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Abstract

The discovery of oxidation catalysis of nano-sized gold by Haruta et al. stimulated
the practical development of highly active and selective Au catalysts. This discovery
also led to fundamental studies on model systems to gain insights into the size-specific
catalysis. Previous studies on Au clusters isolated in the gas phase and stabilized by
polymers in water revealed the close similarity in a key step for activation of O,
molecules, demonstrating that cluster-based catalysts can be developed rationally based
on the fundamental knowledge on chemical properties of isolated systems.

Carbon—halogen (C—X) bond activation via oxidative addition is one of the most
important reaction steps in synthetic chemistry since it is required in carbon—carbon (C—
C) bond-forming reaction, the basis for constructing frameworks of a variety of organic
molecules. The aim of the thesis is to obtain clues for development of coinage metal
catalysts for C—X bond activation via the fundamental study on model catalytic systems.
Toward this goal, I carried out combined experimental and theoretical studies on
chemical reactions of methyl iodide (CHsl) toward bare atomic coinage metals and
small clusters to reveal whether they have a potential to activate the C—I bond and to
elucidate key properties to promote the oxidative addition.

In Chapter 1, I describe the general introduction on rational design of the metal
cluster catalysts. I also introduce the chemistry of atomic coinage metals, the small size
limit of the clusters, and provide the current stage and challenges in C—X bond

activation by Au catalysts.



In Chapter 2, I focus on the gas phase reaction of atomic Au with CH3I. The
formation of the oxidative addition product [CH;—Au-I] is confirmed by means of
mass spectrometry, photoelectron spectroscopy, and density functional theory (DFT)
calculations. I discuss the mechanism of the oxidative addition, on the basis of Global
Reaction Route Mapping calculations, and propose the successive reaction of [CHi—
Au-I] to promote C—C bond-forming reaction.

In Chapter 3, I extend the scope of the reaction found in Chapter 2 to the other
coinage metal anions, Cu and Ag . The common products [CH;-M-I]” (M = Cu, Ag,
Au) are identified and their thermodynamic stabilities are compared.

In Chapter 4, I study the reaction of atomic Au with CHsl in the low-temperature
neon matrix. Infrared spectroscopy and DFT calculations reveal the formation of an
oxidative addition product, [CH3;—Au-I], and a novel complex [(CH3)>—Au-I]. I show
that visible light irradiation of [(CH3),—Au—I;] induce the C—C bond-forming reaction to
afford C,Hs.

In Chapter 5, I examine the effect of the cluster size by studying the gas phase
reaction of Au, (n = 2-4) with CH;l. The highest reactivity of Au, is confirmed based
on pseudo-first order kinetic analyses. The difference in the mechanisms and products
between the reactions of Au™ and Au, is discussed.

In Chapter 6, I give a summary of the thesis and describe future prospects as a

concluding remark.
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Chapter 1.

General introduction



1.1. Metal cluster catalysts
1.1.1. Metal nanoparticles and clusters

Over the past decades, nanoscience has emerged as a new frontier in fields of both
academia and industry. Interests and challenges in this research area originate from a
simple fact that structures and properties of the nano-sized material are significantly
different from those observed in the bulk material.' In metal nanoparticles, especially in
gold nanoparticles (AuNPs),” such examples can be seen in optical and thermodynamic
properties. It is well known that colloidal dispersion of AuNPs with a diameter ~2—100
nm exhibit red color’ as indicated by intense absorption of ~520 nm light as shown in
Figure 1.1(a).* This optical response is due to localized surface plasmon resonance
(LSPR), a collective oscillation of the electrons at the surface of the particle which
occurs when the diameter of the NPs is much smaller than wavelength of the incoming
light. Another unique feature is that AuNPs have much lower melting point than the
bulk™® due to smaller coordination number. It causes the unique thermal behavior; the
AuNPs fluctuate among structural isomers with comparable energies even at
temperature below the melting temperature (Figure 1.1(b)).” These properties are absent
in the Au bulk, showing the peculiarity of nano-materials. Importantly, most of the
properties of metal NPs can be predicted from their diameters and shapes; for example,
ionization potentials (IP) and electron affinities (EA) of spherical metal NPs are
described as functions of their diameters (D) according to a liquid-drop model as shown

inegs 1.1and 1.2.%

IP=Wg+a— (1.1)



eZ
EA=Ws +8— (1.2)

where Wp and e represent the bulk work function and elementary charge, respectively,

and o and f are metal-dependent constants.
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Figure 1.1. (a) Optical absorption spectra of solutions containing [AuCls] ions (a) and AuNPs
with diameters of 1.5, 3.4, 5.4, 6.8 and 9.7 nm (b, c, d, and e) covered by dodecanethiolate. (b)
Snapshot images of AuNPs (diameter ~2 nm) observed by transmission electron microscopy
(TEM). The shape of the particle was changing continually under electron-beam irradiation. a,
d, i: particles with single twins. ¢, e, f, j: cuboctahedral particles. b, h: multiply twinned
icosahedral particles. Reprinted from ref. 4 with permission for (a). 2008 American Chemical

Society. Reprinted from ref. 7 with permission for (c). 1986 American Physical Society.



Further reduction of the diameter of metal NPs below ~2 nm leads to a distinct
phase called as metal clusters. They are composed of fewer than ~100 atoms. Electronic
and geometric properties of the metal clusters further deviate from the corresponding
NPs and quite often cannot be scaled based on their diameters.” For example, the

electronic energy levels in metal clusters are discrete and energy gaps are larger than
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Figure 1.2. (a) Optical spectra of dodecanethiolate-protected Au clusters, Au,(SCi,Hzs),,, with
the sizes of n = 38—520 recorded at several sample temperatures (25-290 K). The cluster size
of each spectrum is shown on the right in the form of (n, m). (b) Optical spectra of
glutathione-protected Au clusters, Au,(SG),, with the sizes of » = 10-39. Arrows in blue and
red indicate band onsets and humps respectively. The cluster size of each spectrum is shown on
the right in the form of (n, m). SGT represents sodium Au(l) thiomalate complex. (c)
Photographs of aqueous solutions of Au,(SG),,. The sample numbers 1-9 correspond to those in
(b). Reprinted from ref. 11 with permission for (a). 2015 American Chemical Society. Reprinted

from ref. 12 with permission for (b). 2005 American Chemical Society.



thermal energy kg7 (kg: Boltzmann constant, 7: temperature) even at room
temperature.'® It results in molecular-like optical properties rather than plasmonic ones.
Recent progress in synthetic technique enables precise control of the number of
constituent atoms (size) of Au clusters protected by thiolate ligands. Figure 1.2(a)
shows evolution of optical absorption spectra of the dodecanethiolate-protected Au
clusters, Au,(SC12Has)m, as a function of n.'' It is clearly seen that absorption due to the
LSPR (~ 520 nm) disappears at n < 144 and quantized electronic transitions are
observed instead. The size n = 144 also corresponds to a critical size for transition in the
geometric structures; large Au,(SCi2Has), clusters with » > 144 commonly have
fcc-based structures similar to the bulk Au, while small clusters with n < 144 prefer
non-fcc-based structures (icosahedron or Marks decahedron). Figures 1.2(b) and (c)
show the optical spectra and colors of smaller Au clusters protected by glutathione
(GSH), Au,(SG),, with sizes of n = 10-39, respectively.'> The spectra clearly
demonstrate that the size difference by a few atoms drastically affects the optical
properties. This fact obviously shows that the properties of the metal clusters cannot be
predicted just by their diameters according to a simple scaling law. Therefore, metal

clusters have a potential as novel functional materials or the building blocks with their

sizes as tunable parameters.

1.1.2. Catalytic application of Au nanoparticles and clusters

Gold is widely known as one of the most stable and chemically inert metals under
ambient conditions, which prompts it to be used for jewelry and coins. Thus it has been
believed for a long time that Au is catalytically inactive. Contrary to such a common

belief, Haruta and co-workers discovered in 1987 that AuNPs smaller than ~5 nm in



diameter supported on metal oxides acted as catalysts for oxidation of carbon monoxide
even at low temperature as low as —70°C."”° Later the dependence of the particles
diameters on oxidation catalysis was studied.'* Figures 1.3(a) and (b) show an image of
transmission electron microscopy (TEM) for AuNPs supported on TiO, and the
correlation between catalytic activity (turnover frequencies based on surface Au atoms)
of AuNPs and their diameters, respectively. It was revealed that smaller NPs show
much higher activity. This discovery stimulated the development of highly active Au
catalysts. Until now, numbers of catalytic reactions by AuNPs have been reported,

including oxidation, hydrogenation, water-gas shift, nucleophilic additions of organic

15,16

molecules and so on.

4 Au/Cog0,

o Au/Fe0q
o Au/TiO,

T.0.F.(S")
[+]

0.1} o CO OXIDATION
AT 0°C

Au nanoparticle o o \\_A__m

0 10 20
D,,(nm)

Figure 1.3. (a) TEM image of the Au/TiO, nanoparticle. The scale bar indicates 10 nm. (b)
Turnover frequencies based on surface exposed gold atoms as a function of the mean diameters
of gold in CO oxidation at 0°C. Codes: triangle = Au/Co;0,, square = Au/a-Fe,0;, circle =
Au/TiO;. Reprinted from ref. 14 with permission. 1997 Elsevier B. V.



Catalysis of the small Au clusters also has been extensively studied'’ and
size-specific catalytic performances were revealed.'™'"” For example, Figure 1.4 shows
the catalytic activity of Au, clusters with the atomically controlled sizes of n = 10, 18,
25, 39, and ~85 supported on hydroxyapatite (HAP) for aerobic oxidation of
cyclohexane.”” The activity changes non-monotonously depending on the cluster size
and shows a maximum at n» = 39, indicating the importance of the size control of the

metal clusters at atomic level.
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Figure 1.4. Turnover frequencies of Au clusters for aerobic oxidation of cyclohexane as a
function of cluster size n. Reprinted from ref. 20 with permission. 2011 American Chemical

Society.

1.1.3. Rational design of metal cluster catalysts
The discovery of Au catalysis by Haruta also led to fundamental studies on model
systems to gain insights into size-specific catalysis. Previous experimental and

theoretical studies on bare Au clusters with defined sizes and charge states revealed that



electronic structure not only governs its “magic” stability,”’ > but also chemical

reactivity with O, which is a key step of aerobic oxidation catalysis.** *° Figure 1.5(a)

shows clear correlation between EA and reactivity toward O,. The Au clusters with low
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Figure 1.5. (a) Correlation between the EA of the Au, clusters and reactivity of Au, with O, in

the gas phase. Red and green points indicate the cluster size where O, adsorbs Au, in a

superoxo- and peroxo- form, respectively. (b) Schematic illustration of the reaction mechanism

of O, with CO co-adsorbed on bare Aug .

(c) Dependence of the catalytic activity on the

diameter of Au:PVP for the oxidation of 4-(hydroxymethyl)phenol. (d) Proposed mechanism for
activation of O, by Au:PVP. Reprinted from ref. 18 with permission for (a), (c), (d). 2014

American Chemical Society. Reprinted from ref. 26 with permission for (b). 2002 American

Chemical Society.



EA have high reactivity with O, when they are negatively charged. It indicates that O,
is activated by electron transfer from the Au cluster anions, and that superoxo- or
peroxo-like species thus formed oxidizes CO on the cluster surface.”” For example,
Figure 1.5(b) shows the proposed mechanism of CO oxidation on Aug.*® Although
these results may not directly explain the origin of oxidation catalysis of Au catalysts in
the real world'*'7****2 due to significant differences in the surrounding environments,
they provide a design principle for Au-based oxidation catalysts; Au clusters must be
sufficiently small and negatively charged for catalytic use in aerobic oxidation.’

Using this simple concept, oxidation catalysis of monodisperse Au clusters
stabilized by polyvinylpyrrolidone (PVP) with various sizes has been studied.'®*
Figure 1.5(c) shows that only small Au:PVP clusters with a diameter of 1-2 nm showed
size-specific catalysis for aerobic oxidation of alcohols. Furthermore, the negative
charge of Au core was revealed by Fourier transform infrared (FT-IR) spectroscopy on
adsorbed CO, X-ray photoelectron spectroscopy (XPS) and X-ray absorption
spectroscopy (XAS). From these results, the activation of O, through electron transfer
by a negatively charged Au:PVP cluster is thought to be the key step in this oxidation
(Figure 1.5(d))."*® In other words, the key step for acrobic oxidation is closely similar
for both bare and PVP-stabilized Au clusters. This correspondence demonstrates that
metal cluster-based catalysts can be rationally designed and developed on the basis of

guiding principles established using model catalytic systems.

1.2. Chemistry of atomic coinage metals
1.2.1. Isolated atomic coinage metals

As discussed in Section 1.1, metal clusters show size-specific physical and



chemical properties. In order to investigate such size dependency of the metal clusters,

it is inevitably necessary to understand the properties at the small size limit, atoms.

Especially investigations on isolated atoms in the gas phase will provide intrinsic

properties of the elements. Chemical reactivity is one of the most important properties

to be clarified for application as the catalysts. The gas phase reactions of atomic metal

Table 1.1. Summary of Product Data for the Ion-Molecule Reactions of Au™."

fraction of estimated bond
ion + neutral primary products secondary? product energy limit
reactants [assumed neutral] products ion signal (kcal/mol)
Au* + CH, — no reaction
Au* + CH;CH;, — AuC,H,* [+ H,] 1.00 D°(Au*-C,H,) > 32.7
Au* + CH,CH,CH, — C;H,* [+ AuH] 0.93 D°(Au-H) > 54.3
— AuC,H¢* [+ H,) 0.07
Au* + (CH,),CH — (CH,;),C* [+ AuH] 0.99 D°(Au-H) > 56
— AuC,Hg* [+ H,) 0.01
Au* + (CH,),C — (CH,),C* [+ AuCH;) 1.00 D°(Au-CH;) > 31
Au* + CH,(CH,),CH, — CsH),* [+ AuH) C;H,** 0.99
— AuCsH,o* [+ H,] 0.01
Au* + CH,(CH,),CH; — C¢H;* [+ AuH] C;H,**, CHg** 0.99
— AuC¢H),* [+ H;] 0.01
Au* + CH;(CH,);CH, — C,H,5* [+ AuH] CHy** 0.99
— AuC;H,;* [+ H)) 0.01
Au* + ¢-C;H, — C;Hs* [+ AuH] C,H,** 0.73
9 027
Au* + ¢-CgH, — CsH,* [+ AuH] 0.98 D°(Au-H) > 61.7
E> 0.01
Ay’
Au?_@ L+ Ml 0.01
- s O — CH,\* [+ AuH) 0.99 D°(Au-H) > 60.4
— Aut [+ H,] 0.01
Au* + CH,=CH, — AuC,H,* AuC,Hg* 1.00
Au* + CH;CH=CH, — C;H;* [+ AuH] CH,* 0.85 D°(Au-H) > 62.9
— AuC,H¢* AuC¢H,,* 0.15
Au* + C4H, — C¢H¢* [+ Au) 0.06
— AuC¢Hg* Au*(C4Hg),* 0.94
Au* + C¢H;CH; — CysCH,* 0.83
— C;H,* [+ AuH] 0.16 D°(Au-H) > 54.8
— AuC,Hyg* 0.01
Au* + C¢HsCH,CH;, — C¢HCH,* [+ AuCHj;] 0.02 D°(Au-CHj;) > 38.6
— C¢HC,H* [+ Au) 0.41
— C¢H,C,H, [+ AuH] 0.41
— AuC,H,* [+ C¢Hy) 0.08
— AuC¢H¢* [+ AuC,H,] 0.05
— AuCgH,o* 0.03
Au* + CH,Cl — AuCH," [+ HCl] AuC,H *, AuC,H,(CH,Cl)* 0.94 D°(Au*-CH,) > 89.6
— Au(CH,Cl)* Au(CH,Cl),* 0.06
Au* + CH;Br — AuCH,* [+ HBr] AuC,H,*, AuC,H,(CH,Br)* 0.70 D°(Au*-CH,) > 92.4
— Au(CH;Br)* Au(CH;Br),* 0.29
— H,CBr* [+ AuH] 0.01 D°(Au-H) > 66.8
Au* + CH,l — AuCH,* [+ HI] 0.06 D°(Au*-CH,) = 95.0
— AuCH;* [+ 1] 0.21 D°(Au*-CH,) > 56
— Au(CH;D)* 0.11
— Aul* [+ CH;] 0.52 D°(Au*-1) > 56
— CH,I* [+ AuH] 0.10 D°(Au-H) > 65.9
Au* + CH;CN — Au(CH,CN)* Au(CH,CN),* 1.00
Au* + CHBr, — CHBr,* [+ AuBr] 1.00 D°(Au-Br) > 36.3
Aut + CCl, — CCl* [+ AuCl] 1.00 D°(Au-Cl) > 60.2

* Secondary products with asterisk are unimolecular decomposition products. Reprinted from

ref. 37 with permission. 1987 American Chemical Society.
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ions and small molecules have been intensively studied.**>® The first report on Au ions
dates back to late 1980s when Wilkins investigated the reaction of Au” with various
small molecules including hydrocarbons and alkyl halides in the gas phase by means of
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) as
summarized in Table 1.1.*” For example, the reactions with alkanes except methane and
ethane predominantly exhibited hydride abstraction to form AuH, in competition with
dehydrogenation. The reaction with CH3X (X = Cl, Br) mainly gave a gold-carbene
complex AuCH," and an association product Au(CH;X)". The reaction of Au~ was not
investigated intensively because of low reactivity. Taylor and co-workers further
studied electronic state-resolved

reaction of Au" with CH;X using a

oo AuCO; HOMO

chromatographic  technique,’®*’ ')

J
and found that the electronic state 53‘3"

J

J

of Au" greatly affects the reaction ‘:‘:16‘

171.2

-

channels;  Au’('S)  typically

CuCO; HOMO

Ag(CO;) J
undergoes elimination of HX J
1

leaving AuCH,', whereas the 357

)
)
)
)
]

reaction of Au’(°D) results in other ‘:‘:16‘

1735
Processces.

Au atom has an electronic  Figure 1.6. Calculated structures of chemisorbed
and physisorbed AuCO,, physisorbed AgCO, ", and
chemisorbed CuCO, . Bond distances and angles

(6s)'": fully occupied d orbitals and  are shown in A and degree, respectively. HOMOs of

configuration of [Xe](4f)'*(5d)"

. . . . AuCO, and CuCO, 1 ted. Reprinted
a singly occupied s orbital similar U2 and LuLy ate also preseried. Reprinte

from ref. 43 with permission. 2015 American

to other coinage metals, silver (Ag)  Institute of Physics.



and copper (Cu). Thus, the chemistry of Au, Ag, and Cu is often compared.*'****** An
example is reactions of CO, with M~ (M = Cu, Ag, and Au),” studied by Bowen and
co-workers. Photoelectron spectroscopy on the products MCO, revealed that AuCO,"
forms both chemisorbed and physisorbed isomers as shown in Figure 1.6. On the other
hand, AgCO, and CuCO; forms only the physisorbed and the chemisorbed ones,
respectively, showing the different reactivity among the coinage metals. The difference
in product structures among coinage metal anions can also be seen in the reactions with
H,O molecules, reported by Weber and co-workers.** Such examples provide the

possibility of activity-control of the catalysts by the alternation of elements in the same

group.

1.2.2. Single atom catalysts

Recently, metal atoms dispersed on solid supports, such as metal oxides, metal
surfaces, and graphenes, have gained much attention as novel catalysts due to the
maximized utilization efficiency of the metal atoms.** In 201 1, Liu, Li, Zhang, and
co-workers found that single Pt atoms supported on surfaces of iron oxide (FeOy)
nanocrystallites (Pt;/FeOy) exhibit quite high activity and stability for CO oxidation.*’
Such atomically-dispersed metal catalysts were named “single atom catalysts (SACs)”
and this concept has been applied to other metals (e.g. Ir**). Gold is also a good
candidate as SAC and several Au SAC have been developed including Au;/ZnO for
methanol steam reforming reaction,” Au;M’/zeolite (M’ = Na or K) for water-gas shift
reaction,”® Au;/ZnZrO for ethanol dehydrogenation,”’ and Au;/FeO,> and Au;/CeO,
(Figure 1.7)> for CO oxidation. Exploration of atom chemistry is expected to provide

not only a benchmark for the cluster chemistry, but also key insights into development

12



(b)

CO, TOF =2.5 s
CO+H,+0,

H,0
e TOF <0.01s

Figure 1.7. (a) High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images of Au,/CeO, SAC (a, b; scale bar = 2 nm) and those of Au
nanoparticle/CeO, (c, d; scale bars = 50 nm and 20 nm). White circles represent single Au
atoms. Red arrows represent Ce vacancies of the support. (b) Graphical image of Au;/CeQO,
SAC and its selective catalytic activity for CO oxidation. Reprinted from ref. 53 with

permission. 2015 American Chemical Society.

of the single atom catalysts.

1.3. Carbon-halogen bond activation

The catalytic carbon—carbon (C—C) bond-forming reaction is one of the most
useful transformations in synthetic chemistry for constructing a variety of carbon
frameworks of target molecules. The C—C bond-forming reaction has been intensively

studied since 1970s. Numbers of reactions established so far include Negishi,*"

267 and Mizirogi-Heck coupling reactions,”*” for which Nobel Prize

Suzuki-Miyaura,
in Chemistry was awarded in 2010. Typical catalytic cycles of the C—C bond formation

are composed of oxidative addition of organohalides R—X on organometallic catalysts,

13



transmetalation of R’Y to eliminate XY  Scheme 1.1. Formal Catalytic Cycle of C-C
_ o Bond Formation Using Organohalide (R—

and reductive elimination of R—R’ from 60

X) as Substrates.

the catalysts (Scheme 1.1).®” Especially

the oxidative addition process plays R-R M+0 R-X
Reductive Oxidative
important roles as an initial step of the elimination addition
R. _R
C—C bond formations, and corresponds /M+2 l\/|+2\
R’ Trans- X
to a rate determining step in many W
cases.”' X=Y R-Y

Recently, it has been reported that
AuNPs and Au clusters catalyze a variety of C—C bond-formations®® such as

6465 and Ullmann reactions.®® Scheme 1.2 shows the

Suzuki-Miyaura,”> Sonogashira,
first report on Suzuki-Miyaura reaction catalyzed by poly 2-aminothiophenol
(PATP)-stabilized Au clusters (Figure 1.8). These findings suggest that C(sp or sp”)-X
bonds can be activated by Au catalysts via oxidative addition. However, catalytic
activation of C(sp’)-X bonds has been considered to be challenging due to the more
electron-rich nature of the sp’ carbons.®” The oxidative addition process requires
oxidation of the metal center, which simply indicates electron transfer from metal to

substrate is necessary. It is expected that atoms or clusters of Au should have a potential

to activate C(sp’)—X bond intrinsically via electron transfer in a similar manner to O,

Scheme 1.2. Suzuki-Miyaura Coupling of Chlorobenzene and Phenylboronic Acid
Catalyzed by PATP-Stabilized Au Cluster.”

Au catalysts (0.05 mol%)
Cl + (OH),B
NaOH (4 eq.), H,O, 80°C, 4 h
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Figure 1.8. (a) TEM and (b) high-resolution (HR)-TEM images of PAPT-stabilized Au clusters.
Scale bar: (a) 20 nm and (b) 4 nm. Reprinted from ref. 63 with permission. 2013 American

Chemical Society.

activation (Section 1.1.3).

1.4. Experimental and theoretical techniques to study isolated systems
1.4.1. Mass spectrometry

As exemplified in Section 1.1.3, understanding of the chemical properties of model
systems will provide guiding principles for rational design of the catalysts. Especially,
investigations on isolated systems in the gas phase are expected to unravel their intrinsic
properties without any perturbations from the surroundings, such as solvents, protecting
ligands or supports.

The progress in a research field of gas phase reaction has been closely linked to

: : 24-2 —44
development of mass spectrometric techniques.** "’

Mass spectrometry (MS) is an
analytical method to determine the mass-to-charge ratio (m/z) of ionic species.”® Thus

MS directly provides us the information of mass numbers or chemical compositions of

15



the reaction intermediates and products. The first mass spectra (“mass spectrograph’)

was recorded by Thomson in 1911.%

Since then several types of MS based on different
principles to separate the species with their m/z values have been developed. Table 1.2
lists the typical mass spectrometries usually used to investigate gas phase reactions.”®
Among others, time-of-flight (TOF)-MS (Figure 1.9), which is used in Chapters 2, 3,
and 5, has following advantages:®® (1) it is compatible with pulsed ion generation
techniques, such as laser ablation methods, since the mass-analysis is conducted in
pulses, (2) acquisition rate and high dynamic range are large since all the species
generated in one pulse can be mass-analyzed in one pulse, (3) there is no limitation in
principle on the detectable mass range, and (4) it can be designed and constructed easier

and with lower cost as compared to other methods. TOF-MS was intensively developed

and spread thanks to the improvement of mass-resolution according to a report by Wiley

Table 1.2. Typical Mass Spectrometries and the Principles to Analyze Mass-to-Charge
Ratio (m/z) Values.

Mass spectrometer Principles

Difference in conditions of radio frequency electric
Quadrupole (Q)-MS ) o
fields in which ions can pass through.

i i Difference in times-of-flight of ions to pass through
Time-of-flight (TOF)-MS ] ) o
a constant distance with a constant kinetic energy.

Fourier transformed ) )
) Difference in cyclotron resonant frequency (or
ion cyclotron resonance

Lorentz force) of ions in a constant magnetic field.
(FT-ICR)-MS
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J Fllght path Detector

.—0—>

LL 57 Target molecules

Figure 1.9. Schematic image of principle of TOF-MS.’

and McLaren,”® which is discussed in detail in Chapter 2. MS has still been developed
in these days, especially as a powerful tool to study large bio-molecules.
Mass-resolution is still being improved (m/Am > 100,000),”" and new MSs such as
Orbitrap-MS™ and nano-electromechanical systems (NEMS)-MS” have been

developed recently.

1.4.2. Anion photoelectron spectroscopy

The electronic structures of target compounds can be studied by photoelectron
spectroscopy (PES). When a substrate is irradiated with light with sufficient energy, an
electron is ejected from the substrate due to photoelectric effect. By measuring the
kinetic energy of the photoelectron (Ek), the electron binding energy (Eg) of this

substrate can be determined based on the energy conservation law shown in eq. 1.2.
EB == hV - EK (12)

where hv represents photon energy of the light. In contrast to conventional optical

absorption spectroscopy which determines the gaps between the energy levels, PES
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Figure 1.10. Schematic image of principle of photoelectron spectroscopy.

provides density of states of energy levels with respect to the vacuum level (Figure
1.10), which can be straightforwardly compared to theoretical calculations in many
cases.

X-ray PES (XPS) developed by Siegbahn in 19577* determines binding energies of
inner shell electrons. In contrast, ultraviolet PES (UPS), whose first report dates back to
1962 by Turner,” gives us the information of valence electrons, which is essential for
chemical reactions. After these developments, PES has been applied to various samples
including solids and gaseous molecules. By combining this technique to TOF-MS
described above, it is possible to conduct PES on mass-separated ion beams. Especially
since anions can be photodetached by visible or UV light, anion PES has been
intensively studied using laser as the detachment light.*"->-7#!43

As energy analyzers of anion PES, hemispherical electrostatic energy analyzer was
mainly used at the beginning.””’® In 1984, Kruit and Read developed a magnetic bottle

energy analyzer.”’ Three years later, Smalley and co-workers combined the magnetic

bottle with TOF-MS,” which corresponds to the origin design of the PE spectrometer
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used in Chapters 2 and 3. Smalley and co-workers then determined the EAs of coinage
metal clusters with various sizes using TOF-MS-PES technique.”' Their study finally
played an essential role in elucidating the key step in O, activation by Au cluster anions
as discussed in Section 1.1.3."®

As described above, anion PES is usually combined with TOF-MS. Since TOF-MS
provides only chemical compositions of target molecules, in case structural isomers are
contained in the sample we cannot distinguish them. However, if electronic structures
sensitively change depending on geometric structures, PES is a promising method to
determine the geometric structures.””*

Recent development of PES includes velocity map imaging energy analyzer; it
enabled us to obtain the information of angular momentum of the molecular

. 1,82
orbitals.?'®

1.4.3. Matrix-isolation

Matrix-isolation technique is another method to study the isolated systems.® In this
method, target species, including both neutral and ionic compounds, are trapped in inert
matrix molecules such as N,, Ne, and Ar, which are cooled down to several K, as
schematically shown in Figure 1.11.%* Owing to inertness of the matrix molecules, the
reactive species such as reaction intermediates can be trapped, which enables us to
probe the chemical reactions in detail. Since the matrices are at cryogenic temperature,
the trapped species are vibrationally and rotationally in the ground state. Thus
spectroscopy on matrix-isolated species, for example infrared (IR) spectroscopy,
generally gives less structured and sharp signals, which is often directly compared to

theoretical calculations for unambiguous assignments. An important advantage of the
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Figure 1.11. Schematic image of matrix-isolation technique. Reprinted from ref. 84 with

permission.

matrix-isolation is that absorption spectroscopy of the isolated species can be conducted,
which is not the case in the gas phase experiments where the density of target species is
so low that action spectroscopy such as photo-dissociation spectroscopy has been
intensively studied.®*’

The first report of matrix isolation spectroscopy dates back to 1954 reported by
Pimentel and co-workers.* Since then, this technique was spread to many researchers.
Especially Andrews and co-workers has been quite intensively studying the chemical
reactions of metal atoms with organic molecules by combining the matrix-isolation

technique with laser-ablation method to generate various kinds of metal atoms.***’

1.4.4. Global reaction route mapping

In order to describe how a reaction proceeds, a concept “intrinsic reaction
coordinate (IRC)” is helpful.”® It was proposed by Fukui in 1970,”" who was awarded
for Nobel Prize in Chemistry in 1981. When we consider the potential energy surface of
a reacting system, IRC corresponds to mass-weighted steepest descend path starting

from a first-order saddle point on the potential energy surface. The saddle point
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corresponds to a transition state (TS). The IRC shows representative reaction paths
where no vibrations and rotations of the reacting system are assumed.”

Calculation of an IRC requires finding of a corresponding TS beforehand, which is
greatly challenging. Although various methods have been developed to find TSs,” a
good initial guess is necessary to let the calculation successfully converge to appropriate
TSs. This situation hampers the discovery of novel reaction pathways based on the
exploration of IRCs.

In 2004, Ohno and Maeda made a breakthrough in finding TSs or dissociation
channels (DC) from a local minimum (LM) of the potential energy surface by means of
a scaled hypersphere search (SHS) method.” The “guidepost™* for the calculation was
a harmonic downward distortion (ADD), a potential energy lowering with respect to a

harmonic potential, as shown in Figure 1.12.”> By following ADDs from a LM structure,

MIN’

/ DC

Figure 1.12. Schematic potential curves (solid line) and ADDs (red arrow) from the harmonic
potential. A word “MIN” is used in the same meaning as LM in a text. (a) Along an
isomerization path toward another MIN (MIN’). (b) Along a dissociation path toward a
dissociation channel (DC). Reprinted from ref. 95 with permission. 2015 PCCP Owner

Societies.
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shown by arrows with a direction TS — EQ. Reprinted from ref. 98 with permission. 2006
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they finally succeeded in obtaining approximate TSs systematically. This approach was
named ADD following (ADDF) method. Since computational technique of IRC from a
TS is well established,”™” which finally finds new LM structures, ADDF calculation
can be repeated automatically until no new LM structure is found anymore (Figure
1.13(a)). It enables us to find all LMs and TSs once one chemical formula is given. It
was named “Global reaction route mapping (GRRM)”. Figure 1.13(b) shows an
example of the global reaction route map.”

Until now, another TS-search technique called artificial force induced reaction
(AFIR) method has also been developed.” The GRRM calculations has been widely

and rapidly spread as a powerful tool to explore novel reaction pathways.

1.5. Aim and outline of the thesis

Coinage metals including Au are promising elements for novel catalysts.
Especially AuNPs and Au clusters have been intensively developed as oxidation
catalysts from both practical and fundamental aspects. Activation of C—X (X: halogen)
bond via oxidative addition is another important reaction, which is often required in C—
C bond-forming reaction, a fundamental process in organic synthesis. Although recent
studies revealed that C(sp or sp”)—X bonds can undergo the oxidative addition to AuNPs
and Au clusters, catalytic activation of C(sp’)-X bonds of haloalkanes by coinage metal
cluster catalysts has not been achieved yet.

The aim of the present work is to gain clues for further development of coinage
metal catalysts for C—X bond activation. Especially, in order to rationally develop the
cluster-based catalysts, a fundamental study on model catalytic systems to extract key

factors in the reaction is a promising way thanks to the development in experimental
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and theoretical techniques to study the isolated chemical systems. In this thesis, I
investigate chemical reactions of the simplest haloalkane, methyl iodide (CHsl), toward
bare atomic coinage metals and small clusters to reveal whether they intrinsically have a
potential to activate C(sp’)-I bonds and to elucidate key properties to promote the
oxidative addition. In Chapter 2, I investigate a reaction of CH3l with atomic Au™ anion
isolated in the gas phase, which affords the oxidative addition product [CHs—Au-I] . I
discuss the mechanism of this reaction and a possibility of successive C—C
bond-forming reaction by the oxidative addition product [CH;—Au-I]". In Chapter 3, I
test the scope of the reaction to other coinage metals, Cu and Ag, and compare the
thermodynamic stabilities of the oxidative addition products. In Chapter 4, I examine
the reaction of CHsl with atomic Au in low-temperature Ne matrix, to examine the
effect of the difference in charge state and the environment. Another purpose of this
study is to directly observe the C—C bond formation product in neutral charge, which is
difficult to detect in the gas phase system. In Chapter 5, I study the gas phase reaction of
CHs;l with small Au cluster anions, Au, (n = 1-4), to examine the cluster size effect. |
mainly discuss the reactivity of Au,, which has the highest reactivity among Au, (n =
1-4), focusing on the difference from Au (Chapter 2) to reveal the factor which
determines the preferential reaction mechanisms. In Chapter 6, I summarize the present

work and discuss the future prospects as a concluding remark.
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Chapter 2.

Reaction of CH;I with Au ™ in the gas phase

A major part of this chapter has been published in the following paper.

Muramatsu, S.; Koyasu, K.; Tsukuda, T. J. Phys. Chem. A 2016, 120, 957-963.
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2.1. Introduction

As described in Chapter 1, recent studies revealed that Au nanoparticles and
clusters can catalyze a variety of important and useful coupling reactions forming
carbon—carbon bonds,' including Suzuki-Miyaura,® Sonogashira,>* and Ullmann
reactions.” These findings suggest that C(sp or sp’)-X (X = halogen) bonds can be
activated by Au catalysts via oxidative addition. In contrast, catalytic activation of
C(sp’)-X bonds has gained less attention because of difficulties resulting from the more
electron-rich sp’ carbon compared to sp or sp® carbons.® It is important to understand
whether Au clusters can activate the C(sp’)-X bonds in organohalides for future
development of Au-based catalysts for coupling reactions.

As an initial step toward this goal, in this chapter I focus on the simple gas phase
reaction between the atomic gold anion (Au’) and methyl iodide (CHsl) with the
expectation that Au  is more nucleophilic than Au(0), Au(l), and Au(Ill) species
commonly used for gold catalysis.” The first question I addressed was whether Au™ can
activate the C—I bond of CH;l. Wilkins previously reported the production of I by the
nucleophilic attack of Au™ on CH;LE However, it was not clear whether Au—CH; bond
was formed because neutral products were not characterized. In this study, I conducted
the reaction under high-pressure helium and successfully isolated the adduct of Au™ and
CHsl by collisional cooling. Photoelectron spectroscopy and theoretical calculations
demonstrated that Au is inserted in the C—I bond of CHsl. The second question concerns
the mechanism of insertion of Au into the C—I bond of CHsl. Two mechanisms have
been proposed for the oxidative addition of haloalkanes to a metal atom (Scheme 2.1):" "
eq. 2.1 in Scheme 2.1 is the direct oxidative insertion into the C—X bond and eq. 2.2 is

the Sn2 reaction followed by migration of the leaving X . The mechanism is important
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from the viewpoint of asymmetric synthesis because the stereochemistry of the central
carbon is retained in eq. 2.1, while it is inverted in eq. 2.2. A theoretical study based on

d'>B revealed that formation of the

the global reaction route mapping (GRRM) metho
adduct [[-Au—CHj3] occurred via the Sy2 route (eq. 2.2). I finally propose that another
CHs;l molecule undergoes oxidative addition to the [I[-Au—CHs] adduct to yield the

coupling product C,Hg and Aul, .

Scheme 2.1. Proposed Mechanism of Oxidative Addition of Haloalkanes to a Metal Atom.

in[s)gft%n Ry "'[M]"-‘ ' Ry
} -------- X — ?— [M]—X (2.1)
\

R3 R3"
M] + X
R R: "\, ! \ Ri
, M M, e
S Rs R 2R3
2.2. Methods
2.2.1. Experiment

2.2.1.1. General description of apparatus

The apparatus used in this study is schematically shown in Figure 2.1."* It consists
of four parts: a laser ablation ion source,” a reaction cell, a Wiley-McLaren type linear
time-of-flight mass spectrometer (TOF-MS)'® with a flight length of 1.59 m, and a

17,18

magnetic bottle type time-of-flight photoelectron spectrometer (MB-PES) with a

flight length of 1.07 m. The chambers are evacuated by three turbo molecular pumps
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differentially, to achieve base pressures of typically ~1 x 10* and ~7 x 10™® Pa at the
source chamber and the photodetachment chamber, respectively. Under the
experimental conditions, the pressures were kept below ~2 x 102 and ~1 x 10~ Pa,
respectively. The experiments were conducted at 10 Hz. All the pulse sequences
described below were controlled by digital delay generators (Stanford Research

Systems, DG645).

—
Electron —77 | | T
detector ’

Coil

w /0L

Permanent
magnet

Nd:YAG laser

Acceleration (532 nm)
grids

Deceleration
grids

lon optics lon

detector

500 Ls™! 500 Ls~' Nd:YAG laser
1720 Ls™" 159m (355, 266 nm)

| |
I 1

Figure 2.1. The experimental setup. Gray allows represent evacuation by turbo molecular

pumps with the pumping speeds indicated.

2.2.1.2. Generation of Au ions and reaction

The ion source and the reaction cell are shown in Figure 2.2. The Au™ anion was
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generated by irradiating with a focused second harmonic output from a Nd:YAG laser
(Spectra-Physics, INDI-HG) with typical pulse energy of 10-50 ml/pulse onto a
rotating and translating gold target rod (Nilaco, purity: 99.95%, diameter: 2 mm, length:
20 mm). The generated Au anions were introduced into a channel (diameter: 2 mm,
length: 80 mm) by a flow of helium gas (purity: 99.999%) with backing pressure of
4.0—-10 atm supplied through a pulsed valve (Parker Hannifin, series 9, injection orifice:
0.8 mm, pulse width 200-300 ps). Then, the Au anions were allowed to react with
CHs;l (Wako Pure Chemical Industries, purity: 99.5%) or ¢-butyl iodide (-C4Hol, Tokyo
Chemical Industry, purity 97%) injected into the reaction cell by another pulse valve
with/without dilution with helium gas (0—1.5 atm). All the chemicals were used without

further purification.

TOF-MS / MB-PES

Skimmer
Reaction Ul
region ulse
valve
CHyl He
or C,Hql

/He

Figure 2.2. Laser ablation ion source and reaction cell.

2.2.1.3. Mass spectrometry
The chemical compositions of the reaction products were studied by Wiley-
McLaren type TOF-MS. The ions with mass of m and charge number of z undergo

two-step acceleration to pass through a field-free region with a constant distance to a
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detector (Figures 2.1 and 2.3). The time-of-flight of the ion, ¢, follows eq. 2.3,'°

1
— m Y P L P 23
b= (2ze(sE1 +d2E2)> 0¥t 7T 2t s 2.3)
ki+1

where kj is represented as eq. 2.4.

_ sEy +dyE,
7 SE

(2.4)

The constant e is an elementary charge, E; and E, are uniform electric fields at each
acceleration region, d, d», and dj are distances of each acceleration region and the field
free region, and s represents an initial position of the ion, respectively (Figure 2.3).
Equation 2.3 indicates that ions with different m/z are separated based on the time-of-
flight. The mass-resolution of the Wiley-McLaren type TOF-MS reaches maximum

when eq. 2.5 is satisfied.'®

1 d,

3
dy = 2skZ| 1— 2.5)

ls
ko + kg

Since ko is a function of the ratio E»/E; (eq. 2.4), the mass-resolution can be tuned by
the ratio of voltages applied to the repeller and extractor grids (Figure 2.3).
After the reaction (Section 2.2.1.2), the anionic species were extracted

perpendicularly to the initial beam direction and accelerated up to 4.0 keV by a pulsed
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Figure 2.3. Schematic image of Wiley-McLaren type TOF-MS.

electric field (Behlke, HTS 61-03-GSM, pulse duration: ~200 ps, pulse rise time: ~400
ns). In order to optimize the mass-resolution, the voltage ratio of the repeller and
extractor grids was tuned (eq. 2.5) by resistors connected between the grids, which
however results in elongation of pulse rise time of the extractor grid to ~1 ps. The
accelerated anions were then mass-separated and detected by a microchannel plate
(Hamamatsu Photonics, F4655-12). The signals were recorded and accumulated by a
digital oscilloscope (Tectronix, TDS 580D) for typically 200—1,000 laser shots. The
mass-resolution (m/Am) of this spectrometer was ~340 at m/z = 200. Although the
resolution at higher m/z region is actually low (~100 at m/z = 450) in this setup due to
the long pulse rise time of the extractor grid, it does not affect the assignment of the

mass peaks and discussions in this study.

2.2.1.4. Photoelectron spectroscopy
Electronic structures of mass-separated anions were studied by PES. The electron
binding energy Ep of a target anion is examined by kinetic energy (Ex) of the

photoelectron produced by irradiation with laser light (photon energy = Av) on the anion
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by eqgs. 2.6 and 2.7.

EB = hV - EK (26)
1 I\?
Ex = 5 (Z) @.7)

where me, [, and ¢ represent mass of electron, flight path length of the photoelectron
(1.07 m, Figure 2.1), and TOF of the photoelectron, respectively.

In the measurement of photoelectron spectra, magnitude of the ion-acceleration
voltage for TOF-MS was lowered to 1.2-2.4 kV, and the anion of interest after
mass-separation was decelerated by a pulsed electric field (0.67-2.0 x 10° V-m', pulse
duration: 300-800 ns, Behlke, HTS 151-03-GSM) at 38 mm upstream from
photodetachment region, to suppress Doppler broadening of the spectra.'” Then it was
irradiated with an unfocused 3rd (355 nm, 3.50 eV) or 4th (266 nm, 4.66 ¢V) harmonic
output from another Nd:YAG laser (Spectra-Physics, INDI40) with < 5 mJ/pulse. The
detached photoelectrons were collected by an inhomogeneous magnetic field produced
by a cylindrical permanent magnet (~1000 G) fitted with a soft iron tip and guided by a
weak field (~40 G) produced by a solenoid coil (number of turns: ~1000 m ™', current:
3.5 A) to a microchannel plate (El-Mul, Double MCP 33). The signals were amplified
5-fold by a preamplifier (Stanford Research Systems, SR445) and counted by a
multichannel scalar (Stanford Research Systems, SR430) with a time bin of 5 ns. The
photoelectron spectra were obtained by accumulations of 10,000-20,000 laser shots,
after background subtraction in case of measurements at 266 nm. The photoelectron

kinetic energies were obtained from TOF of photoelectrons (eq. 2.7) and were
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calibrated against the known photoelectron peaks of I™ (ref. 20) and Au;*' T anion was
generated by the dissociative electron attachment on CHsI molecular beams.*> The TOF

spectra were converted to the energy spectra according to eq. 2.8,

mel?

I(E)dE = —

I1(t)dt (2.8)

where E represents binding energy of the photoelectron, I(E) and I(t) represent
binding energy- and TOF-dependent photoelectron counts, respectively. The coefficient

mel?
t3

is Jacobian factor for changing coordinates. The spectra are shown after smoothing
by averaging the photoelectron counts of neighboring three points. The resolution of the

MB-PES was ~120 meV for electrons with a kinetic energy of 1.0 eV.

2.2.2. Computation
2.2.2.1. Calculation of structural candidates

Electronic and geometrical structures of the detected species were studied by
density functional theory (DFT) calculations using Gaussian 09 program. The hybrid
functional B3LYP*** was used for all calculations in this section. Basis sets used were
LanL2dz for Au® and I’ atoms, and 6-31+G(d,p) for H and C atoms.”*>' In energy
calculations using self-consistent field, the convergence criterion was set to 10 a. u.
(atomic units) for the total electronic energy (with an input code of “scf=tight”). In
numerical integrations, ultrafine grids were used, which have 75 radial shells and 302
angular points in every shell (“int=ultrafine”).

Structural optimizations based on berny algorithm® were carried out starting from
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various initial structures with the tight convergence criteria; the maximum and a root
mean square (RMS) of forces are 1.5 x 10~ and 1.0 x 10~ a. u., respectively. The
maximum and an RMS of displacements are 6.0 x 10~ and 4.0 x 10 a. u., respectively
(“opt=tight”). Frequency calculations were conducted to check whether the optimized
structure was a local minimum structure (LM). Total electronic energy of each
calculated structure is shown after vibrational zero-point energy (ZPE) correction. In
order to compare the calculated structures to the experimentally obtained photoelectron
spectra, the electron vertical detachment energy (VDE) of each LM was estimated from
the energy difference between the ground state of the anion and that of neutral for the
anion structure. In the calculations of VDE, the vibrational ZPE was not considered
since it is physically meaningless for the structures at non-stationary points on a
potential energy surface. Atomic charges were evaluated by natural population analysis

based on natural bond orbitals (NBOs).”

2.2.2.2. Reaction pathway exploration
In order to gain insights into reaction mechanisms, I explored the transition state

4 . . 2
435 using Gaussian 097 and

structures (TSs) and intrinsic reaction coordinates (IRCs)
GRRM11'*13%3% programs. In Gaussian 09, TSs were obtained by structural
optimization®” followed by frequency calculation to confirm that the optimized structure
corresponds to the first order saddle point of the potential energy surface. In GRRM11,
TSs were explored without any intuition since the calculations were started from the
LMs obtained in Section 2.2.2.1 using the anharmonic downward distortion following

(ADDF)'*" method. In ADDF method, I searched for anharmonic downward

distortions (ADDs) around LMs, a potential energy lowering with respect to a harmonic
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potential (Figure 1.12, Chapter 1). It gives rough directions along the reaction pathway,

which enables to find good guesses of TSs by following the maximal-ADD paths.
Although the convergence criteria are slightly different between the programs, the

obtained TS structures were identical to each other within the energy of 1 meV. All the

IRC calculations were performed using GRRMI11, by local quadratic approximation

(LQA) method.**"!

2.3. Results and discussion
2.3.1. Oxidative addition of CH;I to Au™
2.3.1.1. Formation of adduct product AuCH;I™
Figure 2.4 shows typical mass spectra before (a) and after (b) the reaction of Au~

with CHsl. Under the reaction conditions employed in this study, the mass peak of Au~

(@)
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S
>
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2 Aul,~
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S
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200 300 400 500

Mass number/ Da

Figure 2.4. Mass spectra before (a) and after (b) the reaction of Au™ with CHj;l.
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completely disappears while AuCHsI™ and Aul, are observed as major products. A
small amount of Aul is also observed. The absence of Au, (n > 2) in Figure 2.4(a)
indicates that AuCH;I is formed by the reaction of monomeric Au™ and CH;l, as shown

in eq. 2.9.

Au + CH3I - AuCH3F (29)

The same reaction was studied previously by Wilkins in a different experimental setup,
in which only I was observed by a slow Sx2 displacement reaction.® Successful
observation of the AuCH;3;I™ adduct in this study is due to the effective cooling by
multiple collisions. In contrast, production of Aul, requires at least two CHsl
molecules, while AuX, (X = CI or Br) can be generated by reactions of Au™ with a
single molecule of CHX3.* Actually, the intensity of Aul, is reduced more than that of
AuCH;I” when the pressure of CH;l in the reaction cell is reduced by lowering the

temperature of the CH;I reservoir as shown in Figure 2.5.
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Figure 2.5. Mass spectrum recorded on the condition that temperature of the CH;I reservoir was

lowered by liquid nitrogen.
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2.3.1.2. Structural determination of AuCH;zI™

The photoelectron spectrum of mass-selected AuCH;I™ (kinetic energy: ~1.3 keV)
recorded at 266 nm (photon energy: 4.66 eV) shown in Figure 2.6 exhibits three peaks.
The VDE values of peaks X; and X; were determined to be 2.41 + 0.10 and 3.96 + 0.03
eV by fitting with a Gaussian function. Quantitative analysis of the VDE of the peak
observed at ~4.2 eV was not conducted because of ambiguity in the peak position due to
limited collection efficiency of slow photoelectrons and serious background noise in the
energy region above 4 eV. The intensity ratio of bands X and X, could be changed with
the pressure of the carrier gas in the ion source, as discussed in detail in Chapter 3,

which implies they are assigned to structural isomers.
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Figure 2.6. Photoelectron spectrum of AuCH;1™ recorded at 266 nm.

Structure candidates for AuCHsl giving photoelectron bands X; and X, were
studied by DFT calculations. Table 2.1 summarizes the obtained local minimum

structures for AuCH;I™ (1-3). In structure 1, Au is weakly bonded to the I atom of
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CHsl ([Au-I-CH3]). Structure 2 can be viewed as an ion-neutral complex
([AuCHs;--I']), where the I anion is electrostatically bound to a polar molecule AuCHj.
Structure 3 is the most stable structure, in which the Au atom is inserted into the C-I
bond of CH;l ([I-Au—CHs3]"). The electronic charge originally localized on Au is
distributed throughout the framework in 3. The VDE values of each structure were
calculated and are listed in Table 2.1. Comparison between the experimental and
theoretical VDE values led us to assign bands X; and X; to structures 1 and 3,
respectively. The large exothermicity (2.49 eV) associated with the formation of 3 from
Au and CHj;l is dissipated by collision with high-pressure He. The intense band of X,

in Figure 2.6 is consistent with high stability of structure 3. Formation of 3 can be

Table 2.1. Calculated Stable Structures for AuCH;I™.

Structure® AE /eV®  VDE /eV®
3.15 2.31
(-0.74) (0.00) Jd
(-0.26) -0.43 2.59

[Au—-I-CH3] (1)

210 4 3.40
d— - @
(-007) o  (-0.82)
(0.11) ~1.19 3.35

[AuCH; 17 (2)

I 2.79 JLWJ,

-063) (011) o
(-0.48) -2.49 4.02

[-Au-CH;] (3)

* Numbers with/without parentheses indicate NBO charges/bond lengths (A), respectively.
® Relative total electronic energy with respect to Au~ + CHjl. © Vertical detachment energy.

Color codes: yellow = Au, purple = I, gray = C, white = H.
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viewed as oxidative addition of CHsl to Au’, since I and CH; fragments from CHslI are
bonded to Au and the formal charge on Au is increased from —1.00 |e| to +0.11 |e|. To
the best of our knowledge, this is the first demonstration that C(sp’)-I can be activated
by oxidative addition to Au’, although the production of the Cu analogue, [CH;Cul] ,

was reported in the gas phase reaction between [CH;CuCH;]™ and allyl iodide.*

2.3.1.3. Reaction mechanism
In order to obtain an insight into the reaction mechanism, I calculated the potential

energy profiles along the IRCs™ for the formation of 1-3 from Au™ and CH;I (eq. 2.9).

A — G 2 = e |~ i GraAtiON m—>
Reactants
Au- + CH.l 2.05
0.00 ° >
> 1 0.10) 9
S| o4 AUCH + I 308
Slo o & 2 077 b
3 ’ -1.19 -0.93)
o [ [Au-I-CH- -0.99
= J—J
—_ 9
(0]
o [AUCH, 1] 3
-2.49
e I 7
J
[I-Au—-CH,]-

Figure 2.7. Energy profile of the reaction pathway for the formation of AuCH;I" (1-3) from
Au and CH;l. Numbers with/without parentheses in TS between 2 and 3 indicate NBO
charges/bond lengths (A), respectively. Color codes: yellow = Au, purple = I, gray = C, white =

H. Gray solid lines represent intrinsic reaction coordinates (IRCs) between structures.
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Figure 2.7 shows the energy profile of the overall reaction pathways for 1-3 that are
calculated to be energetically most favorable by the GRRMI11 program, where all the
ADD following was conducted around structures 1-3. During ADDF calculations,
various less stable LMs were newly found (AE > 0.5 eV with respect to Au~ + CH;sl),
whose ADDs were not followed because of the computational cost.

Structure 1 can be formed without any potential barrier via direct approach of Au~
to the I atom of CH;l. On the other hand, structure 2 can be formed via the attack of Au~
on the methyl group of CHsl without any barrier. Figure 2.8 shows a more detailed
energy profile and NBO charges for the formation of 2 along the reaction coordinate

(Au-C distance). When Au~ approaches CH;lI at a distance of 2.64 A, the CH; group

Au- + CHgl
(a) 0.09
3 2
307 i e
o | 264 . 275 *
g -1.01 J ‘# ““““ o /

(-051) 5  (-056)

(b) 0.0

NBO charge
S

1
-
o
[T R

8.0 7.0 6.0 5.0 4.0 3.0
R(Au-C) /A

Figure 2.8. Profiles of (a) energy and (b) NBO charge of Au and I atoms along the reaction
pathway to form structure 2 from Au~ and CHsl at the distance of ~ 8 A. The distance between
Au and C atoms is adopted as the reaction coordinate. Energies are shown with respect to the
reactants at infinite distance. Inset shows the structure at the coordinate where the methyl group

becomes planer.
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becomes planar and the negative charge is distributed over the Au and I atoms (Inset of
Figure 2.8(a)). Then, formation of the Au—C bond associated with the Walden inversion
of the CH3 group proceeds concertedly with the release of I'. Therefore, this step can be
viewed as a bimolecular nucleophilic substitution (Sy2) reaction. The structure of the
TS located between 2 and 3 suggests that migration of the I atom of 2 leads to
conversion into 3. Migration of the I atom of 2 is energetically more favorable than
dissociation into AuCHs + I” because the TS for the I migration step is located below

the dissociation limit. The internal migration of I" is induced by the positive charge on
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Figure 2.9. Energy levels and charge density surfaces of the molecular orbitals of [[~Au—CHj3]".
The isodensity value is 0.03 |e|]. HOMO-2, HOMO-4 are bonding orbitals between Au and I

atoms, while the corresponding antibonding orbitals are also occupied (HOMO-1, HOMO
respectively). Stability of [[-Au—CH;] mainly comes from accommodation of the electrons into

strong bonding orbital HOMO-5, counterpart of which lies in higher energy level (LUMO).
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the Au atom in the AuCH3; unit (+0.19 |e|), and strong bonding between the 5d orbital of
Au and 5p orbital of the I atom (Figure 2.9), as proposed previously for the insertion of
Au into the C—X bond.**** This mechanism is consistent with a previous proposal that
eq. 2.2 in Scheme 2.1 is preferred over direct insertion (eq. 2.1) with an increase in the
negative charge on the metal.'” The insertion mechanism of Au~ into the CH;—I bond

reminds us of the formation of CH3CO,I in the reaction of (CO),, with CH;1.%

2.3.2. Steric effect on oxidative addition
2.3.2.1. Computational results

As shown in Figure 2.7, the oxidative addition of CHsl to Au is exothermic by
2.49 eV. This down-hill energy profile explains the dominant production of [[-Au—
CH3] (3). In order to support further the insertion mechanism, I examined the structure
of AuC4Hol™ formed by the reaction between Au and a sterically demanding alkyl
iodide, t-C4Hol. Optimized structures of AuC4Hol™ along with their VDE values are
summarized in Table 2.2. Structures 4, 6, and 7 can be described as [Au—I-C4Ho],
[AuC4Ho --T'], and [I-Au—C4Ho]", respectively. These structures (4, 6, and 7) are
counterparts of structures 1, 2, and 3 for AuCH;1, respectively. In addition to structures
4, 6, and 7, I obtain a new structure 5, whose counterpart is not found in AuCHsI .
Structure 5 can be viewed as an ion-neutral complex [Au - C4Hol], in which #-C4Hol is
bound to Au” by pointing the dipole moment to maximize an electrostatic attractive
force.

Figure 2.10 shows the energy profiles calculated for the formation of structures 5-7.
The energy profile for the reaction of Au™ and CHj3l is also shown for comparison. The

reaction mechanism for Au™ + #-C4Hol is similar to that of Au™ + CH;3I and composed of
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the sequential reaction of Sy2 and I migration. However, there is a substantial
difference. A potential barrier in the SN2 step emerges, resulting in stabilization of the
ion-neutral complex, [Au - -C4Hol] (5). The structure of the TS located between 5 and 6,

shown in Figure 2.10, indicates that the four carbon atoms from #-C4Hy are arranged in a

Table 2.2. Calculated Stable Structures for AuCsHol .

Structure® AE [eV° VDE /eV*¢

312 238}3

(-071) (0.5 .,
(-f0.24)

—0.39 2.45

[Au-T-C4Hs]™ (4)

—0.64 2.81

[Au - C4Hsl] (5)

J215§ 24. 33

(-0.13) 2o (-0 90)
0.03)

“1.16 3.43
[AuCiHy 17 (6)

3
PCALRCAL 3

(-0.34) (-0.32) f,,
(<0.34)

—2.20 3.67

[I—Au—C4H9]7 (7)

* Numbers with/without parentheses indicate NBO charges/bond lengths (A), respectively.
" Relative total electronic energy with respect to Au + ¢-C4Hol. © Vertical detachment energy.

Color codes: yellow = Au, purple = I, gray = C, white = H
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planar configuration. Since the energy level of the TS is located above that of the
reactants, Au + -C4Hol, structure 5 may be formed under the present experimental
conditions in which efficient collisional cooling is operative. A new ion-neutral
complex, [AuC4Ho--T'] (6°), is found along the I migration pathway. However, two
TSs adjacent to 6’ are located at nearly the same energy. The overall barrier height
associated with I migration (from 6 to 7) is comparable to that in the reaction of CHj3l
(~0.2 eV). These results indicate that the bulky #-C4Hy group does not significantly

affect the I migration step.

2.3.2.2. Photoelectron spectra of AuC4Hol™

The adduct AuC4Hol™ is produced by the reaction of Au™ and 7-C4Hol. The mass
spectrum after the reaction is shown in Figure 2.11, and photoelectron spectra of
AuC4Hol" recorded at 355 and 266 nm are shown in Figures 2.12(a) and (b),
respectively. Two bands X, and X3 with electron binding energies of 2.77 + 0.03 and

3.78 £ 0.03 eV, respectively, are observed in addition to a small band X; centered at

Aul,~

lon intensity (a. u.)
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e —
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Figure 2.11. Mass spectra after the reaction of Au™ with #-C4Hol.
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~2.4 eV. The most remarkable difference from the spectrum of AuCHsl is the
observation of band X,. Band X, can be assigned to the ion-neutral complex [Au”
--*C4Hol] (5) with a calculated VDE value of 2.81 eV (Table 2.2). This assignment is
supported by the fact that peak X, has a sharp profile comparable to that of Au™ (Figure
2.12(¢c)), and is shifted toward a higher binding energy by ~0.5 eV, typical for
ion-dipole interaction. The formation of structure 5, which is located along the potential
surface shown in Figure 2.10 provides a direct evidence that the oxidative addition
proceeds via Sny2 mechanism (eq. 2.2). Band X3 is assigned to the most stable structure

7 rather than structure 6 since the reaction with CHsl did not produce structure 2 (Figure

(a)
X,
S X,
8
s
5
2| (b)
(&)
5
S X,
(@]
o)
LlJ LUNLINLINLIN LN I L L LN LN L L L L L O LI BL L LB BNL LI L)
(c) —> ~05eV
LA B LN L B L LN L LR LR L
0.0 1.0 2.0 3.0 4.0

Electron binding energy /eV

Figure 2.12. Photoelectron spectra of (a) AuC4Hol™ at 355 nm, (b) AuC4Hol™ at 266 nm and
(c) Au at 355 nm. A sharp peak in (c) is assigned to the photodetachment represented as Au’
(’Si) < Au ('Sy).
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2.7), which corresponds to the ion-neutral complex at the exit channel of Sx2. The
smaller electron binding energy for band X3 in Figure 2.12 compared to that for band X,
in Figure 2.6 is consistent with the smaller VDE value for 7 (3.67 eV) than that for 3
(4.02 eV). Band X at ~2.4 eV is assigned to structure 4. These experimental and
theoretical results support our conclusion that the oxidative addition of CH;3I to Au~

proceeds via nucleophilic attack of Au™ on CH3l and subsequent migration of I".

2.3.3. Formation of C,H; via sequential oxidative addition of CH;I

Finally, I consider the formation mechanism of the major product Aul,” observed in
Figure 2.4(b). There are two possible pathways for the formation of Aul,” from Au™ and
two CH;I molecules. The first possibility is a sequential abstraction of I atoms as shown

in eq. 2.10.

Au +2CHsl — Aul +CHs + CHsl — Aul, +2CHs (2.10)

Formally, Au™ abstracts the I atom from CH;I to from Aul in the first step and Aul”
thus formed successively abstracts the I atom from another CH31. The energy diagram
of eq. 2.10 is shown in Figure 2.13(a). Although the first step was calculated to be
slightly endothermic by 0.15 eV, the overall process becomes exothermic by 1.02 eV
since the second step was calculated to be exothermic by 1.17 eV. There are two
possible pathways for formation of Aul: abstraction of I atom of CH3I by Au via
intermediate 1 and Au—C bond dissociation of oxidative addition product 3 (Figure 2.7).
The former pathway is more plausible since Aul” was formed efficiently in the reaction

of Au™ + -C4Hol (Figure 2.11) in which oxidative addition was sterically suppressed.
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Figure 2.13. Energy profiles of formation of Aul,” from Au™ and two CH;l molecules. (a) The

sequential I abstraction pathway shown in eq. 2.10 and (b) the sequential oxidative addition

pathway shown in eq. 2.11. Energies are relative to those of Au™ + 2CH;1.

The IRCs of the second step could not be determined because I could not obtain any

intermediate structure including [I-Au—-I-CHj3]", in which Aul is weakly bonded to the

I atom of CH;I, within the level of the calculations in this study.

The second possibility for the formation of Aul, involves sequential oxidative

addition of two CH;3I molecules onto Au™ as described in eq. 2.11.
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Au +2CHi3I — [I—Au—CH3]f + CHsI — Aul, + C,Hg (21 1)

In the second step, CHsl is oxidatively added to [I-Au—CH;]™ followed by reductive
elimination of two CHj ligands in the form of C,He. The energy diagram of eq. 2.11 is

shown in Figure 2.13(b). The overall process was calculated to be largely exothermic by

Table 2.3. Calculated Stable Structures for AuC,Hgl, .

Structure® AE /eV®
2.2? }(—0.03)
%
4.0{/ 1365 -2.76
‘/ 2.79)@ ;

(061) (0.11) o
(-0.47)

[(CHsD)---(I-Au-CH3) ] (8)

# -2.69

]
(-048)  (~0.20)

[L-Au—(CH3):] (9)

(~0.50)

'y
270 455 W5

(0.01) J 555+

4.24 JAJ —4.62
2.70 —

050@ (-0.01)

[AuI{' o (C2H6)] (10)

* Numbers with/without parentheses indicate NBO charges/bond lengths (A), respectively.

" Relative total electronic energy with respect to Au™ + 2CH;l. Color codes: yellow = Au, purple
=1, gray = C, white = H.
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4.61 eV, mainly due to formation of a C—C bond between two CHj ligands. A
theoretical survey reveals that the second step of eq. 2.11 proceeds via several stable
structures 8-10 and TSs as shown in Figure 2.13(b). Details of structural parameters
(bond lengths and net charges on each atom) for structures 8-10 are summarized in
Table 2.3. The conversion from 8 to 10 can be separated into two sequential steps:
formation of 9 via oxidative addition of the second CH3I molecule to [[-Au—CH3] and
reductive elimination of C;Hg from 9 leaving Aul, . In the former step, the second CH;l
weakly bound by AuCH;I in 8 undergoes oxidative addition via Sy2 attack and I™
migration in a similar way to that of the first CHsl (Figure 2.7). However, the structure
of the TS between 8 and 9 suggests the Walden inversion of the CHs group and
migration of I proceed simultaneously, in contrast to the sequential steps in the reaction
of the first CH3;l. A similar mechanism was reported previously in a Pd-mediated
oxidative addition.”'’ In the latter step, structure 9 is converted to Aul,  while releasing
C,Hg as a coupling product. In the TS between 9 and 10, two CHj3 ligands are located at
a close distance to form a C—C bond.

At present, it cannot be concluded which pathway, eq. 2.10 or 2.11, is more
dominant because their key intermediates such as [[-Au—I-CHs] and [[,-Au—(CHj3)2]"
were not detected experimentally. However, from the thermodynamic and kinetic
viewpoints, eq. 2.11 is more favorable than eq. 2.10 especially in the reaction with CH;I,
whereas eq. 2.11 is less important in the reaction with #-C4Hol because of the steric

hindrance by the bulky alkyl group.

2.4. Summary

In this chapter, I demonstrated that Au™ is oxidatively inserted into the C—I bond in
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CHsl to form a stable complex [[-Au—CHj] . Theoretical studies of the reaction
pathway indicated that this insertion proceeds in a sequential mechanism: nucleophilic
attack of Au” on CHsl, followed by migration of the leaving I back to Au. This
mechanism was verified by studying the steric effect. Sterically demanding #-C4Hol
increases the potential barrier for the Sn2 step, resulting in the photoelectron
spectroscopic observation of the ion-neutral complex [Au ---C4Hol]. I theoretically
considered two mechanisms of the Aul, formation from Au and two CHsI molecules:
(1) sequential abstraction of two I atoms from two CHsl molecules by Au™ and (2)
sequential oxidative addition of two CH3l molecules onto Au™ followed by reductive
elimination of C,Hs. The latter pathway is energetically and kinetically more favorable,

suggesting that Au™ induces the C—C coupling reaction of CHsl.
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Chapter 3.

Reaction of CH;I with

other coinage metal anions, Cu and Ag

A major part of this chapter has been published in the following paper.

Muramatsu, S.; Koyasu, K.; Tsukuda, T. Chem. Lett. 2017, 46, 676—679.
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3.1. Introduction

Gas phase reactions of coinage metal (M = Cu, Ag, and Au) ions with small
molecules have been studied extensively since the late 1970s' to gain fundamental
insight into the catalytic performance of their organometallic complexes. Most of the
studies have focused on the M cations and much less is known about the reactivity of
the M~ anions because they are an exotic species in conventional chemistry.® However,
several examples suggest the potential of M~ as an interesting chemical species.” For
instance, the reaction of dimethylmetallates [CH;MCH3;] (M = Cu, Ag) with allyl
iodide (CH,=CHCH,I) yields CH3;—C3Hs via cross-coupling reaction.” In Chapter 2, I
found that methyl iodide (CH3l) undergoes oxidative addition to Au to yield [CH;—Au—
I], where an Au atom is inserted into the carbon—iodine (C—I) bond of CH;l. I further
proposed based on theoretical calculations that the oxidative addition proceeds via
nucleophilic attack by Au on CHsl, followed by migration of the leaving I to Au. In
this chapter, I investigate the scope of this new reaction to anions of other coinage
metals (Cu and Ag). Photoelectron spectroscopy (PES) and density functional theory
(DFT) calculations show that Grignard reagent-like structures [CH;—M-I] are

commonly formed in the reaction of M and CH3l, regardless of M.

3.2. Methods
3.2.1. Experiment
3.2.1.1. Apparatus
The apparatus used in this study is shown in Figure 3.1. Basically it is the same as
the apparatus shown in Figure 2.1 (Chapter 2) while some parts including the magnetic

bottle were modified, which are described in detail in Section 3.2.1.2.
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Figure 3.1. The experimental setup. Gray allows represent evacuation by turbo molecular

pumps with the pumping speeds indicated.

3.2.1.2. Experimental procedure

The atomic coinage metal anion M~ (M = Cu, Ag, Au) was generated by irradiating
with a focused second harmonic output from a Nd:YAG laser (Spectra-Physics,
INDI40) with typical pulse energy of 10—100 mJ/pulse onto a rotating and translating
target rod of copper (Nilaco, purity: 99.99%, diameter: 5 mm, length: 18 mm), silver

(Nilaco, purity: 99.99%, diameter: 5 mm, length: 18 mm) and gold (Nilaco, purity:
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99.95%, diameter: 2 mm, length: 20 mm), respectively. The generated coinage metal
anion M~ containing a small amount of M, (typical ratio <5%) was introduced into a
channel (diameter: 2 mm, length: 80 mm) by a flow of helium gas (purity: 99.999%)
with backing pressure of 4.0-10 atm supplied through a pulsed valve (Parker Hannifin,
series 9, injection orifice: 0.8 mm, pulse width 200-300 ps). Then, the generated ions
were allowed to react with CHsl (Wako Pure Chemical Industries, purity: 99.5%)
injected into the reaction cell by another pulse valve with/without dilution with helium
gas (0-5.0 atm). The chemicals were used without further purification.

After the reaction, the anionic species were extracted perpendicularly and
accelerated up to 3.0 keV by a pulsed electric field (DEI, PVX-4140, pulse duration: 10
us, pulse rise time: ~50 ns), and analyzed by TOF-MS. The ratio of grid voltages was
tuned'® by the two identical power suppliers individually connected to each grid, which
suppress the elongation of pulse rise time of the extractor grid as referred to in Chapter
2. The anions were detected by a microchannel plate (Hamamatsu Photonics, F4655-12).
The signals were recorded and accumulated by a digital oscilloscope (Tectronix, TDS
580D) for typically 200—1000 laser shots. Resolution of the TOF-MS was ~400 at m/z =
200 and ~340 at m/z = 450; the improvement of the resolution compared to Chapter 2 is
mainly attributed to short pulse rise time of the power suppliers of ion extractions.

Photoelectron spectra were recorded using a modified magnetic bottle. Magnitude
of the acceleration voltage was set to 1.2-3.0 kV, and the anion of interest after mass-
separation was decelerated by a pulsed electric field"' (0-1.75 x 10° V-m', pulse
duration: 500 ns, Behlke, HTS 151-03-GSM) at 19 mm upstream from
photodetachment region. Then it was irradiated with an unfocused 4th (266 nm, 4.66

eV) harmonics output from another Nd:YAG laser (Spectra-Physics, GCR-130) with
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<0.4 mJ/pulse. The detached photoelectrons were guided by a magnetic field produced
by a permanent magnet (~1000 G) and a solenoid coil (~40 G, number of turns: ~670
m ', current: 5.2 A) to a microchannel plate (El-Mul, Double MCP 33) located at 1.47
m from the photodetachment region. The signals were amplified 5-fold by a
preamplifier (Stanford Research Systems, SR445) and counted by a multichannel scalar

(Stanford Research Systems, SR430). The photoelectron spectra were obtained by

(a)
Deceleration Magnetic
grids 38 mm bottle
lons ‘
| ‘ (lon detector)
Permanent
magnet
(b)
Deceleration Magnetic
grids | bottle
lons 4] ||||| i -
=~ -—-— - (lon detector)
s UL . [ y
A Permanent ™
magnet

Figure 3.2. Expanded view of ion deceleration region and photodetachment region. (a) Previous
setup in Chapter 2 and (b) current setup. Atmospheric pressure areas are hatched in gray while the

other areas are evacuated to <~107 Pa.
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accumulations of 10,000—20,000 laser shots after background subtraction. The obtained
spectra were smoothed by averaging the photoelectron counts of neighboring three
points. The photoelectron kinetic energies were calibrated against the known
photoelectron peaks of I (ref. 12) generated by the dissociative electron attachment on
CH;I molecules.” The resolution of the MB-PES was ~50 meV for electrons with a
kinetic energy of 1.0 eV. The improvement of the resolution compared to Chapter 2
(Figure 3.2(a)) is mainly attributed to effective deceleration of anions due to the

modified deceleration grids (Figure 3.2(b)); (1) five grids were stacked in parallel to

(a) Xiodide
Aiodide

Electron counts (a. u.)

II|l|||||||||||l||||||||]|l||7J

2.0 3.0 4.0
Electron binding energy /eV

Figure 3.3. Photoelectron spectra of (a) I and (b) I'(CH3l) recorded at 266 nm. Two peaks in
panel (), Xiodide aNd Ajogige, cOrrespond to photodetachment represented as I° (*Ps,) < I ('Sp)
and I °Pyn) < T ('Sy), respectively. Panel (b) exhibits a doublet pattern similar to that in
panel (a), with identical blue shifts by AH, ~ 0.38 eV. AH, corresponds to binding enthalpy

attributed to ion-dipole interaction.'*
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produce uniform pulsed electric field and (2) distance between deceleration region and
photodetachment region was reduced to 19 mm to minimize the broadening of the ion
bunch. Another important improvement is that length of the coil was increased to cover
the photodetachment region, which is expected to produce smooth magnetic field
(Figure 3.2(b)). The new magnetic bottle has enough sensitivity at higher binding
energy region (> ~4 eV), which was confirmed by quantitative reproduction of a

photoelectron spectrum of I (CH;I) as shown in Figure 3.3."

3.2.2. Computation

Electronic and geometrical structures of the detected species were studied by
density functional theory (DFT) calculations using Gaussian 09 program.'> The hybrid
functional B3LYP'®!” was used for all calculations in this chapter. Basis sets used were
aug-cc-pVTZ-PP for Cu, Ag, Au, and I atoms, and aug-cc-pVTZ for H and C atoms'® %
(from the EMSL Basis Set Exchange Database®'*%).

Structural optimization™ was carried out followed by frequency calculations to
check whether the optimized structure was a local minimum structure (LM). Total
electronic energy of each calculated structure is shown with vibrational zero-point
energy (ZPE) correction. The electron vertical detachment energy (VDE) of each LM
was estimated from the energy difference between the ground state of the anion and that
of neutral for the anion structure without ZPE correction. Atomic charges for LMs and
TSs were evaluated by natural population analysis based on natural bond orbitals
(NBOs).** The reaction pathways (transition state structures (TSs) and intrinsic reaction

25-2
158

coordinates (IRCs)) were explored using Gaussian 09'> and GRRM 1 programs.
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3.3. Results and discussion
3.3.1. Oxidative addition of CH3I to M~ (M = Cu, Ag, Au)
3.3.1.1. Formation of adduct product MCH;I™

Figures 3.4(a)—(c) show typical mass spectra after the reactions of M~ (M = Cu, Ag,
and Au) with CH;I. The M reactants almost disappear after the reaction. In addition to
the major products I and MI,~,”"° the adduct species MCH;I™ is commonly produced
in all the metals. The assignment of MCHj3I is confirmed by the comparison of isotope
patterns experimentally observed and theoretically calculated as shown in Figure 3.5.

Wilkins previously reported that I was exclusively produced via slow Sn2 attack by

Au  on CH;l’ The key to the successful observation of MCHsI  adducts in our

(@) Cul,”
Z CuCH,- ~ o2
S
s
>
=
‘»
c
o)
=
=
C —
o () |/ Aul,~
I-(CH,l) AuCH,I-
\ Au,l-
Aul- 2
J \.J .

lllIIllll]llllIlIll]llllIllll[lllllllll]lllllllll

100 200 300 400 500
Mass number /Da

Figure 3.4. Mass spectra of gas phase reaction products of CH;I and (a) Cu, (b) Ag, (c) Au .
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Figure 3.5. Comparison of isotopic patterns of mass peaks of MCH;I experimentally observed
(black) and theoretically calculated (blue). M = (a) Cu, (b) Ag, (c) Au.

experiment is effective cooling of the reaction products via multiple collisions in the gas

cell, as discussed in Chapter 2.

2.3.1.2. Structural determination of MCH;I™

Electronic structures of the MCH;I products were studied by PES. Figures 3.6(a),
(b), and (c) show typical photoelectron spectra of MCH3I with M = Cu, Ag, and Au,
respectively. The spectra exhibit a weak and broad band (X;) at the low binding energy
region (1.8-2.5 eV), followed by strong and sharp bands (X3, A, ...) at the high binding
energy region (>3.5 eV). Similar spectral patterns between MCH3;I (M = Cu, Ag, Au)
suggest a common structure motif regardless of M. Table 3.1 summarizes the band
positions determined by fitting the spectra with Gaussian functions. The peak-top

positions of the fitting Gaussian functions are regarded as VDE; the VDEs for the bands
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X; are 1.81, 2.03, 2.45 eV for M = Cu, Ag, and Au, respectively. The VDE value
increases with an increase in the mass of the metal. This trend is also observed for the
bands X;. The VDE values for the X, X5, A, and B bands are summarized in Table 3.1.

Table 3.2 summarizes the optimized structures of MCH3I . Three types of local
minimum structures were obtained. The optimized structures of AuCH3I are nearly the

same as those in Chapter 2 where smaller basis sets were used. For all metals, the most

(a)
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CU. LELILEL NN B DL LR LN LR LR BRI LR
7| ® A
S X,
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-'g""""'I""'""I"""'"I""""'I"'
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0.0 1.0 2.0
Electron binding energy /eV

Figure 3.6. Photoelectron spectra of (a) CuCHsl, (b) AgCHsl, (¢) AuCHsl . The peaks with
asterisks originate from I contaminated in the mass-selected MCH;3I beams (see text for more
detail).
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Table 3.1. Experimental Vertical Detachment Energies (VDEs) for MCH;I (M = Cu, Ag,
Au).

VDE,,, /eV
Products
X1 X, A B
CuCH;I 1.81 3.53 391 4.19
AgCH;I” 2.03 3.82 4.24 -
AuCH:IT 2.45 395 4.19 -

stable structures are described as [CH3;—M-I] , in which the metal atom is inserted into
the C—I bond of CHsl in a linear configuration. In this structure, the NBO charges on M
= Cu, Ag, and Au were calculated to be 0.28|e|, 0.28|e|, and 0.09|¢|, respectively. Since
the NBO charges on M increase from —1.0|e| after the reaction, [CH;—M-I] can be
viewed as oxidative addition products. The second most stable isomers are ion-neutral
complexes [I-:*CHs;M], in which the CHsM molecule is electrostatically bound to T
while pointing its dipole moment. The least stable isomers are [CH;—I-M] , in which
CHsl is coordinated to the metal from the I side. The electronic charge is distributed
over the molecular framework and, as a result, the C-I bond is slightly elongated
compared to that of CH;I (2.16 A).

The relative intensity of bands X; and X, was dependent on the source conditions,
such as the pressure of the carrier gas and dilution gas in the CHj3l reservoir, as shown
in Figure 3.7. This observation led us to assign bands X; and X, to structural isomers.
The experimental VDE values of the more intense X; bands monotonically increase in
the order of Cu, Ag, and Au (Table 3.1). This trend was not reproduced by the

calculated VDE values of the second most stable isomers [I ---CH3;M], but by those of
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the most stable isomers [CH;—M-I] . In addition, the VDEs calculated for [CH;—M-I]
agree with the experimental values of X, within the energy of 0.2 eV. Based on these

considerations, we assigned the X, bands to the most stable isomers [CH;—M-I] . On

Table 3.2. Structural Candidates for MCH3;I™ (M = Cu, Ag, Au).”
[CH,—Cu-I]" [I"---CH;Cu] [CH;-1-Cu]”

,1.94  2.51 3.93 31.90 246 _ 2.66
9" 2" a @ - E
e P20 @070 @09

(0.28) (-0.66) (-0.94) & (023) & (-0.22) (-0.42)

(-0.62) (-0.29) (-0.36)
AE eV 0 1.70 2.81
Exothermicity /eV® 3.47 1.77 0.66
VDE_,. /eV°® 3.43 3.32 1.83
VDE,,, /eV¢ 3.53 (X,) 1.81 (X,)
[CHy-Ag-1]  [I~CHAgl  [CHyl-Ag]
3213J270 372 ﬁ 237 299
Structure s (0.28) (-0.69) 0.14) & —o 14) -o 56)
(-0.59) —0 24) (-0.30)
AE eV 0 1.55 2.25
Exothermicity /eV® 2.72 1.17 0.47
VDE,,, /eVe 3.78 3.15 1.83
VDE,,, /eV¢ 3.82 (X,) 2.03 (X))
[CHy-Au-I] [I--CH;Au] [CHy—I-Au]”
2 2.07 2.69 354 206 230 296
Structure @ (0.09) (-0.62) (—0 88) ? (-0.03) ? (-0.03) (—0 69)
(-0.47) (=0.09) (-0.28)
AE eV 0 1.43 2.13
Exothermicity /eV® 2.59 1.16 0.46
VDE_,, /eV¢ 4.06 3.58 2.60
VDE,, /eV® 3.95 (X,) 2.45 (X))

*Numbers with and without parentheses indicate the NBO charges of M, I and CH; and the
bond lengths in units of A, respectively. ® With respect to M~ + CH;l with ZPE correction.
“Electron vertical detachment energy. Color codes: brown = Cu, blue = Ag, yellow = Au, purple

=1, gray = C, white = H
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the other hand, the much weaker X; bands were assigned to the least stable isomers
[CH3—I-M] based on their calculated VDE values. The VDE values of bands A and B
are significantly larger than those calculated for the remaining isomers [I ---CH3;M].
Thus, they are probably associated with electron detachment from the most dominant
isomers [CH3;—M-I] to form the corresponding neutral species in electronically excited
states. Especially assignments of bands A are supported by the constant intensity ratio
of bands X; and A under the different source conditions as shown in Figure 3.7. Namely,
photoelectron bands of the second most stable isomers [I ---CH3;M] were not observed.
The absence of [I :-*CH3;M] is attributed to a low activation barrier for the migration of

I to M as discussed later (Figure 3.10).

w | @ A
o
O
pt *
o X,
o | (x6)
2 A
(]
- | (b) X,
(D)
N
©
&
= o
= X
T T T T I T T T T ] T T T T l T T T T ] T T T T I T T T
2.0 3.0 4.0

Electron binding energy /eV

Figure 3.7. Photoelectron spectra of AuCH;I recorded under different source conditions. The
pressure of He used for carrier gas and for diluting CH3l vapor in a reservoir was (a) 0.5 and 0.0

MPa, (b) 0.65 and 0.5 MPa, respectively. Spectral intensities are normalized at the band X,.
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Small peaks can be seen at ~3.1 eV marked with the asterisks in Figures 3.6(a)—(c).
These were assigned to I (electron affinity of I atom: 3.06 eV’') contained in the
mass-selected MCH;I beam. Two scenarios are possible for the contamination of the
MCH;I beam with I : (1) unimolecular dissociation of MCH3I during the flight in the
field-free region of the TOF mass spectrometer, or (2) photodissociation of MCH;I
induced by the photodetachment laser. The more plausible scenario was identified by
studying the laser power dependence of the photoelectron band intensity at ~3.1 eV
since the number of photons involved is different for the above processes. The intensity

ratio between the peaks of I and the others was not dependent on the laser fluence, as

v (a) A
5 X,
(@)
O
(- k
o X,
s X9
< A
()
- | (b)
) X,
N
©
g *
2w X
T T T T I T T T T | T T T T I T T T T | T T T T I T T T
2.0 3.0 4.0

Electron binding energy /eV

Figure 3.8. Photoelectron spectra of AuCHj3;l recorded under different fluences of the
photodetachment laser; (a) ~2.6 and (b) ~0.3 mJ/cm*pulse. Spectral intensities are normalized at

the band X,.
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shown in Figures 3.8(a) and (b). This result indicates that I contaminated the beam via
unimolecular dissociation of MCH;I . This conclusion is supported by the detection of a
neutral counterpart (most probably AuCH;’) in the unimolecular dissociation of

AuCH;I by applying a retarding electric field in front of the detector as shown in

Retardmg grids
3.0 keV ! ! lon detector
| : I
[I-Au- CH3]-
I=, AuCH,°
AuCH.I-, I-, AuCH.°
u -, 17, Au
@ [_Au-CH | | CH, X
I-, AuCH, I
% Il 42.0 43.0
(b) [IFAu-CH,J, I- AuCH oI

1 Decelerated

: % [I-Au-CH,], I-

+2.12 kV/ ’ S —
500ns ,;:,,j_, o 42.0 43.0

[-AU-CH[, | AuCH 0| 1

n intensity (a. u.)

()

+4.00 KV ll W
500ns ,;:,,,I7 42.0 43.0
Time of flight /us

Figure 3.9. Time-of-flight mass spectra after deceleration of ion bunch of AuCH;I by applying
retarding fields in front of the detector (see Figure 3.1). Schematic illustration of deceleration is
shown in the column on the left. Kinetic energy of the initial AuCH;I ions was 3.0 keV.
Deceleration voltage and pulse duration are (a) 0 V / 0 s, (b) 2.12 kV / 500 ns, (c) 4.00 kV / 500
ns. Dotted line indicates the position of AuCH;l peak in panel (a).

73



Figure 3.9. The occurrence of unimolecular dissociation suggests that MCHsl was

produced via highly exothermic processes.

3.3.1.3. Reaction mechanism
This section focuses on the formation mechanism of the main products [CH;—M-—
I] . Figure 3.10 shows the energy profiles calculated for the formation of [CH;—M-I]

via eq. 3.1 along IRCs.

Reactants = S 2 == |~ migration =————)

A M-+ CHyl J
o ¢
0.00 0o b
(TS) ®
% [MCH,-I-] o3 096)
> ~1.16 _—
5 117 ~1.16
C
(0}
(0}
-(_?E /‘. -1.77 -1.78 [I-M—CH,]-
6‘:’ > 9 ~2.59
— Au 2.72
— Cu o o ¥_
2 T 347

Figure 3.10. Energy profiles along the formation pathway of [[-M—-CH;] from M+ CH;l
TS represents a transition state. All energies are ZPE-corrected and shown with respect to M +
CHs;l. Black, blue and red represent M = Au, Ag, and Cu, respectively. Each structure is
connected by IRCs. Optimized structures of Cu complexes are shown as an example. Note that
intermediates and products are described as [MCHj;'--I'] and [[-M—-CHjs], respectively, to

demonstrate the reaction mechanism. Color codes: brown = Cu, purple = I, gray = C, white = H.
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M +CHsl — [CHs-M-I]” (3.1)

Similar to the previous study for [CH;—Au-I]  in Chapter 2, it was indicated that [CH;—
M-I]" (M = Cu, Ag) products are also formed via the intermediates [MCHj- 1],
followed by migration of the leaving I to M. Figure 3.11 shows that the electronic

energy profile as a function of the distance between M and CH;l has barrierless

(a)
0.0
> -0.57
N\ :
P 1 ]
S -1.01 i
§ | AgCHy ] -
1.5 1 & @ '
i ] J
(b) ; BRI SIS SIS LA B B |
© 0.0 § e
c 11 |
S
9 -0.57 ] ;
2 ECU iAg ] Au
1.0 b §
80 6.0 40 20 60 40 20 60 40 20
R(Cu-C) /A R(Ag-C) /A R(Au-C) /A

Figure 3.11. Profiles of (a) electronic energies without ZPE correction and (b) NBO charges
of M (M = Cu, Ag, Au) and I atoms as a function of the distance between M and C atoms
(R(M—C)). Energies are shown with respect to the reactants (M~ + CHsl) at the infinite distance.
Insets show the structures of [M:--CHj;*I]” in which the methyl group is planer and [MCHj;" -
I'] in which MCH3; is bound by I". Note that the formula [MCHj;:--1] is used to indicate the
steric inversion via Sy2 process. Color code: brown = Cu, blue = Ag, yellow = Au, purple = I,

gray = C, white = H.
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feature and that the NBO charge on M is transferred to I atom at a certain distance.
These results suggest that the formation of [MCHj3- 1] proceeds via nucleophilic attack
by M against CH3l. The barrier heights for the I migration are negligibly smaller than
the exothermicity associated with the formation of the [MCHj3:--1'] intermediates via the
Sn2 step. This implies that the migration step proceeds efficiently and explains the
absence of bands of [MCHj;---1'] in the photoelectron spectra. The barrierless profiles in

total suggest that [CHs—M-I] is easily formed when CHsl encounters M.

3.3.2. Comparison of stability of the products

The high stability of [CH;—M-I] products is explained by the large exothermicity
in the formation processes of eq. 3.1. Especially, the order of the exothermicity, which
is formally identical to dissociation energy to M~ + CHsl, is considered to reflect the
relative thermodynamic stability between the products; it increases in the order of Au <
Ag < Cu as listed in Table 3.2. Previous theoretical study on neutral [CH;—M—X]
complexes (X = F, Cl, Br and I)** showed that the stability is in the order of [CH;~Ag—
X] < [CH3—Au—X] < [CH3—Cu—X] on the basis of exothermicity in the formation from
M + CH3X. The difference in the order between neutral and anionic states can be
understood from electron affinity of M; the small electron affinity of Ag (1.30 eV>?)
compared to Au (2.31 eV>*) makes Ag ™ anion less stable and easy to form [CH;—Ag-I]"
with larger exothermicity. The quite high stability of [CHs—Cu-I] can be explained
from the two aspects: (1) the highest stability in the neutral state and (2) the lowest
electron affinity of Cu (1.24 eV*>’) among the coinage metals.

The metal-inserted structures of [CH;—M-I] remind us of the typical Grignard

reagent CH;—Mg-1. The thermodynamic stability of CH;Mgl with respect to Mg + CHil
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Figure 3.12. Energy levels and charge density surfaces of the Kohn-Sham orbitals of (a)
[CH;-M-I] (M = Cu, Ag, Au) and (b) CH;Mgl. The isodensity value is 0.015 for LUMO of
[CH3-Ag-1I], 0.018 for LUMOs of [CH3—Cu-I]" and [CHs—Au-I], and 0.020 for the other

orbitals.
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was obtained as 2.14 eV by DFT calculations at the same computational level
(B3LYP/aug-cc-pVTZ-PP for I and aug-cc-pVTZ for C, H, and Mg). That is, the
thermodynamic stabilities of [CH;—M-I] (M = Au, Ag, and Cu) are larger than that of
CHsMgl. Figures 3.12(a) and (b) compare the frontier Kohn-Sham orbitals of [CH;—M—
I] and CH3Mgl. The d orbitals of the Cu/Ag atoms are mainly involved in the bonding
with I and CHj; ligands, similar to Au atom as discussed in Chapter 2 (Figure 2.9). In
contrast, Mg atom makes bonds with the ligands using 2s orbitals. The high stability of
[CH5—M-I] is considered to arise from the strong interaction between the d orbitals of
the coinage metal atoms and the I and CHj; ligands; the considerable overlaps of 5d
orbitals of Au with halogen atoms® and alkynyl (C=CH) ligands’® are reported for
similar compounds. A [CF3AuX] (PPhs)" compound was recently synthesized in the
condensed phase and single-crystal X-ray diffraction confirmed the linear C—Au-X
structure in [CF3;AuX].*""*

It is known that the CH3 group in CH3;Mgl has a carbanionic nature, which is
essential to the C—C bond formation in Grignard reactions. NBO charges on the CHj3
group of [CH3;—M-I] were calculated to be —0.62|e|, —0.59e|, and —0.47|e| for M = Cu,
Ag, and Au, respectively (Table 3.2). These values are comparable to that of CH;MgI
(—0.65|e|). The carbanionic nature of the CHj3 group of [CH3—M-I] suggests that the C—
C bond forming reaction is possible by the subsequent reductive elimination. In Chapter
2, it was theoretically proposed that [CHs—Au-I] undergoes a nucleophilic attack on

CHsl followed by C—C bond formation to yield C,Hg.

3.4. Summary

I conclude from the experimental and theoretical results that Grignard reagent-like
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coinage metal complexes [CH;-M-I] (M = Cu, Ag, Au) are formed by the gas phase
reactions between M and CHsl, regardless of M. Similar chemical properties of M are
due to the common electronic configuration; fully occupied d orbitals and two s
electrons represented as (n—1)d'’(ns)* (n =4, 5, and 6 for Cu, Ag, and Au, respectively).
DFT calculations showed that the thermodynamic stability increases in the order of
[CHs—Au-I] <[CHs—Ag-I] <[CHs;—Cu-I], which is significantly greater than that of
the conventional Grignard reagent CH3;Mgl. The large stability of [CH;-M-I] is
attributed to the strong bonding interaction of the d orbitals of metals with I and CHj
ligands. The anionic nature of the CHj3 group in [CH;—M-I] suggests that the C—C
bond forming reaction can be promoted as in the alkylation reactions by Grignard
reagents. This study suggests that [R-M-I] can be a useful reagent in organic

synthesis.
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Chapter 4.

Reaction of CH;I with Au

1n solid neon matrix

A major part of this chapter has been published in the following paper.

Muramatsu, S.; Wu, X.; Chen, M.; Zhou, M.; Tsukuda, T.
J. Phys. Chem. A 2017, 121, 8408—8413.
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4.1. Introduction

In Chapter 2, I demonstrated that Au™ reacts with CH3l in the gas phase to form a
gold-inserted anionic species [CHsz—Au-I]". I further proposed based on mass
spectrometry and theoretical calculations that [CH;—Au-I] anion reacts with another
CHsl to produce C;Hg via the C—C bond formation on a reaction intermediate [(CH3),—
Au-I,]". It suggests that Au can mediate homocoupling reactions of organohalide
molecules. However, effects of charge state of Au and solvents (or third body) on
homocoupling reactions have not been addressed because of the limitation of our
experimental method based on mass spectrometry. Furthermore, neither the
intermediate [(CH3),—Au-I,] nor final coupling product C,Hs were directly detected in
that study.

Matrix-isolation,' a well-developed technique to trap reaction intermediates for the
spectroscopic measurements is a powerful tool to study reactions of metal atoms/ions
and organic molecules. Especially an advantage of this technique is that we can trigger
the reactions in the matrix by external stimuli such as heat and light.*> For example,
previous studies on Au atoms isolated in solid equimolar mixture of CO and O, at 10 K
forms an Au(IT) complex OCAuO,CO, which was converted to CO; (eq. 4.1) by raising

temperature to 30—40 K° and UV light irradiation.*

i
C

A (4.1)
0=C—Au 0 — 0=C-Au=0 + CO,

O

With regard to carbon—halogen bond activation, it has been intensively studied and
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revealed by infrared (IR) spectroscopy that [CH;—M-X] is formed in the reaction of
various metal atoms (e. g., M = Ni, Pd, Pt, Cu, Ag and Au) and CH3X (X = F, ClI or
Br).””’ The [CH;—M—X] product corresponds to an oxidative addition product formed as
a reaction intermediate in a conventional catalytic cycle of the C—C bond formation.
However, chemical properties of [CH;—M—X] toward subsequent reactions have been
scarcely studied. Few examples include isomerization to methylidene (CH,=MHX) and
methylidyne (CH=EMH,X)*" and dissociation into small fragments such as CH,-M—X,
M-CH,X, CH,X-M and CX-MH.>® To the best of our knowledge, there is no report on
utilization of [CH3—M—X] for the C—C bond formation in matrix-isolation studies.

In this chapter, I investigated the possibility of homocoupling reactions of CH3I on
atomic Au in solid neon matrix. IR spectroscopy and density functional theory (DFT)
calculations revealed that unprecedented product [(CH3)>—-Au-I,] was formed in
addition to [CHs—Au-I]. I found that visible light irradiation of [(CHs)>—Au—I,]
produced C;Hg. These results demonstrate that Au atoms can mediate C,Hs production

through electronically excited states formed by the irradiation with visible light.

4.2. Methods
4.2.1. Experiment

Figure 4.1 shows the schematic diagram of the apparatus used in this study for
matrix-isolation IR spectroscopy.®” Au atoms were generated by irradiating with the
focused fundamental output of a Nd:YAG laser (Continuum, Minilite IT) with typical
pulse energy of 10-20 mJ/pulse at 10 Hz repetition onto a rotating gold target disk. The
ablated Au atoms and CHsI (0.05%)/Ne gas mixture supplied at a rate of ~6 mmol/h

were co-deposited for 30 min onto a Csl substrate kept at ~4 K by a closed-cycle helium
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refrigerator. The CHjsl liquid was purified by freeze-pump-thaw cycles prior to the
experiment. After the sample preparation, the Csl substrate was rotated by 90° and
Fourier transform infrared (FT-IR) absorption spectra of the products formed during the
deposition were measured in the range of 4000—450 cm™' at a resolution of 0.5 cm ™'
(Bruker, VERTEX 80 V) using a liquid nitrogen cooled HgCdTe (MCT) detector. After

the spectrum of the initial reaction products was recorded, the samples were annealed

(a) 1064 nm
(10 Hz, 10-20 mJ/pulse)
lens ===
|
Csl window
i ~4 K
Au-
target
CH,l (0.05%)
/Ne
(b)
| I |
Csl window
IR > I\
Detector

Figure 4.1. Experimental setup for (a) sample preparation and (b) IR spectroscopy.’
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up to 11 K in order to promote diffusion-induced reactions of the trapped molecules.
Then, the samples were irradiated with broadband visible light (wavelength > 400 nm)
from a high-pressure Hg lamp (~160 W) fitted with a glass filter to promote further
reactions and/or dissociations. The same procedure was repeated using deuterated

methyl iodide (CDsl) to facilitate the spectral assignments.

4.2.2. Computation

Electronic and geometrical structures of the detected species were studied by DFT
calculations with the B3LYP'*"" functional using the Gaussian 09 program.'> The basis
sets used were cc-pVTZ,"” especially with pseudopotentials for Au and I atoms
(cc-pVTZ-PP,'* from the EMSL Basis Set Exchange Database'>'®). Structural
optimization'’ was carried out followed by harmonic frequency calculations to confirm
that the optimized structures were located at local minima (LM) on the potential energy
surface. Anharmonic terms (semi-diagonal quartic force field obtained by a perturbative
approach'®) were taken into account in the calculations of vibrational frequencies.
Atomic charges were evaluated by natural population analysis based on natural bond
orbitals (NBOs)."

To gain insights into the reaction mechanisms and estimate the activation barriers, I
explored transition-state structures (TSs) using the Gaussian 09'* and GRRM14%* %
programs. The GRRM program enabled us to obtain TSs without any intuition, by
starting the calculation from the LM structures by means of the anharmonic downward
distortion following (ADDF) method. Intrinsic reaction coordinates (IRCs) were

calculated to confirm that the obtained TSs connect the appropriate LM structures. All

energies shown are corrected by harmonic vibrational zero-point energies (ZPE).
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4.3. Results and discussion
4.3.1. Formation of oxidative addition product [CH3;—Au-I|
4.3.1.1. Assignment of infrared spectra

Figure 4.2(a) shows a typical IR spectrum of the initial reaction products in the
region of 1550-550 cm ', The four peaks at 1438.6, 1411.6, 1252.0 and 886.1 cm ! are
assigned to degenerated (d)-CHj3; deformation, a combination of C-I stretching and
d-CHj3 rocking, symmetric CHs deformation and d-CHj; rocking vibrational modes of
CH;l, respectively, based on previous studies.”**® Figures 4.2(b) and (c) show the IR
spectra recorded after annealing up to 11 K and irradiating with broadband light (>
~400 nm), respectively. Intensities of the two peaks at 1086.1 cm™' (labeled as a) and

641.9 cm' (labeled as a') are not affected by annealing, but are slightly enhanced by

| Z CHl 4
] CHyl

N
| R T R

I N SN L J 28

o
o
N

Absorbance

rTrTTTT T T T T T T T T T LN LA LI L
1200 1000 800 600
Wavenumber /cm-1

R
1400

Figure 4.2. IR spectra in the region of 1550-550 cm ' recorded (a) after co-deposition of
laser-ablated Au and CH3l in solid Ne at ~4 K for 30 min, (b) after subsequent annealing at 11 K,
and (c) after irradiating a photolysis light (> 400 nm) for 15 min. The small peak with an asterisk

is due to an impurity present in CHsl or Ne.
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photolysis while retaining their relative intensities. This behavior indicates that the two
peaks are derived from the same species. The experiments were repeated using the
deuterated methyl iodide (CD;sI): peaks a and a’ were red-shifted to 841.9 cm™' (labeled
as a) and 4642 cm ' (labeled as ) (Figure 4.3). In the beginning, [CHs~Au-I]” was
considered to be the candidate for the assignment of peaks a and a’. Their vibrational
frequencies listed in Table 4.1 do not agree with the experimental results. This result
suggests that Au  produced by the laser ablation was not involved in the reactions
because of its short lifetime in the CH3I/Ne matrix as in the case of the reaction of Au in
CH;F/Ar.” Alternatively, previous reports on the formation of [CHs~Au-X] (X = F, Cl
and Br) in the reaction of neutral Au with CHsX in solid Ar’® suggest that the peaks a

and a’ can be assigned to [CHs;—Au-I]. Figure 4.4(a) shows the optimized structure of

~ CD,l

0.02} Q»Dil | a q\’
CD,l CD,l

3 . A 3Ne
g
2 L ») o)
<

k__w__kﬁ; JJ ‘JJu\(a)

| I B R B S I B B B B N S I B S I B B S B NN NS B B B BN B B B B N B

1000 800 600
Wavenumber /cm-!

Figure 4.3. IR spectra in the region of 1100-450 cm ' recorded after co-deposition of
laser-ablated Au and CDsl in solid Ne at ~4 K. (a) After 30 min of sample deposition, (b) after 11
K annealing, (c) after 15 min of photolysis by light with a wavelength of >400 nm. Assignment of
CD;sl is based on ref. 24.
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Table 4.1. Calculated Anharmonic Vibrational Frequencies of Infrared Active Normal
Modes of [CX3—Au-I]” (X =H or D).

Frequencies theoretically calculated /cm ™

Species (symmetry) Vibrational mode® X=H X=D
d-C—H stretch 2894.7 (0.76)° 2167.8 (0.77)
s-C—H stretch 2885.5 (1.0) 2026.4 (1.0)
[CX5-Au-I] (Csy)
s-CH; deform 1152.5 (0.14) 891.0 (0.05)
d-CHj; rock 718.5(0.15) 544.6 (0.20)

“s: symmetric mode (A, symmetry), d: degenerated mode (E symmetry). °Relative IR intensity

compared to the most intense peak.

(@) [CH;—Au-I]
(0.33)

2.07 (-0.17)

(~0.16) :
(b) 0.12)|
2 0.53 ‘6284 (~0.14)
> 0.00 (1s)\©

o N —"ad

& | M7 CH,l---Aul

.:]Z: Q(_O.']S) -1.13

o 291 [CHy-Au-1]
o

D@02
o

Figure 4.4. (a) Optimized structures of [CH;—Au-I] and (b) calculated energy profile along
ground-state reaction pathway to form [CHs—Au—I] from Au + CH;l. In the optimized structure,
bond lengths and angles are shown in units of A and degrees, respectively. Numbers in
parentheses indicate the NBO charges of Au, I, and CHs. In the energy profile, energies are
shown with respect to the reactants, Au + CHsl. Gray solid lines represent IRC. Color codes:

yellow = Au, purple = I, gray = C, white = H.
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[CHs—Au-1I], which is similar to that reported previously.”” Au atom is inserted in the
C-I bond of CHsl as in the case of [CHs—Au-I]” (Chapters 2 and 3), but the C—Au-I
backbone is bent in contrast to the case of [CH3;—Au—I] . One of the reasons for the
bending is attributed to the strong ¢ bonding interaction between Au 5d and I 5p orbitals
as shown in a Walsh diagram of [CHs—Au-I] in Figure 4.5. Table 4.2 compares the
observed peak positions and vibrational frequencies calculated for [CHs—Au-I]. The
frequencies for peaks a, a, a, and a agree semi-qualitatively with those calculated for
[CH3s—Au-I] and [CDs—Au-I]. The frequency of peak a (1086.1 cm ') is comparable to
the frequencies of the CH; deformation modes of [CH;—Au—X] in solid Ar: 1196.5,
1083.5 and 1087.5 cm ' for X = F, Cl, and Br, respectively.s’6 Close inspection of the
expanded IR spectra in Figure 4.6 reveals a small peak at 732.1 cm ' (a’), which might
be assigned to the CHj; rocking mode of [CHs;—Au-I] (Table 4.2) although the
enhancement of the peak intensity by photolysis was not clearly observed due to the

weak intensity and the serious background noise.

4.3.1.2. Reaction mechanism

The formation of [CHs—Au-I] can be viewed as the oxidative addition of CHsl to
Au because the NBO charge on the Au atom in [CH3—Au-I] is increased from 0 to
0.33|e| (Figure 4.4(a)). In Chapter 2, I discussed that CHsl undergoes the oxidative
addition to Au in the gas phase via a barrierless mechanism, Sy2 attack on Au,

followed by I migration to form [CH3;—Au-I] as shown in eq. 4.2.

Au + CH3l — [AuCH;-- 1] — [CHs—Au-I] (4.2)
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(a)

Relative total energy
/eV
o o o
o N S

(b)

Orbital energy /eV

Figure 4.5. (a) Total electronic energy of [CH;—Au-I] as a function of C-Au-I angle (6 (°))
calculated at the level of restricted open-shell B3LYP/LanL2dz (Au, 1), 6-31G (C, H). Energies
are with respect to the optimized structure (6 = 145.1°) indicated by a yellow line. (b)
0-dependence of each orbital energy (Walsh diagram). Orbitals 1: unoccupied, 2: singly
occupied, 3—10: fully occupied. Stabilization of orbital 2 at § = 180° explains the linear
structure of [CH;—Au-I]™ anion, since it accommodates the excess electron. For [CH;—Au-I],
instead, the stability of orbitals 4, 6, 7, 8 and 9 dominates the geometric structure. Especially in
orbital 9 (colored in red), the bonding scheme differs with the 8 angle: Au 5d and I 5p atomic
orbitals make the ¢ bond at 6 ~ 145° (inset) and the & bond at § = 180°, resulting in particularly

large stability in the bent structure.
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On the other hand, calculation on the energy profile along the IRCs revealed that the
formation of [CHi;—Au-I] from Au(*Si,) in the ground state and CHsl is highly
exothermic (1.13 eV) and proceeds via direct insertion of the Au atom into the C—I bond
(Figure 4.4(b)). However, this reaction may be hindered due to a high activation barrier
(0.53 eV, Figure 4.4(b)). This inference is supported by the fact that the intensities of
peaks a and a’ did not increase by annealing at 11 K (Figures 4.2(a) and (b)). It is
plausible that an electronically excited Au atom (Au’) formed in the laser ablation was
involved in the formation of [CHs—Au-I] as represented in eq. 4.3. Previous reports
proposed that Au(*Py5), higher in energy than Au(’S,,,) in the ground state by 4.6 eV,
was inserted into the C—X bond of CHsX (X = H or F) in solid Ar.>* I suggest here
another possibility that Au(*Ds;;) and Au(*Ds), higher in energy than Au(*S;) by 1.1
and 2.7 eV,” are involved in the reaction because it has a longer radiative lifetime
(~ms)*® than Au(*Py;). The excess energy associated with eq. 4.3 is considered to be

dissipated into the surrounding Ne matrix.

Au’ + CH3l > [CHy-Au-1]" — [CH3-Au-]] (4.3)

4.3.2. Photoassisted homocoupling of CH;I
4.3.2.1. Formation of [(CH3),—Au-I;]

Figures 4.6 and 4.7 show the IR spectra after the reactions of Au + CH3l (in the
region of 3000-2700 and 1550—550 cm ') and Au + CDsI (in the region of 2280-2100
and 1150-490 cm™"), respectively. The most prominent feature in Figure 4.6 is a strong
peak at 1213.8 cm ', labeled as b. This peak disappears after the photolysis (Figure

4.6(c)). Small peaks at 2962.6 (b') and 780.9 cm™' (b)) exhibit similar behavior upon
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photolysis. I hypothesized that these peaks are assigned to a reaction product of [CHs—
Au-I] and CH3l based on our previous theoretical prediction of the formation of
[(CH3),—Au-I,] via the oxidative addition of CHsl onto [CHs—Au-I] (Chapter 2).
Figure 4.8(a) shows the optimized structure of [(CH3),—Au—I;]. The Au atom is bonded
by two CHj; groups and two I atoms in a planar configuration. [(CHs),—Au-I,] can be
viewed as a product of the oxidative addition of two CH3I molecules to Au because the

net charge on the Au atom is increased from 0 to 0.30|e| (Figure 4.8(a)). Table 4.2 lists

(@) [(CHg),~Au-ly]

’Q%(‘O'm) (~0.05)

1012
;/(o 30)

I
(b) L5 |
2.58£\ 272
A NY/

3 TICH;-Au-1] 023 %(022)"%
3 + CH,l (TS)

2 113 ~1.23

& | — ~1.49

® [CH;AUCH] —
= [(CH3),—Au—1,]
©
x (0.19) q,\

\K‘

Figure 4.8. (a) Optimized structure of [(CH3),—Au-I,] and (b) calculated energy profile along
ground-state reaction pathway to form [(CHj),—Au-I,] from [CH;—Au-I] and CH;l. In the
optimized structure, bond lengths and angles are shown in units of A and degrees, respectively.
Numbers in parentheses indicate the NBO charges of Au, I, and CH;. In the energy profile,
energies are shown with respect to the initial reactants, Au + 2CHjsl. Gray solid lines represent

IRCs. Color codes: yellow = Au, purple = I, gray = C, white = H
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the calculated vibrational frequencies of [(CH3)>—Au-I,]. Quantitative comparison led
us to conclude that peaks b-b~ are assigned to [(CH3)—Au—L]. Three peaks p—p
observed in Figure 4.7 can be assigned to [(CDs),—Au-I,] (Table 4.2). Similar
compounds consisting of titanium atom (Ti) and CH3X (X = F, Cl, Br and I), [(CH3),—
Ti—X>], have been reported.””'*

Figure 4.8(b) shows a calculated energy profile along the reaction pathway to
generate [(CH3),—Au—I;] from [CH3—Au-I] and CHj3l in their electronic ground state.
Energies are shown with respect to that of Au + 2CHsl. It was found that conversion of
the complex [CH3;Aul---CHjsl] to [(CHs),—Au-1,] is an elementary process with a single
TS. The activation barrier is as high as 1.00 eV. This calculation result indicates that the
formation of [(CH3),—Au-I,] does not involve [CH3;—Au-I] in the electronically ground
state, but rather [CH3;—Au-I] and/or Au in the electronically excited state shown in eq.

4.3.

4.3.2.2. Photoassisted elimination of C;Hg from [(CHj3),—Au-I,]

Although [(CH3),—Au-I,] observed in Figure 4.6 corresponds to an intermediate
for homocoupling reactions, the coupling product C,Hs was not detected in the IR
spectra in Figures 4.6(a) and (b). Figure 4.9 shows a calculated energy profile along the
reaction pathway for the generation of C,Hg¢ from [(CH3)>—Au-I;] in their electronic
ground state. Dissociation of [(CH3),—Au—I,] into C;He and Aul, is calculated to be
exothermic (1.27 eV) and an elementary reaction via a single TS. At the TS, two Au-C
bonds of [(CH3),—Au-I,] are weakened concurrently to form a three-membered ring (Au
-=+C---C). The activation barrier is as high as 1.22 eV. The theoretically predicted high

barrier is consistent with the non-production of C;Hg even by annealing [(CH3),—Au—1;]
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Figure 4.9. Calculated energy profile along ground-state reaction pathway for generation of
C,Hg from [(CH;),—Au-I,]. Energies are shown with respect to that of Au + 2CH;l. Gray solid
lines represent IRCs. Each optimized structure is shown with bond length in A and NBO charge
of Au atom (numbers with parentheses). Color codes: yellow = Au, purple = I, gray = C, white

=H.

at 11 K.

After irradiation with visible light, new peaks assignable to C,Hs appeared at
2887.5 (peak ¢), 1467.2 (peak ¢), and 820.7 cm ' (peak ¢ )** in Figure 4.6(c). The
emergence of peaks ¢, ¢, and ¢ is accompanied by the disappearance of peaks b, b,
and b . This correlation indicates that C,Hg is produced by photoexcitation of [(CHs),—
Au-I,]. A control experiment in the absence of Au atom (Figure 4.10) showed no
indication of C,Hg formation, confirming that Au is indispensable for C,Hs production.
The formation of the putative counterpart Aul, could not be confirmed in the present
study because the vibrational frequencies of Aul, (< 450 cm™') are outside the range of

our measurements. Although the details of the reaction mechanism in the electronically
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Figure 4.10. IR spectra in the region of 3000-2800 and 1500-800 cm ' recorded after
deposition of CH;l in solid Ne at ~4 K without laser-ablated Au. (a) After 30 min of sample
deposition, (b) after 15 min of photolysis by light with a wavelength of >400 nm. The expected
peak positions of C,Hg (Table 4.2) are indicated by yellow lines.

excited state is beyond the scope of the present study, the elimination of C,Hg from

[(CH3),—Au-I,] may proceed via a nonadiabatic transition from an electronically

excited state to the ground state near the TS as described in eq. 4.4.

h x
[(CHg)z—Au—Iz] _)V [(CH3)2—A11—12] - C2H6+Au12 (44)

A slightly enhanced intensity of peaks a and a  after light irradiation (Figure 4.2(c))
suggests that the initial reactant [CH;—Au-I] is formed via eq. 4.5 by overcoming a

barrier as high as 1.26 eV (Figure 4.8(b)).
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[(CH3)2—Au—Iz] ﬂ/ [(CH3)2—AU—12]* - [CH3—A11—I] + CH3I (45)

In contrast, in Chapter 2, I proposed that C,Hg is produced via reductive elimination
from [(CHjs),—Au-I,] generated by sequential oxidative addition of two CHjsl
molecules to Au’, although the neutral product C,Hs was not detected by mass
spectrometry. There are two possible reasons for spontaneous elimination of C,Hg from
[(CH3),—Au-I,]: (1) TSs for the oxidative addition and reductive elimination are far
below in energy with respect to the reactants Au + 2CHsl; (2) there is not enough

solvent (or third body) that stabilizes the reacting systems into intermediates.

4.3.3. Formation of other minor products

Finally, it is noteworthy that other peaks observed in Figure 4.6 were comparable
to those reported in previous studies on the reactions of Au and CH3X (X = H, F, CI,
Br) in solid Ar.>* For example, a peak at 1241.5 cm ™' observed in the reaction of Au

and CHsF in an Ar matrix was assigned to AuCH,F.” The peaks in Figure 4.6 are

(@) [Au—CH,I] (b) [Au—CH,] (c) [Au—CH,]
202 \(_0'32) 195 2.03
@
(0.20) 2.16 020) >~  (0.14) :
-0.20) ¥,
Dihedral angle (-0.14)
(0.12) =171.1°

Figure 4.11. Optimized structures of (a) [Au—CH,I], (b) [Au—CH,], and (c¢) [AuCHj;]. Bond
lengths are shown in units of A. Numbers in parentheses indicate the NBO charges of Au, I,
CH,, and CHj. Note that [Au—CH,] is not planar; the angle between two Au-C-H planes
(dihedral angle) is 171.1°. Color codes: yellow = Au, purple = I, gray = C, white = H.
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assigned to novel species [Au—CH,I] and reported species [Au—CH;] and [Au—CHzs],
whose optimized structures are shown in Figure 4.11. The structure of [Au—CH,I] does
not correspond to a simple fragment of [CHs—Au—I] (Figure 4.4(a)). The peak at 1028.9
cm ' was assigned to the CH, wagging mode of [Au-CH,I] (calculated frequency:
1058.4 cm ). The peaks at 1336.3 and 793.5 cm ' were assigned to the CH, scissoring
mode of [Au—CH;] and the d-CHj3 rocking mode of [Au—CHj3], respectively, based on
reported values in the Ar matrix™* (calculated frequencies: 1290.4 and 788.3 cm ).
Formations of [Au—CH,I] and [Au—CH;] indicate that the C—H bond is activated and

cleaved in the reaction of CH;I with Au.

4.4. Summary

I demonstrated by means of IR absorption spectroscopy and DFT calculations that
the reaction of laser-ablated Au with CHsl in a solid Ne matrix affords the oxidative
addition product [CH3;—Au-I], similar to our previous study on Au  in the gas phase. |
further characterized the product of Au and two CH;I molecules, [(CH3),—Au—I;], which
can be regarded as an intermediate for Au-mediated homocoupling of CH3I molecules.
It was clarified that visible light irradiation triggers the conversion of the intermediate to
the coupling product C,Hs. This study showed the potential of Au atoms to promote C—C
coupling of haloalkanes and introduces the concept of the photoassisted C—C coupling

reaction, which could be applied in designing novel gold catalysts.
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Chapter 3.

Reaction of CH;I with gold cluster anions,
Au, (n=2-4)

105



05 5

REEZOWTIE, S FLUPIIHERES THAT T ED 2D, A,




Chapter 6.

Concluding remarks
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6.1. Summary of the thesis study

Aiming at gaining clues to rationally develop the highly active coinage metal-based
catalysts for carbon—halogen bond activation, I focused on CHj3l as the simplest
organohalide and have explored the possibility of the C—I bond activation by coinage
metal atoms and clusters. Throughout the studies on the following four research themes,
I investigated experimentally and theoretically the effects on the activation of CHsl by
the coinage metal atoms/clusters while changing the key factors such as element, charge

state, and cluster size (Figure 6.1).

(Chapter 2)
CH,l

/N“'D\o
/l\

element charge state size

Au -

— — 0 n
Cu-, Ag Au (n = 2-4)

(Chapter 3) (Chapter 4) (Chapter 5)

Figure 6.1. Summary of the current study.

In Chapter 2, I investigated the gas phase reaction of atomic Au~ with CH3l. Mass
spectrometry on the reaction products revealed the formation of adduct compound
AuCH;I. Photoelectron spectroscopy and density functional theory (DFT) calculations
clarified that, in AuCH3I", Au atom is oxidatively inserted into the C—I bond in a linear
configuration to form [CHs—Au-I]". Theoretical studies indicated that oxidative addition

proceeds in the successive two steps: nucleophilic attack of Au™ toward CH3l in a Sy2
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manner, followed by migration of the leaving I" to Au. This mechanism was supported
by the formation of an ion-neutral complex, [Au - #-C4Hol], in the reaction of Au~ with
t-C4Hol due to the activation barrier along the Sx2 pathway resulting from the steric
hindrance. Finally, I theoretically proposed that the oxidative addition product [CHs—
Au-I] further undergoes the consecutive oxidative addition of another CHsl followed
by reductive elimination of C,Hs, leaving Aul, . These results suggest that Au™ acts as a
nucleophile to activate C(sp”)-I bond of CHsI and induces the C—C coupling reaction of
CH;l.

In Chapter 3, I extended the scope of the reaction found in Chapter 2 to the other
coinage metal anions, Cu and Ag . Mass spectrometry, photoelectron spectroscopy,
and DFT calculations revealed that the gas phase reactions of coinage metal anions M~
(M = Cu, Ag, Au) with CH3l yields the common oxidative addition product [CH;—M—
I]” in highly exothermic pathway via Sx2 attack of M~ on CH3sl followed by I migration.
Based on the exothermicity associated with the formation process, I concluded that the
thermodynamic stabilities of the products increase in the order of Au < Ag < Cu.
Notably, their thermodynamic stabilities are significantly higher than that of typical
Grignard reagent, CH;—Mg-I. I attributed the high stability of the [CH;—M-I] to a
strong bonding interaction between d orbitals of M atoms with 5p and o/r orbitals of I
and CH3 ligands, respectively.

In Chapter 4, I examined the reaction of neutral Au atom with CHj3l in
low-temperature neon matrix. Infrared spectroscopy on the products and DFT
calculations showed that novel Au complexes [CH3;—Au-I] and [(CHj),—-Au-IL;], in
which one and two CHsl molecule(s), respectively, are oxidatively adsorbed on the

neutral Au atom, were formed. Reaction pathway exploration calculations revealed that
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the heights of the activation barriers for the sequential oxidative addition to produce
[CHs—Au-I] and [(CHj),—Au-I,] were 0.53 and 1.00 eV, respectively, suggesting that
the reactions proceeded via electronically excited states. The reductive elimination of
C,Hg from [(CH3),—Au—I;] leaving Aul, was hindered by an activation barrier as high as
1.22 eV, but was induced by visible light irradiation of [(CH3),—Au-I,]. These results
suggest that photoassisted homocoupling of CH3l is mediated by Au atom, via [(CH3),—
Au-1,] as an intermediate.

In Chapter 5, I studied the gas phase reaction of small Au, cluster anions (n = 2—4)
with CH3l to clarify the cluster size effect on the C-I bond activation. Mass
spectrometry and pseudo-first order kinetic analyses clarified that Au, were most
reactive among Au, clusters with the size of n = 1-4. The Au,I” was formed as the
main product of the reaction of Au, and CH;l, whereas the adduct compound Au,CHsI™
was hardly formed, in sharp contrast to the reaction of Au (Chapter 2). Calculations
revealed that both of the oxidative addition pathway via SN2 step to yield [CHs—Au,—1]”
and the I abstraction pathway to form Au,]” + CH; were exothermic and barrierless
theoretically. I concluded that the reaction proceeded dominantly via I abstraction
pathway that is highly preferential from the viewpoint of the steric factor. This study
suggests that the branching ratio of the reaction can be controlled by the cluster size.

In conclusion, I demonstrated throughout Chapters 2—5 that Au atom and clusters,
as well as other coinage metals, have high potentials to activate the C—I bond of CHj3l
via oxidative addition or I abstraction processes, and to promote the C—C homocoupling
reaction between the CH; adsorbates to afford C,He. It was revealed that the charge
state and cluster size markedly affected the barrier heights for the activation and

preferable mechanisms, which must be kept in mind in the practical development of
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coinage-metal based catalysts in a future.

6.2. Future prospects

In Chapters 2—4, I focused on the C—I bond activation by atomic coinage metals.
As described in Chapter 1, much attention has recently been paid to the single atom
catalysts. For example, Au atoms on metal oxides have been used as catalysts for
methanol steam reforming, water-gas shift, ethanol dehydrogenation, and CO
oxidation." ™ In these Au atom catalysts, it has been considered that Au atoms have a
cationic nature due to the electronic charge transfer to the metal oxide support. The
cationic nature of the supported Au atoms is similar to the case of homogeneous Au(I)
and Au(Ill) catalysts.’” On the other hand, my thesis study revealed the anionic Au
atoms can efficiently promote oxidative addition and homocoupling of CHsl, which
prompts us to develop new catalysts based on anionic Au atoms. Since Au has the
largest electron affinity among the metal elements,® a few examples have reported the
synthesis of anionic Au atom compounds under low-temperature and inert conditions.”’

In contrast, anionic Au clusters can be synthesized under ambient conditions by

(a) (b)

(PVP)
N R_X Pdor Ag .
O > 2? e -
» NS (,, R-R \
¥ V(7 R-R
Au 2)
Au

Figure 6.2. Negatively charged Au clusters by (a) stabilization with PVP and (b) doping
hetero-metal atoms (e. g. Pd or Ag).
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stabilizing them with electron-donating organic molecules such as polyvinylpyrrolidone
(PVP)* or doping them with hetero-metal atoms such as Ag’ and Pd.'” These
modulation of charge state of the Au clusters enhanced the catalytic performance for
aerobic oxidations.”'® Thus, I expect that the catalytic applications of such negatively
charged Au species for C—X bond activations are one of interesting future subjects
(Figure 6.2).

Another future prospect includes further deepening of the basic understanding on

chemical reactivity of coinage metal clusters in the framework of “superatom concept”"'

or originally “electronic shell model”.'* In this model, we consider that the valence
electrons of the clusters are accommodated in discrete “superatomic orbitals™: 1S, 1P,
1D, 28, 1F, 2P, and so on, which resemble the conventional atoms (Figure 6.3). This
model has long been used to explain the magic stability of the clusters; the clusters gain
the exceptional stability when the superatomic orbital shells are closed at “magic

numbers”: n. = 2, 8, 20, 34 (or 40), 58, and so on (n.: number of valence electrons).

That is, the magic stability is
Superatomic orbitals

; R
: / n,
20

explained in a similar manner to the

high stability of conventional noble

gas atoms.

There have been a few reports :
Magic number

I
Shell closure of
siperatomic orbital
I
Analogy to noble gas

.. Metal cluster
on application of the superatom e “C Hsel //
¢

Superatom

@

concept to chemical reactivity of the

clusters; we could predict the

.. Figure 6.3. Schematic image of superatomic orbitals.

reactivity of the clusters based on a 5 8 P
n. represents the number of valence electrons of the

similarity to the corresponding superatom.
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conventional atoms." For example, it was proposed that superatomic alkali metals, Cug~
and Ags~ (1. = 9), may react with Cl, molecules in a harpooning mechanism,'* a typical
mechanism in a reaction of K atom toward I,."

The closed and open electronic configurations of Au™ ((1S)?) and Au,™ ((1S)*(1P)")
simply remind us of hydride (H") and alkali metal (e. g. Li). H anion and Li atom are
known to react with CH;X (X: halogen) in Sx2'® and I abstraction'” mechanisms,
respectively, in consistent with the results for Au™ and Au, (Chapters 2 and 5). Then,
the question arises as to whether the superatom concept can predict the reactivity of
coinage metal clusters with various sizes. To reveal the similarity and difference in
chemistry of superatoms and conventional atoms, further study is required on the larger
superatoms of coinage metals M (M = Cu, Ag, and Au): e. g. superatomic halides M7~
and Mj9 and superatomic alkali metal My and M. I expect such studies also will lead
to discoveries of novel reactions completely unique to the clusters, which can never be

explained by the similarity to the conventional atoms.
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