboxylate-based
metal–organic frameworks at the secondary building unit (SBU). This includes
catalysis using the SBU or node, catalysis using post-synthetically introduced
moieties at the SBU (metal or organic), and bifunctional MOFs, using both the
node and ligand for catalysis.

Introduction

Metal–organic frameworks (MOFs) are an increasingly important class of supramolecular
compounds that are formed via the self-assembly of organic linkers with metals or metal-containing
secondary building units (SBUs) (1, 2). The linkers, or struts, are typically di- or polytopic ligands
based on carboxylates, although heterocycle-based ligands are also frequently used, along with
nitriles, or combinations of multiple of these Lewis basic sites (Figure 1) (3–7).

A key factor of the use of and interest in these structures is their potential to exhibit permanent
porosity and, therefore, high internal surface area (8). As a result, many applications have been
explored that exploit these properties including use for gas storage (8–10), gas separation (11, 12),
solid-phase microextraction (13, 14), water purification (15, 16), toxic chemical (17–19) and heavy
metal remediation (20, 21), chemical sensing (22, 23), drug delivery (24, 25), water splitting
(26–28), and photovoltaics (29, 30), just to scratch the surface. Zeolites, a class of inorganic
compounds that are themselves revered for their many uses, have similar applications (31). MOFs
are similar to zeolites; however, the ability to modify both the SBU as well as the organic ligand gives
MOFs extensive tailorability, affording a wider array of structures. As a result, MOFs have largely
overtaken zeolites for many applications (32, 33).
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Figure 1. Six examples of different MOF motifs displaying porosity and periodicity.

In principle, the term metal–organic framework is meant to refer to a three-dimensional (3D)
structure with pores, making them a specific subclass of coordination polymer (34). Robson et al.
reported the first intentionally designed 3D coordination polymers using cyanide decorated struts
(Figure 2, 1). The [Cu[C(C6H4-CN)4]BF4·xC6H5NO2]n coordination network 1 exhibited an
adamantane-like framework with solvent-filled cavities. This diamondoid framework initially
demonstrated the possibility of a stable 3D porous coordination scaffold (35).

Figure 2. Robson network containing a T-symmetry tetranitrile and CuI (1).

The first robust metal–organic framework followed a few years later from Omar Yaghi’s lab,
the now infamous metal–organic framework 5, or MOF-5 (2) (Figure 3) (36). Yaghi exploited zinc
acetate’s ability to form a 3D node of the formula [Zn4(μ4-O)(μ2,κO:κO′-OAc)6], but replaced the
acetate with ditopic terephthalic acids (H2BDC) that could bridge each of the tetrahedral zinc SBUs.
As a consequence, a viable 3D coordination polymer was obtained that could retain its shape even
after evacuation of solvent within the pores. This advance cannot be overstated, as it allowed the
MOF to be emptied for subsequent gas absorption. As a heterogeneous system, it is worth noting that
framework 2 has been prepared using various procedures, each giving slightly different properties
(37–41).

Since the disclosure of MOF-5, thousands of new porous coordination polymers have been
described and reported in the literature. One of the biggest challenges in preparing MOFs for
different applications has been synthesizing frameworks that are stable to water (42–44) and
moderately strong Lewis bases. Since MOFs are prepared via self-assembly, it makes sense that
they can also be disassembled through similar processes. Zinc-based MOFs were originally quite
popular, but it was soon realized that the weak bonds formed between late transition metals and
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carboxylates were not conducive to overly stable structures (45). As a result, recent approaches often
target more robust self-assemblages. Frameworks with increased stability can be accessed using larger
transition metals (generally these are more resistant to ligand substitution) (46, 47), and in the case
of carboxylate ligands earlier transition metals are also known to form more robust complexes. With
more stable MOFs in hand, their utility in catalysis has also improved dramatically. There have been
many overarching reviews on MOF catalysis that are already written and readily available (48–56).
More specifically, well-refined reviews have been published on MOF catalysis as well, including:
using defect sites on MOFs (57, 58), post-synthetically modified MOFs (59–64), use of encapsulated
nanoparticles in MOFs (65–67), incorporated molecular catalysts (68), integrated porphyrin MOFs
(69), and biomimetic MOFs (70, 71), among other categories. This chapter will not try to reproduce
these other reports, but instead provide a brief introduction to recent examples of catalysis using
carboxylate-based MOFs between 2015–2018. For non-MOF chemists, this chapter’s goal is to
introduce the approaches to both synthesis and catalysis with these porous structures. This chapter
will not be an exhaustive resource, but will highlight largely ignored references in contemporary
review articles, as well as particularly noteworthy examples that have been well referenced.

Figure 3. Initial synthesis of MOF-5 (2), the first stable 3D porous MOF.

Metal–Organic Framework Nodes as Catalysts

One of the simplest approaches to using metal–organic frameworks in catalysis is to bring two
reactive components together to accelerate a reaction. This strategy is fairly common place in other
types of supramolecular hosts; self-assembled metal–organic polyhedra (72, 73), cavitands (74,
75), and hydrogen-bonded assemblies (76, 77) are well-precedented as catalysts for a variety of
cycloaddition and electrophilic aromatic substitution reactions. In these small-volume hosts,
transformations are often achieved by forcing the reactive components into close proximity, thereby
facilitating their reactivity. In contrast, MOFs have much larger cavities that make it more challenging
to achieve such reactions merely by coencapsulation. As a result, different strategies are needed
to use MOFs as catalysts. Unlike metal–organic polyhdera, MOFs have multiple porous sites for
guest encapsulation, including pores and secondary channels. Furthermore, unlike metal–organic
polyhedral, MOFs can often contain defect sites, providing either Lewis acid or Lewis base sites for
reversible bond formation or electrostatic interactions with substrates. One of the most appealing
catalytic roles of MOFs is to use the nodes as catalysts. Many of the SBUs used in the self-assembly
of MOFs involve Lewis acidic metals, including zinc, copper, titanium, zirconium, and hafnium.
Manipulating the Lewis acidity of the structural metals, MOFs metal clusters can be exploited in
order to bind various gases and small molecules and achieve catalysis.
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Paddlewheels as Catalytically Active Sites

One unique class of MOFs are prepared by making binuclear paddlewheels, where two metals
are bridged by four carboxylates. These are most commonly made with late transition metals, such as
Zn, Cu, or Rh, and the metals are usually in either the +2 or +3 oxidation state. The benefit of these
paddlewheels is their ability to provide an axial coordination site that can be exploited for chemistry.
Alternatively, many frameworks will contain what are known as defect sites – locations where either
a metal node or one or more ligand is absent. Both strategies can be effective in promoting catalysis.
The most conspicuous type of catalysis to perform is to simply use these metals as Lewis acids.
Although not typically as acidic as early transition metals, numerous examples have been published of
these late transition metals catalyzing reactions. Paddlewheel complexes have been shown to exhibit
Lewis acidity favorable for cycloaddition and silylcyanation chemistry, while defective paddlewheel
complexes can provide redox active sites useful for hydrogenation with endogeneous or exogeneous
bases, and even some photocatalyzed transformations. This section will focus on using paddlewheels
to promoting CO2 cycloaddition and photocatalysis featuring subsections on porphyrin-based and
1,1′-bi-2-naphthol (BINOL)-based MOFs.

Lewis Acid Catalytic Sites for CO2 Cycloaddition

Sustainable chemistry toward reducing, capture, and conversion of CO2 emissions has driven
recent accounts of Lewis acid sites at paddlewheel SBUs in MOFs. In general, MOFs are very
advantageous for this type of reaction because they are porous and have been found to have, in some
cases, the ability to uptake enormous quantities of gases (78). In the case of CO2 cycloaddition, CO2
gas adsorbed within the MOF is used to promote cycloaddition of epoxides. Although typically high
CO2 pressure is required for this transformation (79), the MOF essentially provides a high localized
amount of CO2 through gas sorption. The planar geometry of the paddlewheel SBU provides open
metal sites in which the unobstructed axial face(s) of each metal center are free to bind molecules
and catalyze reactions. For the CO2 cycloaddition of epoxides, the epoxide binds to the open
coordination site while a cocatalyst, such as tetrabutylammonium bromide (TBAB), opens the
epoxide (Figure 4). The resulting alkoxide is partially stabilized by the transition metal, preventing
rapid closing to reform the epoxide. In the presence of CO2, the alkoxide can attack, generating a
carbonate anion which is also stabilized by the transition metal. Eventually this anion will undergo
SN2 displacement of the bromide, generating the desired cyclic carbonate and regenerating the halide
cocatalyst.

Zhao et al. provide one example of this transformation catalyzed by an MOF. Using a C2v
symmetric, tritopic ligand, they were able to assemble a framework with both a characteristic binodal
Zn2 paddlewheel and a secondary Zn4O tetrahedral SBU to form a cubic 3D coordination network
called 1-Zn (Figure 5a, 3(Zn)), which was isolated as a colorless material (80). The framework was
stable up to 400 °C, and by single crystal to single crystal transformation through metal exchange
could be converted into a bimetallic framework containing both ZnII and either CuII or CoII cations.
The CuII mixed framework, 3(Cu), was observed as green crystals while the CoII-containing 3(Co)
was observed as pink crystals. Both the CuII and CoII-incorporating frameworks showed a slight
increase in CO2 uptake as compared to pristine 3(Zn). However, when the authors investigated
the frameworks for catalyzing the cycloaddition of CO2 with propylene epoxide to form propylene
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carbonate (Figure 5b), 3(Zn) exhibited a turn over frequency two times greater than 3(Co) and three
times more than 3(Cu). Using the Lewis acidity of the [Zn2(COO)4] nodes (the tetrahedral nodes
are coordinatively saturated, and therefore not useful for catalysis), the epoxide is activated such that
the addition of Bu4NBr can open the epoxide, which then attacks carbon dioxide bound to another
metal center (in line with the generic mechanism in Figure 4). This system allows transformation to
proceed at a relatively mild 12 bar of CO2 pressure.

Figure 4. Generic cycle for CO2 and epoxide cycloaddition.

Figure 5. A Zn-MOF (3(Zn)) for cyclization of epoxides with carbon dioxide. (a) Synthesis and X-ray
structure of 3(Zn). (b) Application of 3(Zn) for the cycloaddition of CO2 and propylene oxide.

Another example comes from Jian-Fang Ma et al., who used a porphyrin-based MOF
[Mn5L(H2O)6·(DMA)2]·5DMA·4C2H5OH (4) built from manganese and an octacarboxylic acid
ligand, 5,10,15,20-tetra(4-(3,5-dicarboxylphenoxy)- phenyl)porphyrin (H10L) and coordinated
DMA (N,N-dimethylacetamide) (Figure 6) (81). This porphyrin-based MOF stacks together into
rutile-like nets and its SBUs form a paddlewheel configuration that have open axial coordination
sites to promote catalysis. In addition to the axial coordination sites on the MnII paddlewheels, the
porphyrin moiety of 4 incorporates an additional MnII, promoting high MnII density and additional
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Lewis acid sites. Unsurprisingly, 4 displayed great activity for the cyclization of CO2 with epoxides
in the presence of Bu4NBr as a cocatalyst, and the heterogeneous catalyst was displayed to have good
reusability along with being easy to separate from the reaction mixture. Several epoxides could be
used in the reaction, including epichlorohydrin.

Figure 6. Synthesis of Mn porphyrin MOF 4.

While carbonates are a common target for CO2-incorporation, Shengqian Ma et al. targeted

the less common cyclization of aziridines with CO2 using the CuII-based framework 5 (82). Their
metalloporphyrin framework, named MMPF-10, was obtained as dark red crystals by using a
solvothermal synthesis between tetrakis-3,5-bis[(4-carboxy)phenyl]phenyl porphine and
Cu(NO3)2·2.5H2O (Figure 7a). Access to the CuII centers allows for Lewis acidic behavior.
Compared with the nonporphyrin-containing CuII paddlewheel complex HKUST-1 (83), the
authors were able to catalyze the synthesis of 3-methyl-5-phenyloxazolidin-2-one in greater yield
using 5, suggesting that both the Lewis acidic copper paddlewheels and the copper-metallated
porphyrin play an important role during the transformation. The reaction could be carried out with
0.625 mol% of catalyst and CO2 pressures as low as 0.1 MPa (1 bar), nearly complete conversion was
achieved at approximately 2 bar (Figure 7b).

Figure 7. Cu porphyrin paddlewheel MOF 5. (a) Synthesis of 5. (b) Cycloaddition reaction of substituted
aziridines with CO2 catalyzed by 5.

Photocatalysis

MOFs can also be prepared with photosensitive moieties and have therefore garnered attention
for a variety of photocatalysis applications (84–86). The large surface area of MOFs, as well as the
use of ligands with large π-systems, enhance their potential for photocatalysis as they have a large
number of easily accessible and high-density sites inside the structure, while also able to absorb
light from across the UV–vis spectrum. Highly crystalline MOFs with few defect sites have reduced
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centers for recombination, while some MOFs can utilize their defect sites to promote photocatalysis.
The paddlewheel SBU promotes photocatalytic activity much in the same way it did for CO2
cycloaddition. Open metal sites on the axial faces are unobstructed and provide opportunity for
high-density binding across the MOF infrastructure. In addition, porphyrin-based MOFs have
recently become popular for photocatalytic applications, as they can absorb light from almost the
entire range of the visible spectrum.

Figure 8. An intercalated two-dimensional (2D) CuII framework (6). (a) Synthesis of 6 from H3TCTA

and CuII precursor. (b) Photocatalyzed CuAAC reactions using 6.

MOFs based on CuII-paddlewheels are common, but one of the most important reactions
currently catalyzed by copper, Sharpless’ Cu-assisted azide–alkyne cyclization (also known as the
“click” reaction or CuAAC), requires CuI (87). However, recent work from Duan et al. has
demonstrated a method to perform these reactions with a CuII-framework under photoirradiation
(88). First the group prepared the 2D framework 6 by self-assembly of the H3TCTA ligand (5,5′,5′′-
(nitrilotris(benzene-4,1-diyl))-tris(thiophene-2-carboxylic acid) with CuII (Figure 8a). The 2D
framework 6 became intercalated during the assembly process to generate a 3D structure with
sufficiently-sized pores to allow reagents to diffuse into the framework. The addition of thiophenes
into the linker proved critical for the photoactivity of the catalysts, shifting the maximum absorption
wavelength to 450 nm (compared to 390 nm for the shorter 4,4’,4”-tricarboxytriphenylamine
variant). Screening with the catalysts in hand showed that use of chloroform-d was satisfactory to
achieve photocatalytic CuAAC reactions on a variety of substrates in moderate to great yields (Figure
8b). It is worth mentioning that while in principle MOF refers to 3D porous structures, in practice
many formally lower- dimensional structures can still lead to 3D porous structures upon packing,
leaving the use of the term metal–organic framework open for discussion (89, 90).

Another example of a 2D layered framework that can interchelate and which could be used
for photocatalysis was shown by Zheng et al. (91). In their report, the authors prepared a novel
CoII paddlewheel with both bridging carboxylate as well as pyridine groups to give 7. The
[Co(bpba)(bdc)1/2]n framework 7 was synthesized via thermosolvolysis between 3,5-bis(pyridin-4-
ylmethoxy)benzoic acid (bpba), terephthalic acid, and Co(NO3)2 in DMF to form purple prismatic
crystals of the space group (Figure 9). Upon photoirradiation, 7 was able to photodegrade dyes
in solution, with overall yields of 56% for methyl orange, 95% for methyl blue, 41% for neutral
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red, 84% for methylene blue, while safranine T was fully degraded. Another notable feature of
the photodegradation catalyst 7 was the ability to be recycled at least three times without affecting
the overall degradation rates, and the crystallinity was unperturbed as evidenced by powder X-ray
diffraction.

Figure 9. Co paddlewheel 7.

Lin et al. designed a Zn-porphyrin Ru paddlewheel framework (8) that was also an efficient
photocatalyst (92). The solvothermal synthesis between ruthenium chloride and 5,10,15,20-tetra(p-
benzoic acid)porphyrinatozinc (H4TBP-Zn) in DMF afforded a purple precipitate of the
stoichiometry [Ru2(TBP-Zn)(H2O)2]Cl2 (Figure 10).

Figure 10. Synthesis of ZnII porphyrin Ru paddlewheel framework 8.

Although a ZnII-deficient version of the framework was only able to catalyze hydrogen evolution
reactions in neutral water at a rate of 0.13 mmol·h-1·g-1, framework 8 had considerably better activity
at 0.24 mmol·h-1·g-1. The authors attributed the improved activity of 8 to the increased
photosensitization ability of the TBP-Zn ligand compared with the free porphyrin. After 72 h
irradiation Ru-TBP gave a TON 21.2, while 8 gave a TON of 39.4, compared to a lowly TON of 1.4
for the homogeneous equivalent.

Figure 11. Synthesis of ZnII paddlewheel framework 9.
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Another example of an MOF photocatalyst for degrading organic dyes was prepared from a
low symmetry pentacarboxylate ligand and ZnII (93). The 3D coordination network
[[Zn2(HL)(H2O)2]·H2O]n (9) was prepared under green thermosolvolysis in only water as solvent
to give a colorless framework (Figure 11). Photocatalyst 9 was able to degrade methyl violet up
to 77.8% after 100 m under UV irradiation, while rhodamine B could be degraded up to 53.2%
in the same time frame. Control experiments without the catalyst showed that this represented an
increase of 740% for methyl violet degradation, and 780% for rhodamine B. The authors further
demonstrated that 9 may be reused up to five times without noticeable reduction of degradation
potential.

Based on a 2D Zn porphyrin paddlewheel framework originally developed by Choe et. al. (94),
Kawamoto et al. (95) demonstrated photoactivity by assembling a similar framework using rhodium
instead of ZnII, as the structural metal for the paddlewheel SBUs. The framework was synthesized via
solvothermal reaction of [Rh2(O2CCH3)4(H2O)2] and zinc tetra(4-carboxyphenyl)porphyrin (Zn-
TCPP) to afford a purple hygroscopic powder with the stoichiometry [Rh2(Zn-TCPP)(H2O)7.5].
A Langmuir surface area of 689.8 m2g–1 and a pore volume of 0.22 cm3g–1 were calculated after
obtaining N2 adsorption isotherms. Pore size was then estimated from the crystal structures to assess
the similarity of the Rh paddlewheel, 4.7 Å, to the Zn paddlewheel homologue, 4.4 Å, finding only a
0.3 Å difference between the twin frameworks. The framework notably exhibits permanent porosity
and noticeable photoinduced charge and/or energy transfer from the Zn porphyrin to the dirhodium
center paving the way for applications for this framework as a potential photocatalyst.

Figure 12. Zn paddlewheel porphyrin / 1,4-diazabicyclo[2.2.2]octane framework 11.

The same year Hasobe and team members synthesized two different Zn porphyrin paddlewheel
frameworks by combination of [5,10,15,20-tetrakis(4-carboxyphenyl)-porphyrinato-zincII and 1,4-
diazabicyclo[2.2.2]octane (DABCO) ligands (96). Two different synthesis methods, solvothermal
and colloidal, were chosen to demonstrate other regioselectivities of assembly and subsequently
afforded two different crystal structures. The solvothermal method produced an unusual
arrangement with the ZnTCPP forming a 2D network with DABCO with one side of the azine
coordinated to the open site of the ZnII paddlewheel, while the other azine coordinated to the open
site of the ZnTCPP ligand, giving a 3D structure (10). Meanwhile, colloidal synthesis gave a more
traditional structure with the 2D ZnTCPP paddlewheels, bridged by the DABCO ligands, to give 11
(Figure 12). 10 was judged to be less efficient for photoinduced electron transfer than 11 considering
10 was so closely packed together and exhibited significantly shorter excited state lifetimes.
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Paddlewheel Frameworks for Other Transition Metal-Catalyzed Transformations

In addition to catalyzing the cycloaddition between various strained substrates and gases,
paddlewheel frameworks have also been used to catalyze transformations of nongaseous substrates.
In this capacity, the frameworks can perform standard Lewis acid catalysis or redox chemistry, to
facilitate a variety of transformations. Although privileged homogeneous catalysts such as Pd and Pt
are rarely used to support self-assembly of MOFs, metals such as Rh and Cu are widely used and have
seen numerous modes of catalytic activity.

Figure 13. Cu paddlewheel 12 for C–H activation. (a) Synthesis of 12. (b) Use of 12 to catalyze the C–H
oxidation reaction between salicylaldehydes and 1,4-dioxane.

A CuII paddlewheel MOF synthesized by Bharadwaj et al. (Figure 13a, 12) (97) was recently
investigated for its application in catalyzing C–heteroatom coupling reactions (Figure 13b) (98).
Traditionally, C–H bond functionalization is challenging due to the inertness of these bonds. This
paper displays facile C–H bond activation in cleaner, greener, and faster coupling reactions. Their
catalyst performs a cross-dehydrogenative coupling reaction of 2-hydroxybenzaldehydes with 1,4-
dioxane with much higher efficiency than homogeneous Cu catalysts.

Figure 14. Chiral Cu-MOF 13. (a) Synthesis of 13 from a BINOL ligand and CuII. (b) Use of 13 to
catalyze the asymmetric Diels–Alder reaction between isoprene and maleimides.
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Another Cu-based paddlewheel where the Lewis acidic paddlewheel is integral for catalysis is
the [Cu2(5,5′-BDA)2] MOF (5,5′-H2BDA is 2,2′-dihydroxy-1,1′-binaphthalene-5,5′-dicarboxylic
acid) (99). The corresponding framework was able to affect asymmetric amination of epoxides by
adding a chiral BINOL core to the linker. However, the presence of protonated BINOL led to some
question if this system was truly promoted by Cu, or potentially only by hydrogen bonding with the
BINOL hydroxyl group. Though the initial report was from 2010, it was only recently that quantum
mechanical and molecular mechanical methods were applied to this system, which show that the
activation of the epoxide does occur at a CuII center (100). What is noteworthy about this conclusion
is that the computational methods point to an intermediate CuII-alkoxide bond that causes one of
the carboxylate ligands to be displaced. This particular framework has also been used in the past
for kinetic resolution of epoxides (99), and more recently as a stationary phase for chiral high-
performance liquid chromatography separation (101).

These chiral paddlewheels are also capable of promoting other cycloaddition reactions.
Extending the 5,5′-H2BDA ligand by insertion of phenyl groups between the BINOL and carboxylic
acid moieties gave rise to a ligand that forms larger analogues. Using what they have called (R)-
CuMOF-2 (13) in a separate paper (Figure 14a), Tanaka et al. prepared an interpenetrated structure
using this larger chiral BINOL ligand (102). They then demonstrated that this CuII paddlewheel can
also affect the asymmetric Diels–Alder reaction between isoprene and maleimides (Figure 14b). The
reaction exhibited significant solvent effects, with ethyl acetate serving as the best solvent in terms
of the observed enantiomeric excess. Although the reason for this is not clear at present, less polar
solvents such as n-hexane and toluene, or more polar solvents such as methanol or ethanol, gave
lower enantioselectivities.

Figure 15. Chiral Zn-MOF 14. (a) Synthesis and X-ray structure of 14. (b) Application of 14 for the
enantioselective ring-opening of cis-stilbene oxide by aromatic amines.

Extending the 5,5′-H2BDA ligand by insertion of phenyl groups between the BINOL and
increasing to tetratopic carboxylic acid moieties gave rise to a ligand that forms larger analogues,
although the overall structure is retained in what the authors call (R)-CuMOF-2 (99). Alternatively,
instead of using a benzoic acid group to self-assemble with CuII, the authors also prepared a 3,5-
dibenzoate variant that was self-assembled with ZnII to form what they called (R)-ZnMOF-4 (Figure
15a, 14) (103). Unlike the previous MOFs that Tanaka studied with BINOL-based ligands, this
tetracarboxylate forms a tricarboxylate-dizinc node, with a fourth carboxylate failing to bridge
between both zinc centers. Using this framework, the efficiency and observed enantiomeric excess
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of the epoxide amination was increased (possibly due to the lower coordination number of the
zinc center without four coordinated carboxylates), giving enantiomeric excess values >90% (Figure
15b).

Metal–Oxo Clusters as Catalytic Sites

A major challenge with late transition metal-based MOFs is that they are not very tolerant
of polar substrates or solvents. This prevents the use of strong acids or bases in reactions and, in
many cases, even water exposure is a problem. Scientists have turned toward early transition-metal-
based MOFs to obviate these challenges. Although simple paddlewheels are uncommon in this
area, a number of metal–oxo SBUs have been developed show much greater stability. One of the
most popular of these is the UiO (University of Oslo) family, which consists of linear diacid linkers
combined with ZrIV to give [Zr6(μ3-OH)4(μ3-O)4(COO)12]n nodes (104). These frameworks are
at the forefront of many catalytic applications because of the stronger metal–ligand bonds, leading
to their characteristic stability. These structures are often riddled with defect sites as a consequence
of the decreased reversibility of bond formation. The method of synthesis therefore becomes critical
to determining the number of defect sites, although the ability to control the number of defect sites
does mean that it is possible to tune the relative concentration of active metal centers. This section
will delve into utilization of metal oxide clusters as sites for catalytic transformations.

Lewis Acid Catalysis at Metal–Oxo Nodes

As detailed previously, the Lewis acidity of the structural metals used to self-assemble MOFs
is a key factor why MOFs are a great choice for heterogeneous catalysts. MOFs assembled from
metal–oxo clusters have an increased local concentration of metal ions, and thus the strength of the
cluster of Lewis acidic sites can be significantly greater than a single Lewis acidic site. The increased
strength allows the MOFs to activate substrates bearing more weakly Lewis acidic functional groups,
such as esters and phosphonates. Unlike paddlewheel complexes, the metal–oxo SBUs are more
likely to have defect sites and these can be tailored to facilitate both Lewis acidic and Lewis basic
catalysis.

Figure 16. The ZrIV–oxo framework 15. (a) Synthesis of 15 from 1,4-benzene dicarboxylic acid and
ZrCl4. (b) Proposed mechanism of ethanol dehydration catalyzed by 15.
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A recent paper from the Gates lab has demonstrated how UiO-66 (105) (Figure 16a, 15), which
is prepared from ZrCl4 and terephthalic acid, can be used to promote the dehydration of ethanol
(106). Using 15, the authors report that at 250 °C, ethanol can be converted to diethyl ether at the
rate of 2.43 x 106 mols (g of catalyst)–1s–1. Performing this reaction would be problematic using a late
transition-metal-based framework since both ethanol and the water produced would likely degrade
the MOF under the reaction conditions. With the help of computational expertise from the Cramer
and Gagliardi groups, it was determined that this transformation most likely occurs at a double defect
site, meaning that two adjacent metals are coordinatively unsaturated (Figure 16b). This would occur
when an organic strut is completely missing, as opposed to having the strut coordinated in a κO,κO′-
fashion to a single ZrIV metal center. This suggests, at least in some cases, that more defects can be
better in terms of the overall catalytic ability of these frameworks.

In another example using 15, Speybroeck et al. explored the Fischer esterification of levulinic
acid with ethanol (Figure 17a) (107). Although such reactions had previously been explored using 15
(108), these authors also looked at the effect of hydrated versus dehydrated solvent on the reaction
rate. Similar to the work of Gates, Cramer, and Gagliardi, theoretical treatment of the system
suggested that a double defect site was the most energetically favorable pathway in both cases. The
fully dehydrated MOF model began by deprotonation of the alcohol by the dehydrated node.
Meanwhile, the hydrated pathway began by Lewis acid-assisted activation of the carboxylic acid, as
well as proton-assisted stabilization of the carboxyl oxygen, facilitating the attack of the carbonyl by
the alcohol (Figure 17b). The alcohol is simultaneously activated by a pendant hydroxyl group on an
adjacent ZrIV center.

Figure 17. Use of 15 for Fischer esterification. (a) Net transformation of levulinc acid to ethyl levulinate
with 15 as catalyst. (b) Proposed mechanism for Fischer esterification using 15.

Although the UiO’s [Zr6(μ3-OH)4(μ3-O)4(COO)12] node is robust, Lin et al. has recently
disclosed an alternative node that can be prepared from the same reagents, now giving rise to a
[Zr12(μ3-OH)8(μ3-O)8(COO)18] species (Figure 18a, 16) (109). While this species has not been
used for catalysis without further modifications, Momeni and Cramer predict that it could produce
much greater catalytic activity for the hydrolysis of the nerve gas sarin compared to other MOFs
(15 (UiO-66), and members of the related NU family) (110). Similar to the previous mechanisms,
coordination to a vacant Zr center brings the phosphonyl species in close proximity to an adjacent
Zr–OH, which brings a water molecule in via hydrogen bonding (Figure 18b). The activated
phosphonyl is attacked by this water, while the adjacent OH stabilizes the extra proton. Ultimately
the PV undergoes HF elimination to produce the less toxic phosphonate species.
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Metal–oxo complexes do not have to be as large as the Zr6 or Zr12 node. Relatively simple
SBUs can also be used, such as in [In3(O)(btb)2(HCOO)(solvent)]n (H3btb = 1,3,5-tris(4-
carboxyphenyl)benzene acid), where the solvent is either water, methanol, or ethanol (111).
Although indium is just past group 12 on the periodic table, it generally forms stronger complexes
with oxygen ligands than zinc does (the same can be said of the smaller metallic congeners of group
13, gallium and aluminum), and thus it can still be useful for catalysis under harsher conditions.
In this case, the [In3(O)(btb)2(HCOO)(solvent)], or InPF-110 (Figure 19a, 17), was found to be
useful in catalyzing the Strecker multicomponent reaction. This reaction usually gives poor yields
when the electrophile is a ketone rather than an aldehyde; however, using 17, the authors were able to
show a reasonable substrate scope for the transformation with a variety of aryl and aliphatic ketones,
as well as using an assortment of electron rich anilines (Figure 19b). Interestingly, the solvent used
to wash or activate 17 prior to the reactions made a difference, and in general using methanol gave
rise to superior catalytic activity compared to ethanol, although the authors did not elaborate (nor is
it clear) why this might be.

Figure 18. An expanded node ZrIV–Oxo-based MOF. (a) Synthesis of 16 using ZrCl4 and 4,4”-
terphenylene dicarboxylic acid. (b) Proposed application/mechanism of sarin hydrolysis promoted by 16.

Figure 19. In-MOF 17. (a) Synthesis of 17 from a tritopic ligand and InIII precursor. (b) A
multicomponent reaction catalyzed by 17.
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Redox Active Metal–Oxo Frameworks

As previously mentioned, MOFs have the potential to be redox active due to their ability to
accommodate a diverse range of metal clusters, organic ligands, and even guest molecules. When
higher order polynuclear metal–oxos are used, there are multiple redox active metals in close
proximity. While many of these MOFs are based on metals like TiIV, ZrIV, HfIV, and even various
lanthanides that generally have negligible redox chemistry, reduced forms can be stabilized and
readily accessible under mild conditions inside of these clusters’ single-electron.

Figure 20. Cerium Framework 18. (a) Synthesis of 18 from trimesic acid and ceric ammonium nitrate. (b)
Oxidation of benzyl alcohol to benzaldehyde catalyzed by 18 and TEMPO. (c) Proposed mechanism of the

18/TEMPO-catalyzed oxidation of benzyl alcohol.

A popular class of redox active MOFs are prepared from CeIV salts. Interestingly, the
combination of CeIV with linear diacids provides access to the Ce-UiO family, which are isostructural
with the Zr-based UiOs except with slightly expanded bond distances owing to the larger size of
CeIV compared with ZrIV. The structure of the Ce-UiO-66 species had to be deduced through
Rietveld refinement of X-ray powder diffraction data, owing to the irreversibility and subsequent
stability of the self-assembly which made growing X-ray diffraction quality crystals challenging. Due
to the use of CeIV in ceric ammonium nitrate (CAN) as an oxidant in organic synthesis, Stock
et al. explored the use of Ce-UiO-66 for the oxidation of benzyl alcohol to benzaldehyde. The
authors found that by activating the framework at 220 °C and by including a catalytic amount
of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO), the transformation could be achieved in up
to 29% yield (112). Later work by the same group demonstrated that this could be dramatically
improved by switching to the Ce MOF-808 framework 18 (Figure 20a) (113). The catalytic cycle
proposed involves a CeIV → CeIII cycle that oxidizes TEMPO to generate the active oxidant. The
CeIII is then reoxidized by molecular oxygen to render the transformation catalytic. Unlike Lin’s
hydroboration work with 18, in which all of the CeIV centers were reduced to CeIII, X-ray absorption

181



http://chemistry-chemists.com

spectroscopy suggested that only 16.7% (1/6th) of the Ce was reduced after a 7 h period, suggesting
only one Ce in each node undergoes the redox chemistry.

Another recent example, this time from the Lin group, involves preparing 18 from
(NH4)2Ce(NO3)6 and H3btc in a mixture of N,N-dimethylformamide and water (114). The SBU
of 18 prepared in this manner was remarkably stable and could be treated with excess of the
organolithium LiCH2SiMe3 to deprotonate all of the coordinated water (18-OH). The resulting
hydroxide SBU could then be treated with pinacolborane (HBpin) to ostensibly generate the Ce-
dihydrides, which gave off H2 via a putative bimetallic reductive elimination that led to a net one

electron reduction of all of the CeIV to CeIII to give the new framework 18-H, with the formula
[CeIII6(μ3-O)4(μ3-OLi)4(H)6(THF)6Li6(COO)6], where THF is the solvent tetrahydrofuran. The
authors then exploited the ease of this reduction by preparing 18-OH as a precatalyst, and performed
hydroboration of pyridines simply by combining pyridine substrates with the activated 18-OH and
HBpin (Figure 21a).

In addition, they also demonstrated that 18-OH could be used to catalyze the hydroboration of
both terminal and 1,1-disubstituted alkenes (Figure 21b). By switching to their prereduced catalyst
18-H, the authors were even able to extend the use of this system to the hydrophosphination of
terminal, 1,1-disubstituted, and even internal disubstituted alkenes (Figure 21c).

Figure 21. Reactions catalyzed by Ce-Based MOFs. (a) Hydroboration of pyridine using 18-OH. (b)
Hydroboration of 1,1-disubstituted alkenes using 18-OH. (c) Hydrophosphination of alkenes using 18-H.

Another example of a 2D layered MOF was shown to be a valuable photocatalyst for the H2
evolution reaction by Zhao et al. (115). The 2D framework is made using a top-down approach
from UiO-67(Hf) (19) (116), similar to the UiO-67(Hf) 2D nanosheets synthesized by Grey et.
al. (117). After synthesizing 19 (Figure 22a), it can be rearranged under ambient conditions before
ultrasonification to generate 2D nanosheets of 19-NS (118), which exhibit an 84-fold increase in
photocatalytic efficiency in hydrogen evolution as compared to parent 19. A further increase to
thirteen times, or up to 393 μmol g–1 h–1, more H2 evolution, can be seen for 19-NS(Ti), in which

postsynthetic modification by exchanging HfIV for TiIV has occured. To probe the improved surface
area and metal access, the Lewis acidity of 19-NS was also used to catalyze the cyanosilylation of
various aromatic aldehydes (Figure 22b), and was generally found to be more active than parent 19.

Catalysts Derived from Postsynthetic Modification of the SBU

Although the majority of catalysis at metal–oxo-based MOFs has focused on the metal at the
node; another strategy, previewed in the example above, is to use the SBU to serve as a foundation to
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attach other metals instead. The improved structural integrity of early transition-metal-based MOFs
can be used to support a more conventionally reactive late transition metal. This can allow late
transition metals to be added to SBUs that are normally impossible and expands the scope of redox
chemistry that can be performed at these sites.

Figure 22. A top-down approach to catalytically active 2D frameworks from 3D precursors. (a) Synthesis of
the 2D nanosheet 19-NS from 19. (b) Cyanosilylation of aldehydes catalyzed by 19-NS and 19.

Catalytically Active Metals Immobilized on the SBU

NU-1000 (Figure 23a, 20), a popular framework for supporting metals at the node, utilizes
the same Zr–oxo nodes as UiO-66 and tetratopic ligands (119). In a recent example from Farha
and Hupp, 20 could be used to immobilize copper utilizing atomic layer deposition with a final
copper concentration of ~10 wt % (120). The authors estimated that this meant that approximately
four Cu atoms were incorporated for every node. Based on significant experiments and density
functional theory-optimization, the authors propose a trinuclear Cu–oxo trimer that could bridge
two of the Zr nodes (Figure 23b) as a potential manifestation of the Cu-inclusion. With the modified
20-Cu in hand, the authors next explored the catalytic activity of their new MOF in the oxidation
of methane. Their most productive conditions involved activating the framework with O2 at 200
°C (3 h), followed by loading the framework with methane at 150 °C (3 h), and then using a
steam/e mixture to desorb the products at 135 °C (2 h), ultimately giving a mixture of methanol,
dimethylether, and carbon dioxide. Other activation procedures led to increased selectivity for
carbon dioxide. Using the same framework (20), the group has also immobilized other catalysts, such
as Co and demonstrated the utility for propane oxidative dehydration (121).

MIL-125 (21) was initially synthesized by Sanchez and Serre et al. via solvothermal synthesis
using TiIV and terephthalic acid, giving a structure that is similar to 15, but with an expanded Ti node
(Figure 24a) (122). Lin et al. has shown how this can be used as a support for redox active Co, while
simultaneously exploiting the redox activity of the Ti in the node (123). In this particular report, the
authors demonstrated that after treating 21 with LiCH2SiMe3, to ensure complete deprotonation
of all the oxo/hydroxo ligands, CoCl2 could be added to generate ostensibly Ti8-bdc-CoCl (21-
CoCl). Using one equivalent of Co, approximately 70% incorporation of Co per node was observed
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(determined by inductively coupled plasma mass spectrometry). Interestingly, when 21-CoCl was
treated with NaBEt3H as a reductant, reduction was observed to have occurred at two TiIV centers,
rather than at the CoII center (Figure 24b). The final product was determined to be [TiIII2TiIV6(μ3-
O)8(μ3-OLi)2(COO)12CoH] (21-CoH(thf)). This unique structure was active for hydrogenation
of a number of arene (Figure 24c) and heteroarene (Figure 24d) substrates with low catalyst loadings,
providing good selectivity across a fair range of substrates.

Figure 23. Zr-based framework for supporting transition metal catalysts. (a) Synthesis of 20 and 20-Cu.
(b) Computational-optimized structure for supported copper atoms in 20-Cu.

Figure 24. A Ti-based framework as a support for cocatalysis. (a) Synthesis of 21. (b) Reduction sequence
to access 21-CoH(thf). (c) Use of 21-CoH(thf) for the hydrogenation of arenes. (d) Use of 21-CoH(thf)

for the hydrogenation of heteroarenes.

Oveisi et al. and Ghaffari-Moghaddam et al. developed a different approach and synthesized
Fe@PCN-222(Fe) (22), a bioinspired iron porphyrin MOF with post-synthetically introduced iron
chloride anchored to the Zr6 cluster SBU (124). Uniquely, the node accommodated metalation using
anhydrous FeCl3 without the use of exogeneous acid or base. The authors tested the synthesized
MOF as a cooperative photocatalysis and Lewis acid catalysis for one-pot tandem synthesis of
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quinazolin-4(3H)-ones from reaction of alcohols and 2-amonibenzamide under visible light
irradiation using air or O2. Using O2 as an oxidant the green catalyst performed slightly better
than the combined 15, FeCl3, and 21% greater yield than Fe-porphyrin alone. 15 and FeCl3 alone
afforded only trace amount of product, respectively, while ZrCl4 alone was inactive in the tandem
reaction. Overall, the synthesis utilizes an earth-abundant, cheap, and nontoxic precursor to produce
a novel, recyclable, and highly active photocatalytic mesoporous bimetallic porphyrin network.

Bifunctional MOFs for Catalysis

In addition to modifying the nodes to incorporate catalytically active metals, another approach
to achieve bifunctional catalysis has been to install organic groups at the node or on an adjacent
ligand. The main use of these kinds of bifunctional structures have been for absorption purposes,
CO2 cycloaddition of epoxides, or the cyanosilyation of aldehydes. The addition of the Lewis basic
sites to the framework are key for activating some substrates; they can either act as a stabilizer to
counteract the high Lewis acidic strength of the metal clusters or help activate a substrate such
as CO2. Additionally, they are great catalysts for one-pot tandem reactions since the Lewis acidic
metal–oxo cluster can catalyze the one reaction while the Lewis basic sites on the ligand can catalyze
the other simultaneously within a structurally robust MOF.

Figure 25. Synthesis of 23 and conversion to 23-Me. (a) Synthesis of 23 from H3btc and a Zr–oxide
precursor. (b) Conversion of 23 to 23-OH, 23-Cl2, and ultimately to 23-Me.

One such example from Lin et al. entails preparing ZrMe-BTC (23-Me) consisting of
methylated Zr nodes, [Zr6(μ3-O)4(μ3-OLi)4Me12]6−, and woven together via tritopic trimesic acid
linkers (125). To achieve this methylated MOF, the authors initially synthesized Zr MOF-808
(Figure 25a, 23) (126). Protonation of the as-synthesized MOF allowed defect sites filled with
formate to be replaced with water that was subsequently changed for chloride by treatment with
Me3SiCl, and finally activation using methylaluminoxane, also known as MMAO-12 (Figure 25b).
This methylated Zr MOF analogue exhibits noteworthy electronic and steric properties when
compared to similar homogeneous Zr MOF cognates. The new coordination network contains
multiple active sites enhancing its ability to produce high molecular weight linear polyethylene after

185



http://chemistry-chemists.com

employing activation using cocatalyst methylaluminoxane. The presence of the Zr–Me allows the
MOF to become reactive for ethylene polymerization, although additional MMAO-12 was required
for this. Increasing the pressure of ethylene unsurprisingly led to increased activity and subsequently
product yield, with up to ~6.6 g of polyethylene produced at 800 psi with only 5 μmols of Zr used.

As mentioned above, these bifunctional systems prove to be good catalysts for CO2
cycloaddition. The Kim and Park labs used 15 along with TBAB or tetrabutylammonium iodide salts
as a cocatalyst to convert epoxides into cyclic carbonates (127). When they added functional groups
to 15 they found that addition of a single hydroxyl group increased the conversion of the reagents to
product. The authors credited this to the ability of the hydroxyl group to help stabilize the negative
charge on the carboxylate oxygen through hydrogen bonding with the hydroxyl.

The Hou lab synthesized the BaII-based MOF 24 (Figure 26) from Ba(NO3)2 and N,N′-
bis(isophthalic acid)-oxalamide (H4BDPO) and demonstrated its utility for the cycloaddition of
CO2 (128). This MOF has a characteristic honeycomb structure with Ba-carboxylate rod SBUs is
structurally unique. Due to the CO2-philic Lewis basic oxalamide groups and unsaturated Lewis

acid BaII sites in the large, tubular, hexagonal channels, this MOF showed great reusability and
conversion of smaller epoxides into cyclic carbonates under ambient conditions while using TBAB
as a cocatalyst. The authors note that larger epoxides are more difficult to convert based on their
increased steric hindrance.

Figure 26. Synthesis of Ba-based MOF 24.

Sun and He labs offer another example of a bifunctional MOF proven useful for selective gas
adsorption, cooperative catalysis, and luminescent sensing (129). MOF 25 was assembled from
Zn(NO3)2·6H2O, 2M nitric acid, and 2,4-bis(3,5-dicarboxyphenylamino)-6-ol triazine (also
abbreviated H4BDPO, the same as N,N′-bis(isophthalic acid)-oxalamide) ligands, and gave a
structure with the formula [Zn24(BDPO)12(DMF)12]·6DMF·52H2O (Figure 27a). Structurally, it
formed 3D paddlewheel that featured abundant nitrogen functional groups to serve as a Lewis base
alongside unsaturated metal sites that can act as Lewis acids. This MOF proved to be an efficient
catalyst for a one-pot deacetalization and Knoevenagel condensation reaction of
dimethoxymethylbenzene with malononitrile giving the desired product in ~99% yield, while
numerous other heterogeneous or homongeneous catalysts could effectively convert the
dimethoxymethylbenzene into benzaldehyde, but failed to simultaneously promote the Knoevenagel
condensation (Figure 27b).
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Figure 27. Zn-based MOF 25. (a) Synthesis of 25 from a triazine ligand and ZnII salt. (b) Two-step acetal
deprotection and knoevenagel catalyzed by 25.

Zhao et. al. synthesized a related triazine-based MOF with high stability (26) with the formula
[Eu(TATMA)(H2O)·2H2O]n (Figure 28a) through solvothermal synthesis using Eu(NO3)3·6H2O
and 4,4,4-s-triazine-1,3,5-triyltri-m-aminobenzoic acid ligands (H3TATMA) (130). This MOF
proved to be a highly active catalyst for the Knoevenagel condensation reaction, again owing to
the high concentration of both Lewis basic and Lewis acidic sites within the framework. Zhao et
al. demonstrated that neutral, electron rich, and electron poor aromatic aldehydes could all be
condensed with malononitrile at 80 °C (Figure 28b), with the reactions generally being complete
within 3 h.

Figure 28. Triazine-Eu MOF 26. (a) Synthesis of 26 from H3TATMA and EuIII precursor. (b) General
Knoevenagel condensation between aromatic aldehydes and malononitrile catalyzed by 26.

Considering a greener synthesis and reaction, the Wen lab produced an MOF that could catalyze
both CO2 cycloadditions and Knoevenagel condensations under solvent-free conditions at ambient
conditions (131). By combining Zn(NO3)2·6H2O, tricarboxytriphenyl amine (H3TCA), and 1,3-
bis(imidazol-1-ylmethyl)benzene (BIB) ligands in N,N′-dimethylacetamide (DMA) and ethanol at
100 °C, framework 27 could be prepared (Figure 29). Unlike most, this MOF has very unique
and nonsymmetrical geometry due to its ligands. For example, it has orthorhombic space groups
with asymmetric units where the ZnII ions have tetrahedral coordination spheres; but different
coordination environments and the 2D framework is cross-linked via π–π interactions between the
benzene rings of the BIB ligands that causes a trinodal net. Using 27 and Bu4NBr as a cocatalyst at 1
atm and 80 °C, the cycloaddition of CO2 with a variety of aliphatic epoxides was achieved in nearly
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100% conversion while aromatic epoxides gave conversion rates of only 50–60%. However, when
the pressure was increased to 10 atm even the aromatic epoxides gave conversion rates over 90%. 27
could also be used as a Knoevenagel condensation catalyst. Adding the MOF with substrates at 60
°C gave a product with percent yields ranging from 60% to 99%, representing a reasonable substrate
scope that included long aliphatic chains, chains with double bonds, aromatics, and aromatics with
electron-donating and withdrawing groups. This success can be attributed to the unsaturated ZnII

Lewis acid sites in the MOF and the rich abundance of Lewis basic sites from the ligands that create a
net around the epoxide or aldehyde.

Figure 29. Synthesis of MOF 27, a versatile catalyst for CO2-epoxide cycloaddition and knoevenagel
condensation of aldehydes and malononitrile.

A final example for catalyzing the cycloaddition of CO2 with epoxides is documented by Du
et al. with a dual wall 3D–3D interpenetrated MOF 28,
[Zn6(TATAB)4(DABCO)3(H2O)3]·12DMF·9H2O (Figure 30) (132). This framework features two

identical 3D interpenetrated networks with cubic ZnII paddlewheel SBUs, extended triazine ligands,
and DABCO. A uniquely defining feature for this network is a cage in one net is completely encircled
by eight cages of the other network exhibiting a rare example of 3D polycatenanes by mechanically
linking coordination cages. The pore’s diameter is 32 Å with 42 Zn2+ catalytic Lewis acid sites and
48 Lewis basic sites able to interact with CO2. 28 was reported to catalyze the cycloaddition between
CO2 and propylene oxide under neat conditions to produce propylene carbonate. The framework
was easily recycled up to six cycles without appreciable loss of catalytic performance.

Figure 30. Synthesis of interpenetrated MOF 28.

Summary and Future Applications

Catalysis using structurally vital metals within the SBU, catalysis using post synthetically
modified nodes, and bifunctional MOFs are just a few of the ways MOFs can be used for catalytic
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transformations. The versatility of structural composition of MOFs drive structural and operational
innovation, reinforcing a fast-growing field. Additional approaches not covered in this chapter
include ligand-based organocatalysis, using Lewis basic sites on the linkers as ligands for
incorporating transition metal catalysts, and using photoactive ligands to promote photocatalysis.

Metal–organic frameworks have proven to be a valuable class of heterogeneous scaffolds. Their
tunability can be exploited to likely achieve any imaginable application. Performing catalysis in MOFs
can achieve selectivity and activity unparalleled by related homogeneous catalysts, while offering
more options for performing reactions under neat conditions, mitigating challenges with catalyst
recovery and decomposition, and even allowing synthesis of heterogeneous variants of inaccessible
homogeneous species. In addition to the direct applications to the synthetic community, MOFs
capable of catalysis, especially water splitting and oxygen reduction, have the potential to
revolutionize many aspects of the current fossil fuel-based economy. Whether by providing new
avenues for generating energy, or new ways to store and process energy, the idea of MOF-based fuel
cells is a prominent area of research providing some valuable results. A more sustainable future will
most likely include MOFs for toxic chemical remediation, energy applications, and to improve the
efficiency of catalysis in organic synthesis, while opening the possibility of new modes of reactivity.
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