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ABSTRACT

The attempted hydroxylation of cyclooctane catalyzed by the hydridohydroxo
complex, IrH(OH){C¢H;-2,6-(CH,PBu’),} (2), gives only cyclooctene and no
oxygenated products such as alcohol or ketone. This observation reveals that a
dissociative mechanism is involved in the dehydrogenation reaction. After comparing the
kinetic aspects for the dehydrogénation of alkanes catalyzed by the dihydrido complexes,
IrH, {C¢H;-2,6-(CH,PBu%),} (1), and complex 2, it is very clear that both complexes 1
and 2 undergo a dissociative pathway to form the same 14-electron Ir(I) intermediate
(PCP)Ir through which the dehydrogenation of alkanes occurs.

As an extension of our studies on the functionalization of the C-H bond, pincer-
ligated platinum complexes, PtC1{CsH3-2,6-(CH,NEt,),} (5), and the novel complex,
PtC1{CsH;-2,6-(OPPr'y):} (6), have been explored as C-H bond hydroxylation catalysts.
Both complexes have been found to be much more active and selective catalysts than the
original Shilov catalyst, [PtCl4]2', for the conversion of 1-propanol to 1,3-diol. Moreover,
the pincer complexes catalyze this transformation even upon replacement of Pt(IV) salts
by more economical CuCl, as an oxidant. An intermediate complex from the catalytic
sequence has been isolated and characterized. The mechanistic studies indicate that after
replacing the Pt(IV) salt with CuCl, the pincer complex-mediated hydroxylation process
does not involve a classic Shilov-type mechanism.

In addition to the activation of the C-H bond, the functionalization of the aryl-Cl
bond was also explored. An effective one-pot catalytic system has been developed to
apply the PCP pincer palladium complex, PAC1{C¢H;-2,6-(OPPr’),} (3), as an active

catalyst to mediate the cross-coupling reaction between phenylacetylene and a wide array

v



of electronically deactivated, non-activated and activated as well as hindered aryl
chlorides with modest to excellent yields. The presence of ZnCl, is found to be essential

to enhance the catalytic activity of complex 3.
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Chapter 1

General Introduction

1.1 Unreactive Bonds

Intensive progress has been made in the development of synthetic chemistry in the
last century. Almost all classes of organic compounds can be selectively interconverted.'
However, saturated hydrocarbons are a notable exception to this generality as they do not
react with other substrates (or themsélves) under normal conditions. Since alkanes are the
least expensive and the most abundant class of organic compounds, they represent an
untapped source of economical feedstocks for commodity organic chemicals.>® Thus the
chemical industry has considerable interest in developing catalytic systems to overcome
the inertness of alkanes and finding methods for their selective functionalization. This
area of research is also one of the greatest intellectual challenges to chemists."’

Another topic of great interest to chemists is the activation of the aryl-Cl bond.
Compared with aryl-Br and aryl-I bonds, the aryl-Cl bond is rather unreactive.? A means
for the activation of the C-Cl bonds would enable chemists to apply relatively
inexpensive chlorinated aromatics as reagents for the synthesis of pharmaceuticals and
advanced materials.”'® In addition, this research could possibly provide methods for the
destruction of organic chlorides, such as polychlorinated biphenyls (PCBs), that are

considered to be one of the major environmental toxins.®



1.2 Pincer Complexes

Mixed donor polydentate ligands were first referred to as “pincer” ligands by van
Koten in the 1980°s.!! However, PCP pincer complexes were originally prepared by
Moulton and Shaw in 1976.'? These compounds have the general formula, MX,L;,[C¢H;-
2,6-(CH;D);]. As shown in Figure 1.1, they consist of a metal center and an 7f -D,C,D

d,** where D stands for the neutral two-electron donor such as N, P, As, O,

pincer ligan
and S, and C represents the anionic aryl carbon of the 2,6-disubstituted phenyl ring. The
anionic carbon forms a strong ¢ bond with the metal center. By the combination of the
additional chelate effect of two neutral donors, the DCD backbone coordinates with the

metal such that the complex has an extremely low dissociation constant and demonstrates

an exceptional thermal stability.

chiral pocket
steric control

Linker—DR

((R1)\ /

anchoring site  Linker—DR
remote electronic (

MX,L,,

effect

hardness/softness
steric or chiral control
metal-binding rigidity

Figure 1.1. General Structure for Pincer Complexes



In addition to the high thermal stability, pincer ligands have several points of
variable modification that allow for refined adjustments of the steric and electronic
properties of the metal center as illustrated in Figure 1.1. As a result, during the past three
decades, pincer complexes have attracted remarkable attention from inorganic,
organometallic, and.organic chemists. A number of pincer complexes have been designed,

synthesized, and found to be excellent catalysts for diverse organic transformations.'>">

1.3 C-H Bond Activation

Hydrocarbons, especially alkanes, are potentially the cheapest source of organic
chemicals. To develop methods for the direct catalytic transformation of alkanes to
various commodity chemicals via the C-H bond activation is one of the greatest unsolved
problems in contemporary chemistry.”’15 The primary obstacle to solve this problem is
the inertness of alkanes. Their C-H bonds have neither electron donor nor acceptor
properties. This is evident from the position of both the low-lying o-orbital and the high-
lying o*-orbital of alkanes. This leads to a very strong C-H bond, in the order of 90-100
kcal/mol, as well as a non-polar C-H bond with a high pK, of 45-60."'¢

Despite their inertness, alkanes have been successfully utilized to produce value-
added materials in a few industrial processes, such as the conversion of butane to acetic
acid, and the oxidation of cyclohexane to “olone” (a mixture of cyclohexanol and
cyclohexanone), as shown in Table 1.1.>'7 Saturated hydrocarbons are also transformed
to olefins by high-temperature cracking processes. Unfortunately, these processes either
require elevated temperatures or involve highly reactive radical reagents. Therefore, these

processes are subject to relatively poor selectivity. The final products generated from



these processes are always mixtures that require cumbersome work to achieve further
purification. Thus, it is apparent that the controlled functionalization of alkanes under

mild conditions represents a much more attractive means of utilization.*

Table 1.1. Industrial Functionalization Processes of Light Alkanes’

Raw Material Product(s) Phase
Methane Chloromethanes Gas, heterogeneous
Methane Synthesis gas Gas, hetero/homogenous
n-Butane Acetic acid Liquid, homogenous
n-Butane Maleic anhydride Gas, heterogeneous
n-Butane " Butadiene Gas, heterogeneous

Cyclohexane Cyclohexanol, Cyclohexanone Liquid, homogenous

Nature has evolved a large variety of iron-containing enzymes that are able to
catalyze the selective oxidation of aliphatic C-H bonds by using dioxygen as an oxidant.
Among them, the heme-containing cytochrome P450 and non-heme enzyme methane
monooxygenase (MMO) families have attracted extensive attention.>'®!® These
enzymes can catalytically hydroxylate C-H bonds under ambient temperature and
pressure with great selectivity as shown in Equation 1.1. One oxygen atom from O; is

inserted into the C-H bond while the other oxygen atom is reduced to water.



| enzymes
"_C_"H + 02 + AH2 >

%———om H,0 + A (1.1)

AH,= NADH, NADPH

In the past decade, tremendous progress has been made to use enzymes in the
controlled oxidation of C-H bonds and the number of oxygenase-based biocatalysts
available for oxidative bioprocesses has increased steadily. However, these biological
approaches may beb limited to the small-scale production of specialized chemicals. The
large-scale bioprocesses for utilizing alkanes seem to be problematic as several
limitations, such as the instability of the enzymes and the vulnerability of the microbial
host cells, hinder their application.>*°

Inspired by Mother Nature, chemists have explored the potential of using the
transition metal complexes as homogeneous catalysts to activate and functionalize
alkanes. After more than thirty years of effort, remarkable progress has been made. As
shown in Figure 1.2, numerous complexes have been developed to activate the C-H bond,
some of which are able to functionalize alkanes. Among these catalytic approaches, the
dehydrogenation and the hydroxylation of alkanes have attracted considerable attention

from organic and organometallic chemists as both olefins and alcohols are key

intermediates and feedstocks in the chemical industry.2
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Figure 1.2. Complexes Applied to Activate and/or Functionalize the C-H Bond

1.3.1 Dehydrogenation of Alkanes

More than two decades ago, in pioneering work reported by Crabtree, it was
shown that a number of cationic iridium complexes, [IerLz(PPh3)2]+ (L= olefins,
acetone), were able to perform the dehydrogenation of alkanes. This was the first report
of the stoichiometric dehydrogenation of alkanes to alkenes by soluble transition metal
complexes.“’22 In 1983, Baudry found the first homogeneous catalyst, (R3P),ReH,, for
the transfer dehydrogenation of alkanes to alkenes. This system required the presence of

the sacrificial hydrogen acceptor, 3,3-dimethyl-1-butene (tbe).? During the next decade,



a variety of complexes were found to catalyze either the transfer dehydrogenation (with
the sacrificial hydrogen acceptor) or the acceptorless dehydrogenation (e.g.

124-26

photochemica 172

or thermal®"™“’). The first efficient thermo-chemical system for the
transfer dehydrogenation of alkanes was achieved by Goldman and co-workers using
Rh(CO)CI(PMe:), as a catalyst under a hydrogen atmosphere in 1991.3%! In these
studies, most of catalysts contained late transition metals, especially Rh and Ir. Generally,
metal centers have vacant coordination sites so that the oxidative addition of the C-H
bond can occur.?'** Experimental results and computational calculations indicate these
complexes are the best candidates for the activation of the C-H bond in alkanes.>!>*?
Unfortunately, all of these early catalytic systems suffered from the slow reaction rate
and the decomposition of catalysts>!>212327303237 14 yaq necessary to develop a new
system that employed more robust catalysts and was able to provide higher reaction rates.
One possible approach to overcome these two problems is to apply thermally stable
complexes as catalysts for the reaction. One benefit of this approach is that the
dehydrogenation reaction can be performed at the enhanced temperature. Consequently
the reaction can happen under more thermodynamically favorable conditions.*®

Based on this idea, a massive effort has been made on the design and evaluation
of complexes of high thermal stability for the dehydrogenation. The PCP pincer iridium
complex, IrH,{CsH3-2,6-(CH,PBu"),} (1), is clearly a candidate. It was first used as a
catalyst for the dehydrogenation of alkanes in 1996."° Complex 1 is so theﬁnally stable
that it sublimes at temperatures higher than 200 °C. It has been found to be a very active

and robust catalyst for the dehydrogenation of alkanes in the presence or absence of the

sacrificial hydrogen acceptor, as indicated in Scheme 1.1."° Its reactivity persists even in



the presence of aromatic and ether functionalities. The catalyst can effectively

dehydrogenate not only across C-C bonds in alkanes but also across both C-O bonds in

39,40

alcohols and C-N bonds in amines.

RCH=NR"

-
O
OH RCHoNHR!

Scheme 1.1. Dehydrogenation of Various Compounds by the PCP Pincer Iridium

Complex IrH, {C¢H3-2,6-(CH,PBu’,),} (1)'57%4



The results obtained from complex 1 have inspired other chemists to design some
more efficient and more practical dehydrogenation catalysts. Goldman,**? Haenel,
Brookhart,**** and Jensen*® have successively developed several more active PCP pincer
iridium catalysts in the dehydrogenation of alkanes. However, some problems cast
shadows on the practical feasibility of alkane dehydrogenation catalyzed by PCP pincer
iridium complexes. The first is that the catalyst is inhibited by the olefin products. After
about 10% alkane converts to alkene, there is no net increase yield of olefins. The second
problem is the occurrence of the subsequent isomerization of alkene products. In the case
of linear alkanes, the initially formed terminal olefins isomerize to the
thermodynamically preferred internal isomers after prolonged exposure to the iridium
complex.15 To overcome these two problems, it is imperative to obtain a deeper
understanding of the mechanism of the dehydrogenation to reveal the origin of these
problems and suggest possible means of improving the catalytic system.

Though the overall mechanism has not yet been fully elucidated, two possible
pathways, dissociative and associative, have been postulated. In early studies of the
dehydrogenation of alkanes, Baudry proposed a 14-electron Re(I) intermediate formed
via the dissociative pathway in the presence of the hydrogen acceptor.*** Both Felkin®*
and Crabtree® also thought that similar 14-electron Ir(I) intermediates were involved in
their catalytic transfer dehydrogenation systems. A 14-electron Rh(I) intermediate was
also suggested by Goldman in the acceptorless dehydrogenation of cyclohexane
derivatives catalyzed by Rh(CO)CI(PMes),.2® It seems that an electron-deficient 14-
electron species is essential to trigger the oxidative addition of the C-H bond to the metal

center. However, the dissociative pathway was challenged by experimental results from



Jensen.*” In his system, the catalyst, IrCIH,(PPr's),, catalyzed the dehydrogenation via an
associative pathway involving an 18-electron Ir(V) intermediate. In the case of the
dehydrogenation catalyzed by PCP pincer iridium complexes, it is possible for either
pathway to be involved in the dehydrogenation process with or without the hydrogen

acceptor, as shown in Scheme 1.2,"4%4°

H
(PCPIr | .
H - .
\‘ ~~\
‘\
Y R
' ) W
2 2 2
© k 2 ®
7] . R @ ]
0 <
=) \ — » f
5 (PCP)Ir—H & &
"a |\ (= n
5 ! H 2 &
= i H Q =
! Q
<
4
\_ ,'K»
; Hz

—
R R
_—l_-/
(PCP)Irl }
H
R
N\
(PCP)Ir<:

- Scheme 1.2. Possible Pathways for the Dehydrogenation of Alkanes Catalyzed by

PCP Pincer Iridium Complexes
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The first part of this dissertation focused on the activation of the C-H bond
catalyzed by the PCP pincer iridium complex, IrH(OH){C¢H3-2,6-(CH,PBu’),} (2). This
system was explored as a potential catalytic route for the hydroxylation of alkanes.
Furthermore, complex 2 and its structurally related analogues 1 were employed to study

the mechanistic detail of the dehydrogenation of alkanes.

1.3.2 Hydroxylation of C-H Bonds

An interesting approach to employ alkanes as feedstocks in the chemical industry
is hydroxylation in which alkanes are converted to oxygenated products, particularly
alcohols. Unlike the dehydrogenation of alkanes, alkane hydroxylation is an exothermic

reaction, for example, Equation 1.2 is exothermic by at least 30 kcal/mol.?

R-H +1/20, > ROH (1.2)

However, the hydroxylation of alkanes encounters a problem related to selectivity.
Classical oxidation involves a radical pathway in which a radical, such as RO" or ‘OH,
abstracts H from alkanes. Consequently, the selectivity of such process correlates with C-
H bond strengths. Thus, hydroxylation of tertiary C-H bonds is thermodynamically
favored. However, in the chemical industry, terminally functionalized products are more
attractive than their internal analogues as terminally functionalized products are generally
of greater practical value. Therefore, catalytic systems that are able to selectively
functionalize alkanes on the terminal position are preferred. Furthermore, o-C-H bonds in

a functionalized alkane, such as alcohols, is always weaker than C-H bonds of the

11



original alkane.® For example, the C-H bond energy of CH, is 104 kcal/mol and that of
CH;0H is 93 kcal/mol. This difference makes the initial oxidation products, alcohols,
more reactive than alkanes. Thus alcohols will compete with alkanes for the oxidation.
Overoxidation of aléohols 1s inevitable and dramatically reduces the yield of the desired

alcohols.*

PtCI,> / PtClg>
CH, + H,0 (CI » CH30H (CHiCl)  (1.3)
120 °c

Among all approaches to selectively oxidize alkanes, the Shilov reaction is one of
the routes that has attracted intensive interest.* This reaction was originally reported by
Shilov et al. in 1970, as shown in Equation 1.3. It is a relatively simple system: in
aqueous solution, using K,PtCly as the catalyst and [PtCl6]2' (such as H,PtClg, K,PtClg,
and Na,PtCls) as the oxidant, chloromethane and methanol can be generated from
methane at 120 °C. The reaction was the first demonstration that the transition metal
compounds were capable of converting alkanes to alcohols under mild conditions. This
system also presented a number of promising aspects regarding the selectivity. First, no
overoxidation was observed. It showed that alkanes were more reactive than the
corresponding alcohols in the Shilov system. Second, the Shilov system demonstrated
some preference for terminal oxidation that the primary C-H bond was the most active
among three types of C-H bonds.

Unfortunately, there are several drawbacks that prevent the practical application

of this system. The biggest obstacle is that although the reaction is catalytic in the Pt(II)
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salt, it is stoichiometric in the Pt(IV) oxidant.**" It is impossible to employ the Shilov
system commercially to prepare alcohols from alkanes unless some improvements are
made on the original protocol to replace the Pt(IV) salt with a much more suitable

oxidant such as hydrogen peroxide, air, or dioxygen.

- -
e, R-H= - D, H*
PN e SR

HOR + H" PtV

(RCI)

H,0 ‘ pt"
(cn \Ptlv/
/l \R

Scheme 1.3. Mechanism of the Shilov Reaction

Toward this end, it is urgent to understand the mechanism of the Shilov system.
The catalytic cycle of this reaction proposed by Shilov in 1983 is illustrated in Scheme
1.3. The reaction consists of three basic steps: 1) the activation of the C-H bond: the Pt(II)
catalyst activates the C-H bond in alkane to form the alkyl Pt(I) intermediate; 2) the
oxidation: the Pt(TV) salt oxidizes the alkyl Pt(II) intermediate to the alkyl Pt(IV) species;
and 3) the nucleophilic displacement: the nucleophiles, such as water and chloride, attack
the alkyl group in the alkyl Pt(IV) species to form the functionalized alkane and
regenerate the Pt(I) catalyst at the same time. This general outline has been widely

accepted despite the fact that many mechanistic features have not yet been elucidated.>*
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As shown in Scheme 1.3, there is little doubt that the Pt(IV) salt works as an
oxidant in this system. However, this simplified scheme doesn’t detail the mechanism of

131"%? examined this problem. They designed

the action of the Pt(IV) oxidant. Bercaw et a
a series of reactions to study the oxidation of several RPt(Il) intermediates by the
isotopically enriched '*Pt(IV) salt. Their results excluded the possibility of an alkyl
migration pathway and proved that the oxidation of the alkyl Pt(II) intermediate by Pt(IV)
proceeded through a two-electron transformation as shown in Scheme 1.4. Based on
Bercaw’s inference, the oxidation of the alkyl Pt(II) species should not be restricted to the

Pt(IV) oxidant. Thus, other more economical oxidants may be viable for a modified

Shilov reaction.

‘Alkyl migration

Cl - Cl 2-
/Pt'V\ —_— /Pt'v\
o ol cr” | Tl
I R
Pt'—R
Two-electron transformation
Cl
cigliy-Cl 2-
[ I ] ?' 2- (¢ 2-
el O L@ %% [ON o ©
CI”" ¢

Cl [ CI/*Tt\R

2. Cl
[ CI\*Pt",Cl]
c” R

Scheme 1.4. Two Possible Pathways for the Oxidation of RPt(II) Intermediate by Pt(IV)

In addition to its primary function as an oxidant, the Pt(IV) salt also acts as a

protecting agent for the Pt(Il) catalyst.'®'®** This role has not been commonly
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appreciated. As the redox potential of Pt(I[)/Pt(0) (0.73 V at 25 °C) is very close to that of
Pt(I)/Pt(IV) (0.68 V at 25 °C), the Pt(II) catalyst is prone to disproportionating to Pt(0)
and Pt(IV) as shown in Equation 1.3. This side reaction turns out to be a disaster for the
Shilov reaction. It not only causes the loss of the Pt(II) catalyst which eventually
suspends the reaction, but also leads to the generation of metallic platinum that is able to
catalyze the overoxidation of the desired alcohol to impact the selectivity of the
reaction.'®* The excess of the Pt(IV) salt is needed to prevent the disproportionation

reaction.

2 PtCl>—— Pt + PtClgZ + 2CI (1.3)

In accordance with two functions of Pt(IV), there are two means to modify the
original Shilov protocol.**** One is to apply an alternate oxidant. The exploration of
low-cost oxidants has been studied for several decades. Shortly after his report about the
catalytic system, Shilov attempted to use several cheap oxidants such as Cu/quinone and
heteropolymetalic acids. Other groups explored the exploitation of cheap oxidants e.g.
Cl,,* H202,54 0,7 and heteropolymetalic acids®® with limited success. The other
approach is to employ ligated Pt(I) complexes as catalysts. This method has recently
been widely applied to prepare alkyl Pt(II) and Pt(IV) complexes in mechanistic studies
of the oxidation of alkanes. The chelate nitrogen-containing ligands, such as diamines,
diimines, bipyridines, and phenanthrolines as shown in Figure 1.3, are widely used. Many
ligated platinum(II) complexes are more resistant to disproportionating to Pt(0) and Pt(IV)

than the original Shilov catalyst [PtCls]* due to the strong chelate effect from ligands.”
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The most dramatic case is Periana’s bipyrimidine platinum complex that efficiently
catalyzes the oxidation of methane to methyl bisulfate in sulfuric acid as shown in
Equation 1.4. This complex is more thermodynamically stable than metallic platinum as

it spontaneously forms upon heating the ligand with platinum black in sulfuric

acid.2’5’5°’59

NR, —
[NRZ /——N\ | N———\ /—I\\I\ \N /
R! ! R iBR\ R

R R R

Figure 1.3 Common Nitrogen-Containing Ligands in the Shilov Reaction

D

Z

N, Cl
j: Pt
>N ¢l

N

p-a

<

CH; + 2H,SO4 > CH30SO3H + 2H,O0 + SO, (1.4)

In the second part of this dissertation, several pincer Pt(II) complexes were
prepared and their catalytic activity for the Shilov reaction were evaluated. The pincer

skeleton offers a highly protective environment of the Pt(I) center so that the initial
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interest was to see whether it was possible to waive the Pt(IV) salt’s duty to protect the
Pt(Il) catalyst and consequently reduce the loading of expensive Pt(IV) salts. The
ultimate goal was to explore the possibility of substituting the Pt(IV) salt with

inexpensive oxidants.

1.4 Palladium-Catalyzed Cross-Coupling Reaction

The carbon-carbon bond formation is one of the fundamental processes in
synthetic chemistry, as it represents a key step in assembling relatively simple starting
materials into molecules with very complex structures. After several decades of study,
metal-mediated, particularly transition metal catalyzed, cross-coupling reactions provide
a straightforward, simple, and reliable methodology to assemble togetherr unsaturated
species such as vinyl, aryl, and alkynyl moieties. This methodology has already become a
standard synthetic protocol for chemists to prepare various valuable compounds in
numerous fields, from natural products to super-molecules.**®!

Conjugated alkynes are one of the significant intermediates in organic synthesis.62
They are good building blocks for an unsaturated molecular scaffold due to their rigid
structure and conjugated n system.63 Therefore, the acetylenic structure has been widely
used in organic molecular materials, such as molecular wires. The carbon-carbon triple
bond is a common moiety in natural products and pharmaceuticals. Furthermore, the
unsaturated carbon-carbon triple bond allows organic chemists to perform further
derivatization in many synthetic transformations.®

In the past several decades, tremendous progress has been reported in the

development of new methods for the cross-coupling between terminal acetylenes and aryl
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halides to make aryl alkynes. Among these approaches, palladium-catalyzed processes
are one of the most widely used methods.?*** Basically, there are two protocols to
prepare aryl alkynes. First is the Sonogashira reaction (also known as the Sonogashira-
Hagihara reaction).?> This reaction, discovered by Sonogashira in 1975,% is the most
common methodology as the original Sonogashira’s paper has been cited more than 1000
times.®” The typical route, as shown in Scheme 1.5, employs a small amount of palladium
complex as the catalyst, cuprous iodide as the co-catalyst, and an amine as the base. The
Sonogashira reaction involves the cuprous acetylide that forms in situ between the
terminal acetylene and Cul. The cuprous acetylide then transmetallates the acetylide

group to the palladium catalyst.5>¢®

Sonogashira Reaction

Pd cat. Cul
RC=CH + R'X —> RC=CR'
Base
Negishi Reaction
BuLi + R'X
RC=CH-——— RC=CZnCl—— RC=CR'
ZnCl, Pd cat.

Scheme 1.5. Sonogashira Reaction and Negishi Reaction

The less frequently used protocol is the Negishi coupling, which is named after its
discoverer Ei-ichi Negishi.?” The reaction is stepwise as demonstrated in Scheme 1.5.
First, zinc acetylide is prepared from the stoichiometric reaction involving a terminal

acetylene, a strong base (e.g. LDA, BuLi) and ZnCl,. Then the zinc acetylide couples
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with an aryl halide in the presence of a palladium catalyst.69 Although some zinc
acetylides are commercially available, most zinc acetylides have to be freshly prepared
by the cross-coupling reaction.

Based on both protocols, several variations have been developed to improve
different aspects of this cross-coupling reaction. Acetylides containing numerous other
elements, such as Mg, B, Al, In, and Sn, have been employed in the cross-coupling
reaction to make aryl alkynes.®”’°

Shortly after successfully applying zinc acetylides in the coupling reaction,
Negishi employed Grignard agents with alkynyl groups to cross-couple with aryl
halides.”™® In some cases, Grignard reagents are inferior to zinc reagents due to low
chemoselectivity and low catalytic reactivity of Mg. In other cases, Grignard reagents can
provide similar results as zinc reagents do. Furthermore, some Grignard reagents are
commercially available and ready to use.”’

Alkynylboranes were reported to be employed to prepare aryl acetylenes in the
late 70’s by Negishi,%” and Suzuki and Miyaura.”* The cross-coupling reaction involving
organoboron compounds is also called the Suzuki-Miyaura coupling. Recently palladium-
catalyzed alkynylation with borane derivatives has been intensively investigated. Both
Seidel” and Soderquist’*”® have found out that alkynylboranes, generated from
alkynyllithium and B-methoxy-9-borabicyclo[3.3.1lnonane (9-BBN derivative), as
shown in Figure 1.4, can couple with aryl halides to produce a variety of aryl acetylenes.
Alkynyl boronic esters have been explored in this type of Suzuki coupling. Colobert’

and Oh” have reported that alkynyl trialkoxyborates, as illustrated in Figure 1.4, are able

to transfer alkynyl groups more efficiently than alkynyl trialkyl borates. Air- and water-
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stable potassium alkynyl trifluoroborates in Figure 1.4 proved to be suitable for the cross-
coupling of aryl and heteroaryl bromide with extensive functional group tolerance

including hydroxyl, carboxylic acid, and silyl groups.”

R .
MeO—_ B/ RE—==—B(OPr)Li

Li

RE—=—=—BF.K

Figure 1.4. Borates Applied in the Cross-Coupling Reaction

Application of aluminum acetylides to prepare conjugated alkynes was initially
studied by Negishi in late 1970°s.5 In this study, dialkyl aluminum alkynyl compounds
were able to provide cross-coupled products in moderate yields that were comparable to
those obtained from Grignard reagents and were inferior to the yields resulting from zinc
reagents. Blum’’ showed tetra(alkynyl) aluminate salts could work as coupling partners
with aryl bromides. In addition to the excellent chemoselectivity, these aluminates avoid
the formation of the homocoupling products that are always observed under typical
Sonogashira conditions.**¢”"*"" Furthermore, all four alkynyl groups take part in the
reaction.

Indium acetylides have also been employed in the palladium-catalyzed cross-

coupling. Tris(alkynyl)indiums have been exploited by Sarandeses’’

in coupling
reactions to give disubstituted alkynes in excellent yields. Like tetraalkynyl aluminates,

all three alkynyl groups are also utilized in the cross-coupling.
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The cross-coupling reaction involving organotin reagents is called the Stille
reaction. Alkynyltins are often used to prepare disubstituted alkynes in reactions
| catalyzed by palladium complexes. In some cases, alkynyltin reagents are used to make
alkynes that won’t be prepared through the typical Sonogashira reaction as shown in
Scheme 1.6.*° Furthermore, the organotin reagents’ ability to preferentially couple with

iodide while retaining bromide and chloride provides some synthetic benefit.!

Br
OPMB
Br | | PdCl,(PPhy), Cul
-+ -
. iperidine, r.t.
A S p1p %
CO,Et
Br
Br OPMB
+ [ | 2 mol% Pd,(dba),
\\ -
A 16 mol% AsPh;
SnMes co,Et THF, 60°C, 11-15h

70% COZEt

PMB = 4-Methoxybenzyi

Scheme 1.6. Alkynyltin Applied in the Sonogashira Reaction

Although numerous modifications have been made to prepare aryl acetylenes,
most of the existing catalytic systems have to restrictively employ iodides, bromides, or
triflates as coupling partners.®’ Few systems have been developed to use chlorides as
substrates. The limited use of unsaturated chlorides, such as vinyl and aryl chlorides, may
be due to the stability of the sp*-C-Cl bond. As seen in Table 1.2, the C-Cl bond is much

stronger than C-Br or the C-I bonds. This has been considered the main factor why aryl
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chlorides are reluctant to oxidatively add to palladium centers. As a result, aryl chlorides

are commonly unreactive under the same conditions as iodides, bromides, and triflates.®52

Table 1.2. Bond Dissociation Energy for the C-X in Halobeneznes®

X Dissociation Energy (kJ mol™)
F 527
Cl 402
Br 339
I 272

However, due to their lower cost, wider diversity, and greater commercial
availability, aryl chlorides are definitely the most practical substrates among all aryl
halides. Therefore, developing efficient catalytic systems that enhance the poor reactivity
of the aryl-Cl bond for the cross-coupling reaction is currently one of the research topics
of significant interest in modern synthetic chemistry.®'°

Fortunately, in the past decade, remarkable progress has been achieved in the
development of palladium-catalyzed coupling reactions. Fu, Buchwald, and Herrmann
have found out that the sterically hindered, electron-rich phosphine ligands, such as PCys,
PBu’;, and P(Mesityl)s, are able to help palladium catalysts in using aryl chlorides as
coupling partners in the Suzuki, Heck, Stille, and amination reactions.'® Our group®® has
successfully explored the PCP pincer palladium complex, PdC1{C¢Hz-2,6-(OPPr,),} (3),
as a highly efficient catalyst for the Heck reaction involving a variety of aryl chlorides as
substrates as shown in Equation 1.5. However, the application of aryl chlorides to prepare

aryl alkynes has not been generally addressed by any of these research groups. Only few

cases involving activated chlorobenzenes as substrates have been reported. No reported

22



system is able to utilize a large range of chlorobenzene derivatives in cross-coupling

reactions with terminal acetylenes."’

O=PPr,

Pd-Cl

H
/=< + / \ Cl O—FLPr'z
_IJ 082C03

Ph H
RI

Ph

In the third part of this dissertation research, the initial interest was to apply

complex 3 as a catalyst in the cross-coupling between aryl chlorides and phenylacetylene.

The goal of this original study was to establish a simple and efficient method for utilizing

a wide array of aryl chlorides as starting materials for the preparation of

diphenylacetylene derivatives.
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Chapter 2
Dehydrogenation of Alkanes Catalyzed by PCP Pincer Iridium

Complexes

2.1 Introduction

The discovery that PCP pincer iridium complexes are excellent catalysts for the

146 1o attempt to develop practical

dehydrogenation of alkanes'’ promofed several groups
catalytic systems for the production of olefins from economical alkanes. However, as
mentioned above, two major problems must be overcome to reach that objective. First,
the alkene products inhibit the catalyst and only about 10% conversion of alkanes to
olefins can be achieved.® Second, although linear alkanes are initially dehydrogenated to
terminal alkenes, they undergo secondary isomerization to form less valuable, internal
olefins.">%
In order to overcome these two obstacles, mechanistic studies of the catalytic
dehydrogenation of alkanes by pincer iridium catalysts were conducted. As mentioned in
Chapter 1, two pathways, dissociative and associative, have been proposed. Both have
been supported by experimental and/or computational studies.

We have reported that the PCP pincer dihydrido complex, IrH;{CsH3-2,6-
(CH,PBu",);} (1), can react with water in the presence of tbe to form a hydridohydroxo

complex, IrH(OH){C¢H3-2,6-(CH,PBu’,),} (2).2%" It has been found that complex 2 is

able to catalyze the isomerization of terminal olefins to their internal isomers, for
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example, 1-hexene to 2- and 3-hexenes. This observation indicates that complex 2 is

capable of activating aliphatic C-H bonds.*’

R- R H
Bu'ZP I PButz H . Bu’,P ‘Ir.,,/ PButz
|'H HO"
HO H
2 4
BUt\l
R—OH
J+H20
Bu
Bu',P Ir- PBu',
H H
1

Scheme 2.1. Possible Catalytic Cycle for Hydroxylation of Alkane

Based on these preliminary results, we considered the possibility of an alternative
catalytic transformation, hydroxylation, through which alkanes would be converted to
alcohols. The envisioned catalytic cycle, as shown in Scheme 2.1, includes three steps: 1)
the oxidative addition of the C-H bond to the iridium center to form an 18-electron
intermediate 4; 2) the reductive elimination of alkyl and hydroxyl groups to generate an

alcohol and complex 1; and 3) the regeneration of 2 from the reaction of 1 and water in

25



the presence of tbe. Compared with typical Shilov systems that involve a strong acid and

#1618 this proposed system is obviously much simpler and

an expensive Pt(IV) oxidant,
more economical.
Additionally, complex 2 was examined as a catalyst for the dehydrogenation of

alkanes. The comparison of its kinetic data with that of the dihydrido complex 1 revealed

the mechanistic details about dehydrogenation reactions.

2.2 Experimental

2.2.1 General Details

Cyclooctane (99+%), and undecane (99%) were purchased from Aldrich
Chemical Co. and used without further purification. Pentane (Fisher Scientific) was
distilled from lithium aluminum hydride under nitrogen. The standard Schlenk tube inert
atmosphere techniques were used. All alkanes were degassed by three freeze-pump-thaw-
degas cycles on a vacuum line.

Complex 1 was prepared according to the published procedure.®® All reactions
and manipulations were carried out on a double-manifold high vacuum line, inside a
glovebox (Vacuum Atmospheres Company) under argon, or in the Schlenk-type
glassware. The temperature was maintained to within 5 °C using a silicon oil or water
bath. All alkane dehydrogenation reactions were performed in resealable glass vessels
equipped with one or several 3-mm Teflon vacuum stopcocks (Rotaflo or Kontes). These
reaction vessels were completely immersed into the hot silicon oil bath during the

reactions and the reaction mixtures were stirred with small Teflon-coated stirring bars.
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Identity and purity of the products were examined by gas chromatography with a
gas chromatograph GC HP 5980A with a flame ionization detector (FID), equipped §vith
a HP-1 capillary column (25 m) from Hewlett Packard, or by gas chromatography with a
gas chromatograph GC HP 5890 Series II with a mass selective detector HP 5971 (GC-
MS), equipped with a HP-1MS capillary column (30 m) from Hewlett Packard, and by

NMR spectroscopy on a Varian Unity Inova 400 spectrometer.

2.2.2 Preparation of IrH(OH){C¢H3-2,6-(CH,PBu")5} (2)

PBu, PBu’;

~H the, 75 °C

'f\H + H0 — Ilr OH (2.1)
PBU', PBUY,

1 2

A pentane (5 ml) solution of IrH,{CsH3-2,6-(CH,PBu’),} 1 (20 mg, 0.034 mmol)
was treated with 3,3-dimethyl-1-butene (tbe) (66 pl, 0.51 mmol) in a Schlenk tube under
1 atm argon at room temperature. After one hour, water (0.1 ml, 5.6 mmol) was added
into the tube. The tube was put into a water bath and heated to 75 °C. After two hours, the
solvent was removed under vacuum and an orange solid, IrH(OH) {C¢H3-2,6-(CH,PBu®,),}

(2), was left in nearly quantitative yield as shown in Equation 2.1.

2.2.3 Hydroxylation

Sealed Schlenk tubes containing cyclooctane (4.0 ml, 29.7 mmol), 3,3-dimethyl-

1-butene (tbe) (0.1 ml, 0.77 mmol), water (0.1 ml, 5.6 mmol), and 2 (12 mg, 0.02 mmol)
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under 1 bar of argon were heated to 200 °C for half an hour and 24 hours respectively.

The resulting mixtures were analyzed by GC and GC-MS.

2.2.4 Dehydrogenation

Transfer dehydrogenation of cyclooctane

PBuL, TBuE
H H
Ilr'H or II'\\'}OH
PBu’; PBu',
- (2.2)
tbe, 200 °C

Sealed Schienk tubes containing cyclooctane (4.0 ml, 29.7 mmol), 3,3-methyl-1-
butene (tbe) (0.2 ml, 1.55 mmol) and iridium complex (1 or 2, 0.005 mmol) under 1 bar
of argon were heated to 200 °C for 15, 30, 45, and 60 minutes, respectively (Equation 2.2).

The resulting mixtures were analyzed by GC.

Acceptorless thermal dehydrogenation of n-undecane

F|>Bu'2 TBu'Z
H
I or INOH
| |
PBu’,

PBU2 CH,=CH-(CHp)g-CHs + Hy (2.3)

n-C41Hz4 >
200 °C

Equipped with a condenser, Schlenk flasks containing undecane (4.0 ml, 29.7
mmol), iridium complex (1 or 2, 0.035 mmol) were purged under 1 bar of argon and
heated to 200 °C for one, three, and five days, respectively (Equation 2.3). The resulting

mixtures were analyzed by GC.
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2.3 Results and Discussion

The hydridohydroxo complex, Ir(H)(OH){C¢H3-2,6-(CH,PBu")} (2), ‘was
previously prepared by Lee et al. from the reaction between the dihydrido complex 1 and
water in the presence of tbe at room temperature.®’” It was found that increasing the
reaction temperature to 75 °C sharply reduced the reaction time from three days to three
hours. Both 'H NMR and *'P NMR spectra of the product were identical with those
reported in previous studies.*®%”

The initial goal of this research was to explore the catalytic hydroxylation of
alkanes to alcohols from alkanes employing complex 2 as the catalyst. Several attempts
to achieve this reactivity were unsuccessful. GC-MS analysis showed that only
cyclooctene was produced and no traces of oxygenated products were generated, even

after 24 hours of reaction at 200 °C. Although the proposed hydroxylation of alkanes did

not occur, the unexpected dehydrogenation happened (Equation 2.4).

PBu’)
H
Ir‘§OH

PBu),

> (2.4)
water, tbe, 200 °c

This unexpected result suggested that the proposed associative mechanism
illustrated in Scheme 2.1 should be reevaluated. Based on this pathway, an 18-electron
intermediate 4 would form through the oxidative addition of the C-H bond to the iridium
center. Intermediate 4 would subsequently generate at least a trace amount of alcohol

through the reductive elimination of alkyl and hydroxyl groups. However, the lack of
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oxygenated products indicated that 4 was not generated in the reaction. Consequently, the
associative pathway shown in Scheme 2.1 could be ruled out for this dehydrogenation
reaction.

Since the associative pathway failed to explain the result from the reaction in
Equation 2.4, the dissociative pathway, an alternative mechanism, was considered to
account for the obtained results of the attempted hydroxylation reaction. The
hydridohydroxo complex 2 reductively eliminates water to form a 14-electron active
intermediate (PCP)Ir that catalytically dehydrogenates cyclooctane. This assessment is in
agreement with the conclusion of our previous studies that the reductive elimination of
water from complex 2 was extremely facile.**®” As shown in Equation 2.5, 2 is rapidly
converted into 1 upon exposure to 1 atm of H; at 25 °C for one minute.®**’ Apparently, in
the attempted hydroxylation reaction, the hydridohydroxo complex 2 first converts to the
14-electron intermediate (PCP)Ir via a dissociative pathway and (PCP)Ir consequently

acts as a catalyst to mediate the dehydrogenation of cyclooctane.

PBu', PBu',

Mo gatmH H

IF—OH Z_. Iy, + H0 (25)
’ , H

PBu’, PBU',

2 1

After studying the mechanism of alkane dehydrogenation catalyzed by complex 2,
the mechanistic study for the dihydrido complex 1 seemed to be an appropriate extension.

We turned our attention to the kinetic aspects of dehydrogenation reactions (in the
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presence and absence of the) catalyzed by these two structurally similar complexes 1 and
2.

We first investigated the transfer dehydrogenation of cyclooctane catalyzed by 1
and 2. The data obtained are summarized in Table 2.1 and plotted in Figure 2.1. The
curves depicting cyclooctene yield for both complexes are almost identical within
experimental errors. Rapid dehydrogenation is seen to occur for both complexes as
illustrated in Figure 2.1. As time progresses, the rate of cyclooctene formation decreases.
These findings indicate that the produced cyclooctene inhibits the catalyst as the
concentration of cyclooctene increases. This observation is consistent with the findings

reported in our previous studies.®

Table 2.1. Catalytic Data for Transfer Dehydrogenation of Cyclooctane in the Presence

of tbé®
Time Dihydrido (1) Hydridohydroxo (2)
(min)  Yield® (mmol) TON  TOF (min") Yield’ (mmol) TON TOF (min™)
15 0.84 168 11.2 0.81 162 10.8
30 1.47 295 9.8 1.44 282 9.6
45 2.05 410 9.1 1.96 392 8.7
60 2.45 490 8.2 2.34 468 7.8

a. Reaction mixtures of cyclooctane (4.0 ml, 29.7 mmol), the (0.2 ml, 1.55 mmol) and iridium catalyst
(0.005 mmol) under 1 bar of argon were heated to 200°C for 15, 30, 45, and 60 minutes, respectively. The

resulting mixtures were analyzed by GC. b. Yield of cyclooctene is the average of three runs.

To validate this observation, the TOF of complex 1 was compared with the
literature value. The TOF; - ¢ of complex 1 in Figure 2.2 is 11.95 min™. This value is

almost identical with the previously reported value, 12 min™.% The TOF,- ¢ of complex 2
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(11.65 min™") is very close to that of complex 1. Finding similar catalytic rates for 1 and 2
that are in a close agreement with the literature value for 1 strongly suggests that in the
transfer dehydrogenation of cyclooctane, complexes 1 and 2 are converted to the same
active species, a 14-electron intermediate (PCP)Ir. Consequently, the C-H bond
oxidatively adds to (PCP)Ir. This finding is in disagreement with the conclusion of Hall’s
computational data that supported the involvement of an 18-electron Ir(V) intermediate in
the catalytic dehydrogenation reaction by PCP pincer complexes.”® However, this result
is consistent with the observations made in previous isotope labeling studies on the
hydrogenation of tbe by complex 1."%” Recently, Goldman et al. reached the same

conclusion from experimental studies and calculations on the transfer dehydrogenation of

1.41,91-93

alkanes catalyzed by

2.5 -

1.5 4

Yield of COE (mmol)
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Figure 2.1. Yield of Cyclooctene from Transfer Dehydrogenation of Cyclooctane in the

Presence of the
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Figure 2.2. TOF for Transfer Dehydrogenation of Cyclooctane in the Presence of the

After studying the transfer dehydrogenation of cyclooctane, kinetic aspects of the
acceptorless dehydrogenation of n-undecane were also investigated. The data are
presented in Table 2.2 and plotted in Figure 2.3. These results are similar to what has
been reported in previous studies.®® Since cyclooctane’s dehydrogenation enthalpy (23.3
kcal/mol) is much lower that that of n-undecane (ca. 30 keal/mol),® the obtained TONs
and TOFs for the acceptorless dehydrogenation of n-undecane are lower than the reported
values for cyclooctane. Despite the lower TONs and TOFs, the very close catalytic
behaviors for complexes 1 and 2 suggest that in the acceptorless process PCP pincer
iridium complexes 1 and 2 are precursors of the same catalytic species that mediates the
dehydrogenation of alkanes. Recently, the computational studies by both Goldman et al.”?

and Hall et al.** indicated that in the acceptorless dehydrogenation of alkanes, PCP pincer
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iridium complexes proceeded through the reductive elimination of H; to form the 14-

electron catalytic species (PCP)Ir.

Table 2.2. Catalytic Data for Acceptorless Dehydrogenation of n-Undecane®

Time Dihydrido (1) Hydridohydroxo (2)

(day) Yield’(mmol) TON TOF(d") Yield’(mmol) TON  TOF (d™")
1 0.122 3.5 3.5 0.112 3.2 32
3 0.305 8.8 2.9 0.259 7.4 2.5
5 0.432 12.4 2.5 0.371 10.6 2.1

a. While being purged under 1 bar of argon, reaction mixtures of n#-undecane (4.0 ml, 18.9 mmol) and
iridium complex (0.035 mmol) were heated to reflux for 1 day, 3 days, 5 days respectively. The resulting
mixtures were analyzed by GC. Only the yield of 1-undecene was quantified. GC-MS results showed that

there were several other isomers formed. b. Yield of 1-undecene is the average of three runs.
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Figure 2.3. Yield of 1-Undecene from Acceptorless Dehydrogenation of n-Undecane
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On the basis of these findings, the mechanism for the dehydrogenation (in the
presence and absence of tbe) is shown in Scheme 2.2. In this scheme, both complexes 1
and 2 are first converted to the 14-electron intermediate (PCP)Ir and subsequently

(PCP)Ir triggers the oxidative addition of the alkane C-H bond.
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2.4 Conclusion

It is very surprising to find that the hydridohydroxo complex 2 acts effectively as
a catalyst for the dehydrogenation of cyclooctane, instead of the expected hydroxylation.
This finding reveals that a 14-electron species (PCP)Ir is involved in the catalytic
dehydrogenation reaction. The comparison of kinetic aspects for the dehydrogenation of
alkanes catalyzed by both complexes 1 and 2 suggests that both complexes are precursors
of the same 14-electron Ir(I) intermediate (PCP)Ir. These results support the occurrence
of a dissociative pathway in the dehydrogenation of alkanes catalyzed by PCP pincer

iridium complexes.
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Chapter 3
Hydroxylation of 1-Propanol Catalyzed by Pincer Platinum

Complexes

3.1 Introduction

The Shilov reaction represents the first example of homogeneous alkane
functionalization. In the presence of a Pt(I) catalyst, alkanes are oxidized to alcohols.
Unfortunately, since this reaction requires stoichiometric amount of [PtClg]*, there are no
commercial applications of the Shilov system. However, keen interest has been expressed
in the modification of the original Shilov protocol toward practical viability. To this end,
chemists have devoted extensive attention to the exploration of novel Pt(II) complexes
with strong chelate ligands as catalysts for the Shilov system.

As an extension of our studies on the functionalization of C-H bonds, we turned
our attention to the application of pincer-ligated Pt(II) complexes to the hydroxylation of
C-H bonds. It was reported that the NCN pincer Pt(Il) complexes were able to activate
several unreactive bonds such as the C-C bond,”?’ the C-H bond,”® and the C-Si bond.”
Therefore, it was of interest to prepare several pincer platinum complexes and explore

their catalytic activities in the Shilov reaction.
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3.2 Experimental

3.2.1 General Details

Toluene and diethyl ether were distilled from potassium benzophenone under
nitrogen. PtCl, (Pressure Chemicals), PtCl, (Pressure Chemicals), ethyl sulfide (Aldrich),
trifluoromethanesulfonic acid (Aldrich), 1-propanol (Fisher Scientific), CuCl,-2H,0
(Fisher Scientific), and hydrogen peroxide (30%, Fisher Scientific) were used as
purchased. The phosphinophosphite ligand CgHs-2,6-(OPPr),,'® the precursor
PtCLy(SEty);,'"" and the NCN pincer platinum complex PtC1{CsH,4-2,6-(CH,NEt,),} (5)'%
were prepared according to the published procedures. Other details referred to “General

Details” in the experimental section of Chapter 2 (p 26).

3.2.2 Preparation of PtCI{C¢H3-2,6-(OPPr’);} (6)

OPPY, O—PPr,
toluene
+  PtCl(SEty)y——» Pt—Cl (3.1)
160 °C
OPPY, O—PPr,
6

In the glovebox, a toluene (3 ml) solution of C¢Hs-2,6-(OPPr), (1.026 g, 3.0
mmol) was mixed with a toluene (3 ml) solution of PtCl,(SEt,), (1.339 g, 3.0 mmol) in a
Schlenk tube with a magnetic stirring bar under 1 atm argon at room temperature as
shown in Equation 3.1. The tube was immersed in a silicon oil bath at 160 °C. After 16

hours, the solvent was removed under vacuum. Crude product was purified by column
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chromatography on a short column of silica gel (Fisher Scientific, 100-200 mesh)
(hexane/dichloromethane = 1/2) and complex 6 was obtained as a white solid (1.60 g, 2.8
mmol, yield 93%).

'H NMR (299.85 MHz, CDCly), & 1.22 (dd, *Juy=7.5 Hz, *Jpy=11.2 Hz, 12H, CHs), 1.29
(dd, *Jpy=11.2 Hz, *Juu=7.8 Hz, 12H, CHs), 2.55 (d of vt, *Juu=7.5 Hz, Jpy=21.3 Hz, 4H,
CH), 6.50 (m, 2H, arom.), 6.88 (m, 1H, arom.)

3'p {'H} NMR (121.38 MHz, CDCls) & 175.21 (s, 'Tpp=3068 Hz)

BC {'"H} NMR (75.40 MHz, CDCl;) & 16.89 (s), 29.62 (vt, Jpc=16.0 Hz), 105.81 (vt,
*Jpc=14.6 Hz), 126.88 (s, arom.), 164.92 (s, arom.) (Only three aromatic carbons were

detected, probably due to the overlap of signals.)

3.2.3 Crystallographic Studies

The single crystal of PtCl1{C¢Hs-2,6-(OPPr’),} (6) was grown from hexane and
dichloromethane as a colorless crystal. A prismatic crystal was chosen and glued to a
glass fiber. The X-ray intensity data was measured at 291 K on a Bruker SMART APEX
CCD-based X-ray diffractometer system equipped with a Mo-target X-ray tube (A =
0.71073 A). The detector was placed at a distance of 4.837 cm from the crystal. A total of
1800 frames were collected with a scan width of 0.3 ° in ® and an exposure time of 10
s/frame. The frames were integrated with the Bruker SAINT Software package'® using a
narrow-frame integration algorithm. The integration of the data was done using a
monoclinic unit cell to yield a total of 18382 reflections to a maximum 26 angle of 50.0 °
(0.93 A resolution), of which 7857 were independent. The structure was solved by the

Patterson method using SHELXS SHELXS-97 program.'® All non-hydrogen atoms were
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refined with anisotropic displacement coefficients. Hydrogen atoms were treated as

idealized contributions.

3.2.4 Hydroxylation of 1-Propanol

Water (3 ml), trifluoromethanesulfonic acid (0.5 g, 3.33 mmol), the complex (5 or
6, 0.18 mmol), and oxidant (PtCl; or CuCl,-2H,0) were added to a round bottom flask
equipped with a condenser. 1-Propanol was added portionwise over a 4 hr period (4 X 1
ml, total 56 mmol). The flask was heated to 95 °C and the mixture was treated dropwise
with 30% hydrogen peroxide at the‘rate of 0.8 ml/h from a syringe pump. After eight

hours, the resulting mixture was analyzed by GC-MS.

3.3 Results and Discussion

3.3.1 Characterization of PtCI{C¢H3-2,6-(OPPr);} 6

The new PCP pincer platinum complex, PtC1{C¢Hs-2,6-(OPPr,),} (6), was
synthesized as shown in Equation 3.1. Although the preparation of 6 seems to be
straightforward, the choice of platinum precursors influences this reaction. In initial trials,
two common platinum precursors, PtCl,(COD) (COD = 1,5-cyclooctadiene) and
PtCl,(PPh3),, were unsuccessful in metallating the ligand. The 3'P NMR spectra of
reaction mixtures showed that the signal of the starting ligand was dominant and only a
fraction of the ligand was consumed even after two days at 160 °C. Fortunately, after

switching to another widely used precursor, PtCl,(SEt;);, the reaction proceeded
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smoothly. The *'P NMR spectroscopy indicated that the generation of complex 6 was
quantitative. |
Complex 6 was characterized by 'H, *'P, and *C NMR spectroscopy. In the 'H
NMR spectrum (Figure 3.1), the occurrence of two methyl double doublets at 1.22 ppm
and 1.29 ppm and a CH double virtual triplet at 2.54 ppm is similar to those of its
palladium and iridium analogues.'**!®® In the *'P {IH} NMR spectrum (Figure 3.2), a
single resonance at 6 175.21 ppm indicates two phosphorus atoms in 6 are equivalent.
The additional satellite signal, caused by the magnetically active 195pt nucleus, is 33% of
the total peak area that is consistent with the natural abundance of '**Pt. The coupling
constant of the satellite, 3068 Hz, is close to observed values of several existing PCP
pincer platinum complexes.'>'®!'% In the *C {'"H} NMR spectrum (Figure 3.3), the
signal for the tertiary carbon atom CHMe;, is split by the *'P nucleus .with coupling
constant of 16 Hz. This is comparable to reported values of other PCP pincer platinum
complexes.m’lo8
The molecular structure of 6 was determined through the single-crystal X-ray

3,19 the structure consists of two

diffraction study. Like its palladium counterpart
PtCl{C6H3-2,6-(OPPr"2)2} molecules in the asymmetric unit. The ORTEP representation
of one of the molecules with the atomic number scheme of the obtained structure is given
in Figure 3.4. Details relating to the crystal data, the data collection, and solution and
refinement are summarized in Table A.1. Bond distance and bond angles for 6 are given
in Table A.2. Atomic coordination and equivalent isotropic displacement parameters for

6 are shown in Table A.3. Anisotropic displacement parameters for 6 are shown in Table

A.4. Hydrogen coordinates and equivalent isotropic displacement parameters for 6 are
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presented in Table A.5. Complex 6 has a triclinic symmetry. Its space group is P1 with

Z=4. As its palladium counterpart 3,'% the platinum atom in complex 6 is located in a

lightly distorted square planar environment, with the P(1)-Pt-P(2) angle of 161.20 ° and
the C(2)-Pt-Cl angle of 178.96 °. The revealed structure clearly shows that the platinum
atom is bonded to the carbon atom of the phenyl ring with a Pt-C(2) distance of 1.984 A,

comparable with reported values for several other PCP pincer complexes.'?”!!?
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3.3.2 Screen of Pincer Platinum Complexes as Catalysts in the

Hydroxylation of 1-Propanol

Following the successful preparation of two pincer complexes 5 and 6, their
catalytic activities for the hydroxylation of aliphatic C-H bonds were screened. We were
interested in the hydroxylation of 1-propanol because the product, 1,3-propane diol, is a
monomer for commercially important polyethers and polyesters.54 Furthermore, as 1-
propanol is soluble in water, the hydroxylation would be carried out in aqueous solution.
As shown in Equation 3.2, the hydroxylation of 1-propanol may give several products.
The terminal oxidation product, 1,3-propane diol, is formed through the Shilov reaction,
while the internal oxidation product, 1,2-propane diol, is generated via the radical Fenton
pathway. Propionic acid is produced from the overoxidation of 1-propanol. Therefore, the
distribution of products reveals details about the selectivity, such as the preference for

terminal oxidation and the occurrence of the overoxidation.

NEt, O~-PPry
Fl’(-CI or Pt-Cl
I!lEtz o-F|>Pr"2 HO(CH,)30H + CH3CH(OH)CH,OH
1-PrOH - (3.2
PtCl,, H,0, triflic acid, + CH3CH,COOH
H,0,, 95°C

Initially, the catalytic activity of 5 and 6 was probed with seven equivalents of
PtCl; as an oxidant. The results are presented in Figure 3.5. Terminal oxidation
dominates the reaction: 1,3-propane diol (3.7 mmol for 5 and 3.4 mmol for 6) is the
major product as shown in Figure 3.5. However, the radical Fenton reaction also occurs

in this system: 1,2-propane diol (1.6 mmol for 5 and 1.4 mmol for 6) and acetic acid (0.4
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mmol for § and 6) are formed. No overoxidation occurs as no propionic acid is observed.
Unlike previous reports about the stoichiometric hydroxylation of 1-propanol,''*'"
hydroxylation is catalytic in both Pt(II) and Pt(IV) in this system. The total amount of
organic products, 1,3-propane diol, 1,2-propane diol and acetic acid, corresponds to about
4 turnovers of the entire Pt content.

Additionally, Figure 3.5 shows that in this catalytic system, both complexes 5 and
6 demonstrate similar activity. This observation indicates that the nature of the ligands
have little effect on the catalytic property of pincer platinum complexes. This finding is
different from Shilov’s previous results. Shilov reported that soft ligands, such as
phosphines, hindered the reaction, while hard ligands, such as amines, accelerated the

reaction.'®

TON
3 -
2.6
25 - 24
2 o
1.5 -
1.1 1
14 N o 1,3-diol
054 R b W o m 1,2-diol
8 HOAc
Complex 5 Complex 6
NEtp 'Pl‘lz
Pt—CI t—Cl
NEt, P,

Figure 3.5. TON of Hydroxylation Catalyzed by Pincer Pt Complexes with 7 Equivalents

of PtCl,
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After establishing the activity of pincer Pt complexes as catalysts for the Shilov
reaction, the feasibility of reducing the loading of the expensive Pt(IV) oxidant was
investigated. The results are summarized in Figure 3.6. With a reduced amount of PtCl,
(3 equivalents), the reaction still proceeded smoothly without the formation of metallic
platinum. This observation indicates that the chelate NCN pincer ligand is capable of
preventing the disproportionation of the Pt(II) catalyst. Thus, this system does not require
large excess of the Pt(IV) salt as a protection agent. The reduced loading of PtCls has
little impact on the activity and selectivity of complex 5 as the reaction exhibits about
70% of selectivity for 1,3-propane diol (2.8 mmol ) and no overoxidation occurs. As the
loading of the Pt(IV) salt is sharply reduced, the turnover number is doubled to 6 based

on the entire Pt content.
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B8 HOAc
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Figure 3.6. TON of Hydroxylation Catalyzed by Complex 5 with Varied Loading of

PtCl4
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Our initial results suggested that it might be possible to modify the reaction by
completely replacing the impractical Pt(IV) oxidant with a less expensive oxidant. CuCl,
is the first candidate we considered as it has been widely used as an oxidant in various
organic transformations such as the famous Wacker process that is used to oxidize olefins
to aldehydes.114 Furthermore, CuCl, is able to oxidize the NCN pincer Ru(II) complex to
the Ru(III) counterpart in aqueous media.'"” It has also been reported that the NCN pincer
Pt(IV) complex is generated from the oxidation of the Pt(II) complex by CuCl; (Equation

3.3).116

NEt, NEt,
F|>t cwe o 3.3
—Cl—B5cM/EoH. 7 —Cl (3.3)
NEtz NEtZ
X=Cl, Br, |

The activity of both complexes S and 6 was examined in the presence of three
equivalents of CuCl,. The results are shown in Figure 3.7. The replacement of PtCls with
CuCl; does not lead to overoxidation as no propionic acid is observed. This replacement
makes the reaction sluggish: only about 1 mmol 1,3-propane diol, about 0.5 mmol 1,2-
propane diol, and 0.3 mmol acetic acid are formed. A increase of the proportion of radical
products (1,2-propane diol and acetic acid) also shows that the substitution of PtCl, with
CuCl; has a deleterious influence on the selectivity. However, about 55% of products is

1,3-propane diol, which indicates the Shilov reaction remains dominant. This preliminary
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trial demonstrates that CuCl, is able to replace PtCly to preferentially oxidize the 1° C-H
bond of 1-propanol although itis inferior to PtCly. As no Pt(IV) salt is used, the turnover

number jumps to above 10 based on Pt.
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6 - ' 56
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& 3.3
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Figure 3.7. TON of Hydroxylation Catalyzed by Pincer Complexes with 3 Equivalents of

CuCl,

3.3.3 Mechanistic Studies
We were encouraged by the successful replacement of PtCly with CuCl,. Initially,

we thought that CuCl,; might work in the same way as PtCls (Scheme 3.1). As a logical
extension, we examined other oxidants as well. Air and dioxygen, which have been

employed to re-oxidize Cu(I) to Cu(II) in the Wacker process,114 were used in the place
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of hydrogen peroxide as the terminal oxidant. However, 1-propanol failed to be oxidized
to 1,3-propane diol either under high pressure O,, enhanced temperature (100 °C and 120
°C) or open air reflux. After switching to several strong oxidants, such as K,S,;03 and
K,CrO,, both compiexes 5 and 6 decomposed in the reaction mixture. All these findings
suggest that in the presence of CuCly, the catalytic reaction does not proceed by the

mechanism seen in Scheme 3.1.

O0—P

0—P
R + <:::§»-Ama 4=<:j:§»_amR+ "

o—¢ o—#
ROH + H'
H,0
o]
i~

/
Pt H,0, + H*

O~ P
Scheme 3.1. Proposed Mechanism of Hydroxylation Catalyzed by Pincer Pt(II)

Complexes in the Presence of CuCl,

As a further probe of the reaction mechanism, the reaction catalyzed by complex
6 was monitored by the *'P NMR spectroscopy. A new shouldered peak (176.86 and
176.65 ppm) was observed near the peak of complex 6 (175.38 ppm). The height of this
new peak increased as the reaction proceeded. At the end of the reaction, the ratio

between the new peaks and that of 6 was about 0.4. The '*>Pt NMR spectroscopy of the
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reaction mixture also indicated there was a new Pt species 7 in the reaction mixture as

shown in Figure 3.8. Initially, this new species 7 was thought to be a peroxide complex as

other groups have observed similar species.''’"'"’

7 T v L v v  § -r Y T T T v v T T
-4200 -42S¢6 -4300 -4350

Figure 3.8. 195pt {'H} NMR Spectrum for the Reaction Mixture

The new species 7 was isolated from the reaction mixture through column
chromatography. The single crystal of 7 was grown from hexane and dichloromethane as
a yellowish crystal. Its molecular structure was characterized through a single-crystal X-
ray diffraction study. The ORTEP representation for complex 7 is given in Figure 3.10.
Details relating to the crystal data, the data collection, and solution and refinement are

summarized in Table B.1. Bond distance and bond angles for 7 are given in Table B.2.
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Atomic coordination and equivalent isotropic displacement parameters for 7 are shown in
Table B.3. Anisotropic displacement parameters for 7 are shown in Table B.4. Hydrogen
coordinates and equivalent isotropic displacement parameters for 7 are presented in Table
B.5. The NMR spectra are presented in Figure 3.11, 3.12, and 3.13. Complex 7 was
found to be the chlorinated PCP pincer complex with a chlorine atom substituted on the
meta-position on the phenyl ring instead of expected peroxido complex. This structure
correlates with the from the MS and NMR results. In the MS spectrum (Figure 3.9), the
difference between the molecular ion peak and one of the biggest fragments is 35, which
indicates the loss of a chlorine atom. The 'H NMR spectrum (Figure 3.11) shows that
only two hydrogen atoms are on the phenyl ring. The meta-chlorine makes these two
phosphorus atoms in 7 slightly different. This results in the appearance of two very close

but resolvable peaks in the >'P NMR spectrum (Figure 3.12).

571

HUL ,mi“n-". i

Figure 3.9. MS Spectrum for Intermediate 7
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It should be noted that the CuCl,-mediated chlorination of aromatics is not
without precedents. In 1960s and 1970s, several groups found that cupric chloride was
capable of functioning as a chlorinating agent, undergoing an electrophilic mechanism to

yield the chlorinated products as shown in Equation 3.4, 120122
Ar-H + 2CuCl, —— Ar-Cl + 2CuCl + HClI (3.4)

Other groups reported that CuCl, was able to chlorinate aromatics through a
radical halogen transfer pathway as shown in Scheme 3.2.12124 Recently, van Koten
demonstrated that in CuCl,-mediated oxidative coupling of the NCN pincer Ru(Il)
complex to the binuclear Ru(Ill) complex, the chlorinated NCN pincer Ru(IIl) complex

115 He proposed that the aryl radical was

was formed in aqueous solution (Equation 3.5).
formed and subsequently underwent a halide ion transfer oxidation with CuCl; to give
ArCl and CuCl. A similar radical pathway might contribute to the formation of complex
7 in my system as no chlorinated pincer complex formed in the absence of hydrogen

peroxide. However, a more complicated mechanism might be involved as the substitution

pattern in this system is different from that found in van Koten’s system.

ArH + CuCl, ————— ArHCI®*+ CuCl

ArHCI*+ CuCly; ————— ArCl + CuCl + HCl

Scheme 3.2. Radical Halogen Transfer Pathway of the Chlorination of Aromatics
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- MepN NMe, 74+

(terpy)Rt:J O Q l%itJ(terpy)

TMe2 ¥ Me,N NMe,
Ru(terpy) _939_2.» + (3.5)
|
NMe, K NMe, 72+

Cl Ru(terpy)

B NMe,

terpy = 2,2",6',2"-terpyridine

3.4 Conclusion

As an extension of my studies on the functionalization of the aliphatic C-H bond,
I have explored pincer-ligated platinum complexes, PtC1{C¢H3-2,6-(CH,NEt,),} (5), and
PtC1{C¢H3-2,6-(OPPr's),} (6), as catalysts for the C-H bond hydroxylation under mild
conditions. Both complexes have been found to be much more active catalysts than the
typical catalyst [PtCL]*, for the conversion of 1-propanol to 1,3-propane diol. Moreover,
the pincer complexes catalyze this transformation even upon replacement of the Pt(IV)
salt with more economical CuCl, as the oxidant. The failure of the replacement of
hydrogen peroxide with air or dioxygen clearly indicates that the C-H bond hydroxylation
process mediated by the pincer Pt(II) complex does not proceed through a Shilov-type
mechanism that involves oxidation of an alkyl Pt(II) intermediate to an alkyl Pt(IV)

intermediate by CuCl,.
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Chapter 4
Cross-Coupling between Phenylacetylene and Aryl Chlorides

Catalyzed by the PCP Pincer Palladium Complex

4.1 Introduction

Aryl iodides, bromides, and triflates are the substrates generally used in the
palladium-catalyzed arylation of 1-alkynes. Aryl chlorides aré rather unpopular coupling
partners due to their relatively low re‘ac’civity.&82 This is unfortunate since aryl chlorides
are cheaper and more available than their halide cousins.

There have been a few reported cases employing activated chloroarenes with
electron-withdrawing groups as coupling substrates. Rossi showed that several strongly
activated aryl chlorides could be cross-coupled with 1-alkynes under Sonogashira
conditions.'”® Ansorge and Miiller coupled chlorobenzene with four different acetylenes,
achieving moderate yields. They first activated chlorobenzene with chromium by
converting it to [(chlorobenzene)Cr(CO)(PPhs)].'*® Moreover, nitrogen-containing
heteroaryl chlorides were used to synthesize alkynyl nitrogen-heteroaromatic compounds
through the Sonogashira protocol.'® Recently Erdélyi and Gogoll successfully coupled
trimethylsilylacetylene with 2-chloropyridine at 120 °C using controlled microwave
heating.127 Sonoda, using the Negishi protocol, coupled trichlorobenzene derivatives with
zinc acetylides to make alkynylbenzene.'?®

A process for cross-coupling unactivated aryl chlorides with 1-alkynes has not yet

been well developed. On the other hand, there are numerous papers about applications of
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chloroarenes in other cross-coupling reactions such as the Suzuki, Heck, Stille, and
amination reactions.'® The palladium catalysts with bulky and basic mono-phosphine

ligands have demonstrated outstanding activities in these cross-coupling reactions.'?"%

137141 and palladium complexes with bidentate phosphine ligands'“*'** have

Palladacycles
also been employed as excellent catalysts in these reactions involving chloroarenes. The
aforementioned work suggests that given an appropriate catalyst, it is possible to employ
aryl chlorides as starting materials in cross-coupling reactions.

In our previous work, we found the PCP pincer palladium complex PdC1{CsH;-
2,6-(OPPr,),} (3) to be a highly efficient catalyst for the Heck reaction involving a
variety of aryl chlorides as substrates.® Therefore, it was of interest to develop a simple

“one-pot” catalytic system to utilize a wide range of chloroarenes and evaluate the

catalytic activity of complex 3 for the arylation of phenylacetylene.

4.2 Experimental

4.2.1 General Details

1,4-Dioxane (99.8%, anhydrous, Aldrich) was wused as purchased.
Tetrahydrofuran (THF) was distilled from potassium benzophenone under nitrogen.
Triethylamine (Aldrich), piperidine (Aldrich), and ethylene glycol diethyl ether (Aldrich)
were degassed by three freeze-pump-thaw-degas cycles on a vacuum line prior to use.
Phenylacetylene (Aldrich) was distilled prior to use, freeze-thawed three times and stored
under an argon atmosphere. All liquid aryl chlorides, chlorobenzene, p-chloroanisole

(Aldrich), p-chloroacetophenone (Aldrich), m-fluoro-chlorobenzene (Aldrich), p-fluoro-

63



chlorobenzene (Aldrich), o-dichlorobenzene (Fisher Scientific), m-dichlorobenzene
(Aldrich), o-chlorotoluene (Aldrich), m-chlorotoluene (Mattheson, Coleman and Bell), p-
chlorotoluene (Aldrich), and p-chlorobenzaldehyde (Aldrich) were freeze-thawed three
times and stored under an argon atmosphere prior to use. Two solid aryl chlorides, p-
dichlorobenzene (Mattheson, Coleman and Bell), and 2-chloro-4-nitrotoluene were used
as purchased. FeCl; (99.99%, anhydrous, Aldrich) and Cul (Aldrich) were stored under
an argon atmosphere and used as purchased. ZnCl, (Fisher Scientific) was dried by the
flame at 300 °C under vacuum, ground and stored under an argon atmosphere. Cs,CO;
(Aldrich), CsOAc (Aldrich), Na,CO; (Fisher Scientific), K;COs (Fisher Scientific), and
NaHCO; (Fisher Scientific) were used as purchaséd. The PCP pincer palladium complex
3 was prepared according to the published procedure.'® Chromatographic silica gel
(Fisher Scientific, 100-200 mesh) was used in column chromatography. Other details

referred to “General Details” in the experimental section of Chapter 2 (p 26).

4.2.2 Procedures for the Cross-Coupling Reactions

Procedure A

Under an atmosphere of argon, Cs;COs3 (0.7 mmol), ZnCl, (0.05 mmol or 0.5
mmol) and 3 (0.025 mmol) were mixed in a Schlenk tube equipped with a stir bar. 1,4-
Dioxane (1 ml) was added, followed by phenylacetylene (0.5 mmol), aryl chloride (2.5
mmol), undecane (0.12 mmol) and again 1,4-dioxane (1 ml). The tube was sealed and
immersed in a silicon oil bath at 160 °C for 24 hours. The reaction mixture was then
cooled to room temperature and the organic phase was analyzed by gas chromatography

(GC/FID, GC-MS). To determine the isolated yields, the organic phases of three runs
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were combined, concentrated under vacuum and the residue was purified by column

chromatography or recrystallization.

Diphenylacetylene Column chromatography with hexane gave 0.054 g (61%) of the
desired product as a solid.

'H NMR (299.85 MHz, CD,Cl,): & 7.56-7.53 (m, 4H), 7.40-7.35 (m, 6H).

C NMR (75.40 MHz, CD,Cl,): & 131.9, 128.8, 128.7, 123.6, 89.6.
4-(Phenylethinyl)toluene Column chromatography with hexane gave 0.079 g (82%) of
the desired product.

'H NMR (299.85 MHz, CD,CL): § 7.56-7.53 (m, 2H), 7.45 (AB, 2H), 7.41-7.35 (m, 3H),
7.20 (AB, 2H), 2.39 (s, 3H).

3C NMR (75.40 MHz, CD,Cl,): 139.1, 131.82, 131.78, 129.5, 128.8, 128.5, 123.8, 120.4,
89.8, 88.9, 21.6.

3-(Phenylethinyl)toluene Column chromatography with hexane gave 0.068 g (71%) of
the desired product.

'H NMR (299.85 MHz, CD,CL): 8 7.57-7.52 (m, 2H), 7.40-7.32 (m, 5H), 7.27-7.24 (m,
1H), 7.19-7.17 (m, 1H), 2.38 (s, 3H).

3C NMR (75.40 MHz, CD,Cl,): & 138.7, 132.4, 131.9, 129.6, 128.9, 128.8, 128.6, 123.7,
123.3, 89.8, 89.2, 21.3.

2-(Phenylethinyl)toluene Column chromatography with hexane gave 0.065 g (68%) of
the desired product.

'H NMR (299.85 MHz, CD,Cl,): & 7.58-7.54 (m, 2H), 7.51 (m, 1H), 7.41-7.35 (m, 3H),

7.28-7.26 (m, 2H), 7.23-7.18 (m, 1H), 2.54 (s, 3H).
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3C NMR (75.40 MHz, CD,Cl,): & 140.6, 132.1, 131.8, 129.9, 128.8, 128.7, 128.6, 126.0,
123.8, 123.3, 93.6, 88.6, 20.8.

1-Fluoro-3-(phenylethinyl)benzene Column chromatography with hexane gave 0.035 g
(36%) of the desired product as a creamy solid.

'H NMR (299.85 MHz, CD,Cl,): § 7.57-7.53 (m, 2H), 7.39-7.33 (m, 5H), 7.26-7.23 (m,
1H), 7.10-7.05 (m, 1H).

I3C NMR (75.40 MHz, CD,CL,): & 162.8 (d, 'Tcg=244 Hz), 132.0, 130.5 (d, *Jcz=9 Hz),
129.0, 128.8, 127.9 (d, “Tcg=3 Hz), 125.5 (d, *Jer=10 Hz), 123.1, 118.5 (d, *Jcp=22 Hz),
115.9 (d, 2Jcr=21 Hz), 90.5, 88.3 (d, *Jcs=3 Hz).

1-Fluoro-4-(phenylethinyl)benzene Column chromatography with hexane gave 0.049 g
(50%) of the desired product as a creamy solid.

'H NMR (299.85 MHz, CD,Cl,): § 7.56-7.51 (m, 4H), 7.39-7.35 (m, 3H), 7.08 (m, 2H).
13C NMR (75.40 MHz, CD,CL): & 162.9 (d, 'Tcp=248 Hz), 133.8 (d, *Jr=8 Hz), 131.8,
128.8,123.4,119.7, 115.9 (4, 2Jor=22 Hz), 89.2, 88.4 (only seven aromatic carbons were
detected, probably due to the overlap of signals).

1-Chloro-4-(phenylethinyl)benzene Column chromatography with hexane gave 0.085 g
(80%) of the desired product as colorless oil.

'H NMR (299.85 MHz, CD,Cl): & 7.56-7.34 (m, 9H).

13C NMR (75.40 MHz, CD,Cly): § 134.6, 133.2, 131.9, 129.1, 129.0, 128.8, 123.3, 122.3,
90.6, 88.5.

1-Chloro-3-(Phenylethinyl)benzene Column chromatography with hexane gave 0.020 g
(19%) of the desired product as colorless oil.

'H NMR (299.85 MHz, CD;Cl,): § 7.57-7.30 (m, 9H).
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13C NMR (75.40 MHz, CD,Cl,): & 134.5, 132.0, 131.7, 130.1, 129.1, 128.9, 128.8, 125 .4,
123.1, 90.8, 88.1 (only nine aromatic carbons were detected, probably due to the overlap
of signals).
1-Chloro-2-(phenylethinyl)benzene Column chromatography with hexane gave 0.038 g
(36%) of the desired product as colorless oil.
'H NMR (299.85 MHz, CD,Cl,): & 7.61-'7.58 (m, 3H), 7.48-7.45 (m, 1H), 7.41-7.37 (m,
3H), 7.33-7.26 (m, 2H).
BC NMR (75.40 MHz, CD,Cly): § 136.0 133.6, 132.0, 129.8, 129.6, 129.1, 128.8, 127.0,
123.4,123.1,94.7, 86.4.
Procedure B

Under an atmosphere of argon, Cs;CO; (1.4 mmol), ZnCl, (0.1 fnmol or 1 mmol)
and 3 (0.05 mmol) were mixed in a Schlenk tube equipped with a stir bar. 1,4-Dioxane (2
ml) was added, followed by phenylacetylene (1 mmol), aryl chloride (5 mmol), undecane
(0.12 mmol) and again 1,4-dioxane (2 ml). The tube was sealed and immersed in a silicon
oil bath at 160 °C for 24 hours. The reaction mixture was then cooled to room
temperature and the organic phase was analyzed by gas chromatography (GC/FID, GC-
MS). To determine the isolated yields, the organic phase of two runs was combined,

concentrated under vacuum and the residue was purified by column chromatography.

4-(Phenylethinyl)anisole Column chromatography with hexane gave 0.135 g (65%) of
the desired product as a solid.
'H NMR (299.85 MHz, CD,Cly): § 7.53-7.47 (m, 4H), 7.39-7.32 (m, 3H), 6.90 (AB, 2H),

3.82 (s, 3H).
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BC NMR (75.40 MHz, CD,Cl,): § 160.2, 133.3, 131.7, 128.7, 128.4, 124.0, 115.6, 114.4,
89.6, 88.3, 55.7. |
4-Nitro-2-(phenylethinyl)toluene Column chromatography with hexane gave 0.145 g
(61%) of the desired product.

'H NMR (299.85 MHz, CD,CL): & 8.11 (m, 1H) 7.67-7.64 (m, 2H), 7.57-7.54 (m, 2H),
7.40-7.36 (m, 3H), 2.60 (s, 3H).

BC NMR (75.40 MHz, CD,CL): § 149.5, 135.9, 134.0, 133.3, 132.0, 129.2, 128.9, 127.7,
122.8, 122.7,91.2, 87.2, 20.5.

4-(Phenylethinyl)benzaldehyde Column chromatography with hexane gave 0.083 g
(40%) of the desired product.

'H NMR (299.85 MHz, CD,Cl,): & 10.01 (s, 1H), 7.87 (AB, 2H), 7.69 (m, 2H), 7.59-7.57
(m, 2H), 7.40 (m, 3H).

3C NMR (75.40 MHz, CD,Cl): & 191.6, 136.0, 132.4, 132.1, 129.8, 129.7, 129.4, 128.9,

122.9, 93.5, 88.8.

4-(Phenylethinyl)acetophenone

Under an atmosphere of argon, Cs,COj3 (1.4 mmol), ZnCl, (0.1 mmol) and 3 (0.05
mmol) were mixed in a Schlenk tube equipped with a stir bar. 1,4-Dioxane (2 ml) was
added, followed by phenylacetylene (2 mmol), p-chloroacetophenone (1 mmol),
undecane (0.12 mmol) and again 1,4-dioxane (2 ml). The tube was sealed and immersed
in a silicon oil bath at 160 °C for 24 hours. The reaction mixture was then cooled to room
temperature and the organic phase was analyzed by gas chromatography (GC/FID, GC-

MS). To determine the isolated yields, the organic phase was concentrated under vacuum
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and the residue was recrystallized from 95% ethanol to give 0.201 g (91%) of the desired
product as a solid.

'H NMR (299.85 MHz, CD,CL): § 7.94 (d, *Jux=8.8 Hz, 2H), 7.63 (d, *Jux=8.8 Hz, 2H),
7.58-7.55 (m, 2H), 7.40-7.37 (m, 3H), 2.59 (s, 3H).

13C NMR (75.40 MHz, CD,CL): & 197.4, 136.7, 132.02, 131.98, 129.2, 128.9, 128.6,

128.3,124.0, 92.7, 88.8, 26.8.

4.3 Results and Discussion

In order to develop an efficient catalytic system to utilize a large variety of aryl
chlorides as coupling partners, the cross-coupling reaction between the simplest aryl
chloride, chlorobenzene, and phenylacetylene (Equation 4.2) was selected as the model
reaction. Several parameters67 were considered to affect this model reaction: 1) mole ratio
of reactants; 2) solvents; 3) additives and bases; and 4) temperature. I attempted to

carefully tailor these four parameters to establish an ideal reaction condition.

O-PPr,
P|d-C|
pnczcH + ¢\ ol ——2=FP, 20— Ph (4.2)

—_— Base, additive _—

In the initial study, the adopted reaction conditions derived from our previous

83,100

studies on the Heck reaction produced relatively low yields (Table 4.1, entries 1 and

2). GC-MS analysis showed that a significant amount of phenylacetylene did not convert
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to the desired product but homocoupled to form the dimer. It is known that the
homocoupling between 1-alkynes is a major side reaction in the Sonogashira
. 62,67,70,77 . . . . .
reaction. To alleviate this problem, it has been reported that either carrying out
the reaction under a reducing atmosphere, such as hydrogen gas,'* or increasing the

amount of halide'"’

can help suspend the homocoupling and enhance the yield of the
desired cross-coupling products. From the data in entries 1 and 2 (Table 4.1), it seemed
that increasing the dosage of chlorobenzene could lead to a better yield of the desired
product. As a result, the second approach was applied to improve the productivity. After

a fivefold excess of chlorobenzene was introduced into the reaction, the yield of

diphenylacetylene increased from 5% to 19% (Table 4.1, entries 1 and 3).

Table 4.1. Effect of Mole Ratio of Reactants®

Entry PhCl/phenylacetylene % Yield (GC)
1 1 5
2 2 10
3 5 19

a. 0.5 mmol phenylacetylene, 0.025 mmol complex 3, 0.7 mmol Cs,CO;, 2 ml 1,4-dioxane, 160 °C, 24 hrs.

Yield of diphenylacetylene is the average of three runs.

Although increasing the mole ratio between chlorobenzene and phenylacetylene
was able to enhance the yield of diphenylacetylene, the yield was not high enough to
meet the requirements for a practical organic synthesis. It is well known that a careful
selection of the additives and/or bases may accelerate the palladium-catalyzed cross-
coupling reactions.'®®’ Therefore, the effect of additives and/or bases on the productivity

of this system was investigated.
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As the Sonogashira protocol is the most widely used method in the arylation of
terminal acetylenes, cuprous cocatalyst and NEt; were first applied to the model reaction.
Unfortunately, the obtained result was rather disappointing: under the typical
Sonogashira condition, complex 3 failed to conduct the desired transformation (Table 4.2,
entry 1). However, some diphenylacetylene was formed when NEt; was replaced with
Cs;CO; (Table 4.2, entry 2). It appeared that the amine might inhibit the activity of
complex 3. It has been previously noticed that in several Sonogashira reactions
carbonates are superior to amines."*®'* Furthermore, Cul had no significant effect on the
yield (Table 4.2, entries 2 and 3) and was unable to perform as a cocatalyst in this
reaction. Similar observations have been reported in several Cu-free Sonogashira
reactions. 52148150152 Thege findings indicated that the typical Sonogashira protocol was

not suitable for complex 3 and could not provide any improvement on the productivity.

Table 4.2. Effect of Additives and Bases®

Entry Additive Base % Yield (GC)

| Cul NEt; -

2 Cul Cs,COs 14
3 - Cs,CO; 19
4 ZnCl, K,COs 42
5 ZnCl, Na,COs3 28
6 ZnCl, NaHCOs3 64
7 ZnCl, CsOAc -

8 ZnCl, Cs,CO3 92
9 FeCls Cs,COs 58

a. 0.5 mmol phenylacetylene, 2.5 mmol chlorobenzene, 0.025 mmol complex 3, 0.7 mmol base, 0.05 mmol

additive, 2 ml 1,4-dioxane, 160 °C, 24 hrs. Yield of diphenylacetylene is the average of three runs.
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In view of the negative results obtained from the application of the Sonogashira
protocol, some possible amine-free and Cu-free protocols were considered. Althdugh
several halide salts such as LiCl, n-BuyNX (X= Br, I, F) and silver oxide have
demonstrated the ability to promote the arylation of l-alkynes in the Sonogashira

130.153-155 the inhibition effect from amines suggests the application of the Negishi

reaction,
protocol. Whereas cuprous acetylides are generated in situ for the Sonogashira reaction,
this concept has rarely been applied in the Negishi reaction. Alternatively, zinc acetylide
is prepared separately from the stoichiometric reaction involving ZnCl,, a strong base
(e.g. BuLi, LDA), and a 1-alkyne in advance. It is very attractive to design a simplified
process that generates zinc acetylide in situ and avoids using pyrophoric and
stoichiometric bases. Few examples are known that follow this more efficient protocol.
Carreira et al. showed that zinc acetylides generated in situ are able to form the carbon-
carbon bond with ketones and aldehydes.'*® Crisp et al. reported that palladium catalysts
efficiently mediated the coupling between alkynes and iodo-, bromobenzenes in the
presence of ZnCl,, Nal, and an organic base.!>”'*® The combination of ZnBr,/NEt; was
also employed in the cross-coupling between acetylenes and iodobenzenes. 139160 1t was of
interest to examine the feasibility of employing ZnCl, as a cocatalyst that could enhance
the activity of complex 3 in the presence of a proper base.

Using only a catalytic amount of ZnCl, (10 mol% of phenylacetylene), several
regular inorganic bases, carbonates, bicarbonates, and acetate, were screened in this
reaction (Table 4.2, entries 4-8). Among them, Cs;CO; provided the highest yield

reaching up to 92% (Table 4.2, entry §). NaHCO; also led to a relative good yield (64%,

Table 4.2, entry 6), but other carbonates, K,CO; and Na,COs, gave relatively low yields
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(42%, 28% respectively, Table 4.2, entries 4 and 5). Surprisingly, CsOAc, which is a
common base in the Heck reaction,!%%13%137:143 suspended the reaction (Table 4.2, entry 7).
In addition to ZnCl,, the activity of FeCls, which has been used in the vinylation of

Grignard reagents, ¢!

was also surveyed. The combination of FeCl; and Cs,COs
proved to be capable of conducting the desired transformation smoothly with a relatively

high yield (58%, Table 4.2, entry 9).

Table 4.3. Effect of Solvents®

Entry : Solvent % Yield (GC)
1 1,4-dioxane 92
2 THF 10
3 toluene 12
4 ethylene glycol diethyl ether -
5 NEt; -
6 piperidine -

a. 0.5 mmol phenylacetylene, 2.5 mmol chlorobenzene, 0.025 mmol complex 3, 0.7 mmol Cs,CO;, 0.05

mmol ZnCl,, 2 ml solvent, 160 °C, 24 hrs. Yield of diphenylacetylene is the average of three runs.

Solvent is another important variable in the arylation of acetylenes. Typical

67134 while in the Negishi reaction

solvents in the Sonogashira protocol are liquid amines,
THF, DMF, and toluene are widely used.’’” Other aprotic solvents such as acetonitrile,
1,4-dioxane, and xylene are also commonly employed in the arylation of acetylenes.®’ In
this research, 1,4-dioxane, THF, toluene, NEt;, and piperidine were screened. Ethylene
glycol diethyl ether, which has a high boiling point, was also selected as a candidate due

to the high reaction temperatures. Typical solvents in the Sonogashira reaction such as

NEt; and piperidine were found to inhibit the activity of complex 3 (Table 4.3, entries 5
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and 6). Ethylene glycol diethyl ether also suspended the reaction (Table 4.3, entry 4). The
reaction was sluggish when either THF or toluene was used (Table 4.3, entries 2 and 3).
The best solvent for this coupling reaction was 1,4-dioxane (Table 4.3, entry 1).

The temperature is another key factor impacting the model reaction. Previously,
in our studies on the Heck reaction, it has been shown that the activity of complex 3 is
temperature-dependent: the higher the temperature is, the faster the Heck reaction.®® In
the current research, the effect of temperature was also assessed. A unique temperature-
dependent pattern was observed (Table 4.4). In the range from 100 to 160 °C, higher
temperature increased the yield (Table 4.4, entries 1-3). However, when the temperature
was raised to 180 °C, diphenylacetylene was produced in low yield since the
homocoupling of phenylacetylene competed with the main cross-coupling reaction.

(Table 4.4, entry 4).

Table 4.4, Effect of Temperature *

Entry Temperature (°C) % Yield (GC)
1 100 -
2 120 31
3 160 92
4 180 30

a. 0.5 mmol phenylacetylene, 2.5 mmol chlorobenzene, 0.025 mmol complex 3, 0.7 mmol Cs,CO;,

0.05 mmol ZnCl,, 2 ml 1,4-dioxane, 24 hrs. Yield of diphenylacetylene is the average of three runs.

After surveying four main aspects of the model reaction, the reaction condition

was optimized as follows: 5 mol% complex 3, 1.4 equivalents of Cs,COs, 10 mol%
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ZnCl,, and five equivalents of aryl chloride were used. 1,4-Dioxane was used as the
solvent. The reaction was carried out at 160 °C for 24 hours.

Using this optimized reaction condition, a wide range of aryl chlorides were
evaluated in the cross-coupling reaction with phenylacetylene, as shown in Equation 4.3.
Yields are summarized in Table 4.5. In cases involving activated aryl chlorides (Table 4.5,
entries 6-12), efficient conversions were achieved with isolated yields in the range from
moderate (19%, Table 4.5, entry 9) to excellent (91%, Table 4.5, entry 12). Among these
activated aryl chlorides, p-chloroacetophenone (Table 4.5, entry 12) gave the best yield

even when only two equivalents of chloride were used.

O=PPr;
Pd-Cl
O-PPY.
PhC=CH + / \ cl .
R'/ S ZnCly, Cs,CO0O3, 1,4-dioxane ,
160 9C, 24 hrs R

Compared to those of activated aryl chlorides, coupling reactions of deactivated
aryl chlorides with electron-donating groups are generally less successful.®>!*> However,
complex 3 was tolerant to electronic variations in aryl chlorides and showed excellent
activity. It effectively converted deactivated aryl chlorides to target compounds with
good yields (> 65%, Table 4.5, entries 2-5), which was observed in our previous studies
on the Heck reaction.'® For most aryl chlorides only a catalytic amount of ZnCl, (10
mol% of phenylacetylene) was employed, but in the cases of all three chlorotoluenes as
well as 4-nitro-2-chlorotoluene, one equivalent of ZnCl, was necessary for the reaction to

proceed successfully (Table 4.5, entries 2-4 and 13).

75



Among all three isomers (para-, meta-, and ortho-), para-substituted substrates
contributed the best yields regardless of which aryl chlorides (both activated énd
deactivated) were used (Table 4.5, entries 3-5 and entries §8-10). Due to the hindrance
from ortho-substituents, ortho-substituted aryl chlorides usually give poor yields in the
cross-coupling.®>'°>!®* However, the presence of ortho-substituents had little deleterious
influence on the productivity of this catalytic system. Complex 3 was able to efficiently

conduct the reaction with relatively good yields (Table 4.5, entries 5, 10, and 13).

Table 4.5. Coupling of Aryl Chlorides with Phenylacetylene®

Entry Aryl chloride % Isolated yield
1 chlorobenzene 61
2 p-chloroanisole 65
3 p-chlorotoluene 82°
4 m-chlorotoluene 71°
5 o-chlorotoluene 68°
6 p-chloroflorobenzene 50
7 m-chloroflorobenzene 36
8 p-dichlorobenzene 80
9 m-dichlorobenzene 19
10 o-dichlorobenzene 36
11 p-chlorobenzaldehyde 40
12 p-chloroacetophenone 91
13 4-nitro-2-chlorotoulene 61°

a. Yield of isolated products is the average of at least two runs.

b. The reaction was performed by using 1 equivalent of ZnCl,.
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Furthermore, this catalytic system also demonstrated a good compatibility with
different functional groups. The carbonyl group in both p-chlorobenzaldehyde and p-
chloroacetophenone was retained throughout the reaction. Only one chloride moiety was

substituted when all three dichlorobenzenes were used under the optimized condition.

4.4 Conclusion

A simple but effective one-pot catalytic system has been designed for the cross-
coupling between phenylacetylene and various aryl chlorides. In this system, the PCP
pincer palladium complex, PdCI{C¢H;-2,6-(OPPr,),} (3), has demonstrated excellent
activity to catalyze this cross-coupling reaction at 160 °C in the presence of ZnCl,, giving
diphenylacetylene derivatives in the modest to excellent yields.

To my knowledge, this is the first catalytic system that efficiently cross-couples a
wide array of electronically deactivated, non-activated and activated as well as hindered
aryl chlorides with phenylacetylene. This simple procedure avoids the preparation or
storage of large quantities of potentially unstable reagents. While the practicality of this
catalytic system may suffer from the relatively high reaction temperature and a large
excess of aryl chlorides, it does represent the initial studies on the development of a novel
approach to overcome the major obstacle of utilizing economically preferred aryl

chlorides as chemical feedstocks.
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Chapter 5

Summary and Future Studies

In this dissertation research, novel pincer complexes have been prepared and
characterized. They have been successfully applied to the catalysis of a variety of organic
transformations with excellent activities. Based upon their unique catalytic properties, the
relatively simple catalytic systems have been designed to functionalize unreactive
compounds, e.g. alkanes and aryl chlorides. My preliminary results have demonstrated
that it is possible to utilize relatively cheap chemicals as feedstocks for the chemical
industry through the careful design of transition metal catalysts and the optimization of
catalytic systems.

Reformation of the original Shilov reaction is of continuous interest. Besides
alcohols, alkanes will be used as substrates in the current system. Although only CuCl,
shows activity in my preliminary catalytic system, other multiple oxidation state metal
salts such as V and Hg salts may be good candidates. Furthermore, the ultimate goal to
enhance the practicality of the Shilov reaction is to use air or O, as the terminal oxidant.

Palladium complexes have been widely used as catalysts in numerous organic
transformations. The activation of the C-F bond is a worthy endeavor. PCP pincer
palladium complexes have demonstrated a unique thermal and chemical stability.
Therefore, it is of interest to design a catalytic system employing PCP pincer palladium
complexes to break the strong C-F bond in the presence of appropriate additives at an

enhanced temperature.
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Finally, another profitable project would be to develop catalytic cross-coupling
systems to form C-hetero bonds, such as the C-O and the C-S bond. Unlike the Suzuki,
Heck, Stille, and amination reactions, only a few reports have appeared in the literature
for the formation of aryl-O and aryl-S bonds using palladium complexes. Obviously,
there is considerable room to develop general protocols for formations of C-hetero bonds.
PCP pincer palladium complexes’ ability to activate the aryl-Cl bond may help us
develop a catalytic system to catalyze the formation of aryl-O and aryl-S bonds by using

aryl chlorides as partners.
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Appendix A

Crystal Structure Data for PtC1{C¢H;-2,6-(OPPr’),} (6)

Table A.1. Crystallographic Data for PtC1{C¢H3-2,6-(OPPr’,);} (6)

Complex 6
Empirical formula C1sH3:C10,P,Pt
Formula weight 571.91
Temperature (K) 291(2)K
Wavelength(A) 0.71073 A
Crystal system Triclinic
Space group Pi
Unit cell dimensions
a(A) 8.1322(5)
b (A) 12.2824(7)
c(A) 22.929(1)
a(®) 86.833(1)
B 82.227(1)
v (©) 79.763(1)
Volume (A% 2231.9(2)
Z 4
Density (calculated) (g cm™) 1.702
Transmission Coeff. max. and min. 0.3394 and 0.1494
Absorption coefficient (mm"™) 6.557
Crystal size (mm) 22.00 x 0.38 x 0.20
0 range for data collection (°) 1.69 to 25.00
Index ranges 9<h<9, -14<k< 14, -27<1<27
Reflections collected 18382
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Table A.1. (Continued) Crystallographic Data for PtC1{CsH3-2,6-(OPPr’,),} (6)

Complex 6
Independent reflections 7857 [Rint = 0.0395]
Data/restraints/parameters 7857/0/450
GOF? 1.000
Final R indices [I>20 (I)] R,®=0.0227, wR,® = 0.0475
R indices (all data) R,"=0.0279, wR,® = 0.0483

a) GOF = [WE([Fol-[Fe]) /(No-Ny)T™
b) R=X(|Fol-[Fcl) Z Fo

¢) WR = [WZ(|Fo|-[Fo)¥ T Fo*]"*
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Table A.2. Bond Distances (A) and Angles (°) for PtC1{CsH;-2,6-(OPPr’),} (6)

Molecule 1 Molecule 2
PH1)-CQ) 1.984(3) P(2)-C(20) 1.976(4)
Pt(1)-P(2) 2.2636(10) Pt(2)-P(4) 2.2592(10)
Pt(1)-P(1) 2.2688(10) Pt(2)-P(3) 2.2619(11)
Pi(1)-CI(1) 2.3758(10) Pt(2)-CI(2) 2.3724(11)
P(1)-0(1) 1.651(3) P(3)-0(3) 1.636(3)
P(1)-C(10) 1.802(4) P(3)-C(28) 1.805(5)
P(1)-C(7) 1.819(4) P(3)-C(25) 1.823(5)
P(2)-0(2) 1.648(3) P(4)-0(4) 1.643(3)
P(2)-C(16) 1.817(4) P(4)-C(34) 1.809(4)
P(2)-C(13) 1.819(4) P(4)-C(31) 1.815(4)
o()-C() 1.378(4) 0(3)-C(19) 1.406(5)
02)-C3) 1.397(4) 0(4)-C(21) 1.397(5)
C(1)-C(6) 1.379(5) C(19)-C(24) 1.373(6)
C(1)-C(2) 1.397(5) C(19)-C(20) 1.385(6)
C(2)-C03) 1.388(5) C(20)-C(21) 1.402(5)
C(3)-C(4) 1.377(5) C1)-C(22) 1.359(6)
C(4)-C(5) 1.391(5) C(22)-C(23) 1.393(6)
C(5)-C(6) 1.381(5) C(23)-C(24) 1.381(6)
C(7)-C(8) 1.514(6) C(25)-C(26) 1.485(8)
C(7)-C(9) 1.515(6) C(25)-C(27) 1.514(7)
C(10)-C(11) 1.519(7) C(28)-C(30) 1.467(7)
C(10)-C(12) 1.531(7) C(28)-C(29) 1.523(7)
C(13)-C(15) 1.505(6) C(31)-C(33) 1.524(6)
C(13)-C(14) 1.533(6) C(31)-C(32) 1.524(6)
C(16)-C(17) 1.513(6) C(34)-C(35) 1.498(6)
C(16)-C(18) 1.532(6) C(34)-C(36) 1.514(7)
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Table A.2. (Continued) Bond Distances (A) and Angles (°) for PtC1{CsH3-2,6-(OPPr’,),}

(6)

Molecule 1 Molecule 2
C(Q2)-Pt(1)-P(2) 80.72(11) C(20)-Pt(2)-P(4) 80.55(12)
C(2)-Pt(1)-P(D) 80.50(11) C(20)-Pt(2)-P(3) 80.61(12)
P(2)-Pt(1)-P(1) 161.20(4) P(4)-Pt(2)-P(3) 160.79(4)
C(2)-Pt(1)-CI(1) 178.96(11) C(20)-Pt(2)-C1(2) 177.41(12)
P(2)-Pt(1)-CI(1) 98.45(4) P(4)-Pt(2)-Cl(2) 98.88(4)
P(1)-Pt(1)-CI(1) 100.33(4) P(3)-Pt(2)-Cl(2) 100.11(4)
O(1)-P(1)-C(10) 102.65(18) 0O(3)-P(3)-C(28) 101.6(2)
O(D)-P(1)-C(7) 101.93(17) O(3)-P(3)-C(25) 102.9(2)
C(10)-P(1)-C(7) 106.9(2) C(28)-P(3)-C(25) 107.8(3)
O(1)-P(1)-Pt(1) 104.46(10) O(3)-P(3)-Pt(2) 104.69(11)

C(10)-P(1)-Pt(1) 118.50(15) C(28)-P(3)-Pt(2) 119.7(2)
C(7)-P(1)-Pt(1) 119.56(14) C(25)-P(3)-Pt(2) 117.44(18)
0(2)-P(2)-C(16) 101.52(16) 0O(4)-P(4)-C(34) 102.71(18)
0(2)-P(2)-C(13) 102.79(16) 04)-P(4)-C(31) 103.59(19)
C(16)-P(2)-C(13) 107.28(19) C(34)-P(4)-C(31) 107.0(2)
O(2)-P(2)-Pt(1) 104.44(10) O(4)-P(4)-Pt(2) 104.66(10)
C(16)-P(2)-Pt(1) 120.19(15) C(34)-P(4)-Pt(2) 120.81(15)
C(13)-P(2)-Pt(1) 117.74(14) C(31)-P(4)-Pt(2) 115.77(15)
C(1)-0(1)-P(1) 115.2(2) C(19)-0(3)-P(3) 115.3Q2)
C(3)-0(2)-P(2) 115.3(2) C(21)-0O(4)-P(4) 115.3(2)
O(1)-C(1)-C(6) 119.8(3) C(24)-C(19)-C(20) 123.4(4)
O(1)-C(1)-C(2) 118.3(3) C(24)-C(19)-0(3) 119.3(4)
C(6)-C(1)-C(2) 121.9(4) C(20)-C(19)-0(3) 117.3(4)
C(3)-C(2)-C(1) 116.8(3) C(19)-C(20)-C(21) 115.9(4)
C(3)-C(2)-Pt(1) 121.7(3) C(19)-C(20)-Pt(2) 122.1(3)
C(1)-C(2)-Pt(1) 121.4(3) C(21)-C(20)-Pt(2) 122.0(3)
C4)-C(3)-C(2) 123.2(3) C(22)-C(21)-0(4) 119.9(4)
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Table A.2. (Continued) Bond Distances (A) and Angles (°) for PtC1{C¢Hs-2,6-(OPPr’,),}

(6)

Molecule 1 Molecule 2
C(4)-C(3)-0(2) 119.1(3) C(22)-C(21)-C(20) 123.1(4)
C(2)-C(3)-0(2) 117.7(3) 0(4)-C(21)-C(20) 116.9(4)
C(3)-C(4)-C(5) 117.8(4) C(21)-C(22)-C(23) 118.2(4)
C(6)-C(5)-C(4) 121.4(4) C(24)-C(23)-C(22) 121.3(4)
C(1)-C(6)-C(5) 118.9(4) C(19)-C(24)-C(23) 118.0(4)
C(8)-C(7)-C(9) 111.8(4) C(26)-C(25)-C(27) 109.9(5)
C(8)-C(7)-P(1) 109.3(3) C(26)-C(25)-P(3) 109.7(4)
C(9)-C(N)-P(1) 114.0(3) C(27)-C(25)-P(3) 113.4(4)

C(11)-C(10)-C(12) 111.8(4) C(30)-C(28)-C(29) 111.8(6)
C(11)-C(10)-P(1) 110.7(3) C(30)-C(28)-P(3) 109.7(4)
C(12)-C(10)-P(1) 109.7(3) C(29)-C(28)-P(3) 108.7(4)

C(15)-C(13)-C(14) 112.4(4) C(33)-C(31)-C(32) 111.6(4)
C(15)-C(13)-P(2) 113.93) C(33)-C(31)-P4) 109.9(3)
C(14)-C(13)-P(2) 109.6(3) C(32)-C(31)-P(4) 109.5(3)

C(17)-C(16)-C(18) 111.5(4) C(35)-C(34)-C(36) 110.8(4)
C(17)-C(16)-P(2) 109.4(3) C(35)-C(34)-P(4) 115.2(3)
C(18)-C(16)-P(2) 110.6(3) C(36)-C(34)-P(4) 109.8(4)
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Table A.3. Atomic Coordinates ( x 10%) and Equivalent Isotropic Displacement

Parameters (A x 10%) for PtC1{C¢H3-2,6-(OPPr’,),} (6)

Atom X y z U(eq)
Molecule 1
Pt(1) 5152(1) 7641(1) 3824(1) 36(1)
CI(1) 7044(1) 5945(1) 3910(1) 65(1)
PQ2) 3461(1) 7515(1) 4686(1) 39(1)
o) 5055(3) 9508(2) 2842(1) 48(1)
0(2) 2024(3) 8644(2) 4687(1) 48(1)
C(1) 3753(5) 9798(3) 3287(2) 40(1)
CQ2) 3571(5) 9061(3) 3768(2) 37(1)
C(3) 2248(5) 9379(3) 4207(2) 39(1)
C4 1159(5) 10372(3) 4190(2) 48(1)
C(5) 1397(5) 11077(3) 3701(2) 50(1)
C(6) 2685(5) 10798(3) 3249(2) 44(1)
C( 6033(5) 7593(3) 2270(2) 51(1)
C(8) 4258(5) 7357(4) 2302(2) 65(1)
C9) 6546(7) 8211(4) 1704(2) 82(2)
C(10) 8327(5) 8605(4) 2849(2) 64(1)
c(11) 9634(6) 7562(5) 2746(3) 100(2)
C(12) 8569(7) 9207(5) 3390(3) 104(2)
C(13) 2204(5) 6417(3) 4775(2) 49(1)
C(14) 1596(7) 6249(4) 4187(2) 86(2)
C(15) | 784(6) 6582(4) 5273(2) 84(2)
C(16) 4261(6) 7603(3) 5381(2) 51(1)
c(17) 5070(8) 8624(4) 5365(2) 89(2)
C(18) 5504(6) 6552(4) 5507(2) 71(1)
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Table A.3. (Continued) Atomic Coordinates ( x 10*) and Equivalent Isotropic

Displacement Parameters (A x 10%) for PtC1{CsH3-2,6-(OPPr’,),} (6)

Atom X y z U(eq)
Molecule 2
Pt(2) 7911(1) 3289(1) 1308(1) 46(1)
Cl(2) 6424(2) 5128(1) 1243(1) 82(1)
P(3) 7459(2) 2643(1) 449(1) 54(1)
P(4) 8713(1) 3329(1) 2212(1) 46(1)
0@3) 8502(4) 1374(2) 431(1) 68(1)
0(4) 10028(4) 2162(2) 2279(1) 60(1)
C(19) 9385(5) 1033(4) 914(2) 57(1)
C(20) 9247(5) 1783(3) 1354(2) 49(1)
C(21) 10144(6) 1418(4) 1829(2) 55(1)
C(22) 11097(6) 395(4) 1866(2) 67(1)
C(23) 11189(6) -321(4) 1408(2) 74(2)
C(24) 10352(6) -4(4) 924(2) 73(1)
C(25) 5319(7) 2460(5) 379(2) 82(2)
C(26) 4630(9) 1859(7) 910(3) 147(3)
C(27) 5194(8) 1863(6) -170(3) 151(3)
C(28) 8319(7) 3227(5) -240(2) 78(2)
C(29) 10175(8) 3256(6) -219(3) 127(3)
C(30) 7361(9) 4334(5) -344(3) 134(3)
C(31) 7076(6) 3262(4) 2828(2) 59(1)
C(32) 6334(8) 2214(5) 2798(3) 115(2)
C(33) 5731(6) 4297(4) 2823(2) 81(2)
C(34) 9913(6) 4353(3) 2378(2) 58(1)
C(395) 10644(6) 4156(4) 2948(2) 70(1)
C(36) 11271(9) 4479(6) 1870(3) 134(3)

U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor.
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Table A.4. Anisotropic Displacement Parameters (A% x 10) for PtC1{C¢H;-2,6-(OPPr’,),}

(6)
Atom Un Un Uss Uz Uiz Uiz
Molecule 1

Pt(1) 37(1) 33(1) 37(1) 2(1) -5(1) 23(1)
CI(1) 57(1) 49(1) 78(1) 7(1) 3(1) 10(1)
P(1) 39(1) 45(1) 41(1) 3(1) 22(1) (1)
P(2) 45(1) 31(1) 38(1) 2(1) 23(1) -4(1)
o(1) 58(2) 43(2) 402) 8(1) -1(1) -5(1)
02) 54(2) 36(2) 46(2) 8(1) 5(1) o)

(1) 46(2) 35(2) 38(2) 1(2) -9(2) 7(2)
C(2) 44(2) 28(2) 39(2) 202) -12(2) -5(2)
06) 4(2) 33(2) 42(2) 32) -8(2) -5(2)
C4) 52(2) 38(2) 49(2) :3(2) 3(2) 202)

C(s) 59(3) 30(2) 59(3) -1(2) -18(2) 52)

C(6) 58(3) 35(2) () 42) 1702) 8(2)
c) 52(3) 54(3) 44(2) 902) 42) 1)
C(8) 61(3) 73(3) 65(3) -16(2) 173) 8(3)
C(9) 99(4) 99(4) 46(3) :3(3) 13) -19(3)
C(10) 55(3) 77(3) 64(3) 21(3) -9(2) -29(3)
c(11) 37(3) 134(5)  123(5) 29(4) -4(3) -13(3)
C(12) 1065)  1145)  117(5) 21(4) -46(4) 270(4)
C(13) 50(2) 37(2) 57(3) 32) 2(2) -8(2)
C(14) 84(4) 108(4) 83(4) :3(3) -24(3) -49(3)
C(15) 71(3) 64(3) 106(4) -1(3) 25(3) 228(3)
C(16) 68(3) 45(2) 40(2) 2(2) -9(2) 9(2)
c7) 148(5) 71(3) 69(3) 73) -46(4) -49(4)
ca18) 84(3) 72(3) 58(3) 10(2) -29(3) -4(3)
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Table A.4. (Continued) Anisotropic Displacement Parameters (A% x 10°) for PtC1{CsH;-

2,6-(OPPr,),} (6)

Atom Un Uz Uss Uz Uiz Upz
Molecule 2
PY(2) 54(1) 47(1) 35(1) -1(1) -8(1) 3(1)
Cl(2) 112(1) 58(1) 62(1) 2(1) -19(1) 25(1)
P(3) 57(1) 61(1) 39(1) -4(1) -13(1) 7(1)
P(4) 57(1) 45(1) 37(1) 1(1) 29(1) -6(1)
0(3) 86(2) 66(2) 49(2) -16(2) 3102) 18(2)
0(4) 82(2) 49(2) 45(2) -3(1) -25(2) 8(2)
c(19) 58(3) 553) . 55(3) 72) -15(2) 52)
C(20) 55(2) 48(2) 44(2) 0Q2) -10(2) 3(2)
cR1) 643)  56(3) 44(2) 12) -14(2) -6(2)
ce2) 820 58(3) 57(3) 0Q2) 228(3) 12(3)
C(23) 91(4) 58(3) 65(3) 1(3) -22(3) 1903)
C(24) 98(4) 55(3) 62(3) -18(2) -30(3) 16(3)
C(25) 71(3) 112(5) 66(3) -19(3) -19(3) -1203)
C(26) 116(6)  2339)  111(6) 126)  -4(5) -88(6)
c@7)  107(5)  21809)  141(7) 516  -425)  -33(6)
C(28) 86(4) 96(4) 44(3) 53) 7(3) 8(3)
C(29) 1005)  188(8) 83(5) 10(5) 27(4) 31(5)
C(30) 159(7)  131(6) 89(5) 30(4) 21(5) 18(5)
CG1) 73(3) 69(3) 37(2) 202) -8(2) -22(3)
CR2) 155(6)  108(5) 92(4) 1(4) 25(4) -82(5)
C(33) 73(3) 96(4) 65(3) 303) 13(3) -5(3)
C(34) 61(3) 50(3) 64(3) 10(2) -15(2) -11(2)
cE35) 75(3) 74(3) 68(3) -10(3) -16(3) 2203)
C(36) 1506)  214(8) 68(4) 18(5) 1204 -117(6)

U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor.
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Table A.S. Hydrogen Coordinates ( x 10%) and Equivalent Isotropic Displacement

Parameters (A2 X 103) for PtC1{C¢Hj3-2,6-(OPPr’,),} (6)

Atom X y z U(eq)
H(4) 294 10566 4494 57
H(5) 673 11751 3679 60
H(6) 2830 11277 2925 53
H(7) 6791 6877 2270 62
H(8A) 3479 8043 2297 78
H(8B) 3992 6942 2659 78
H(8C) 4176 6937 1969 78
H(9A) 6502 7773 1374 98
H(9B) 7672 8350 1700 98
H(9C) 5788 8902 1678 98
H(10) 8453 9104 2504 76
H(11A) 10735 7728 2765 120
H(11B) 9594 7290 2365 120
H(11C) 9400 7009 3043 120
H(12A) 8380 8748 3737 125
H(12B) 7783 9889 3424 125
H(12C) 9697 9360 3349 125
H(13) 2958 5733 4869 58
H(14A) 895 5690 4239 104
H(14B) 2551 6020 3899 104
H(14C) 961 6931 4055 104
H(15A) 24 7254 5201 101
H(15B) 1231 6629 5635 101
H(15C) 190 5968 5300 101
H(16) 3310 7675 5696 61
H(17A) 5601 8629 5714 107
H(17B) 4223 9274 5347 107
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Table A.S. (Continued) Hydrogen coordinates ( x 10 and Equivalent Isotropic

Displacement Parameters (A% x 10%) for PtC1{CsH;3-2,6-(OPPr"),} (6)

Atom X y z U(eq)
H(17C) 5899 8618 5024 107
H(18A) 6391 6432 5184 85
H(18B) 4925 5930 5556 85
H(18C) 5974 6634 5861 85

H(22) 11673 178 2189 80

H(23) 11827 -1027 1428 89

H(24) 10439 -478 615 87

H(25) 4622 : 3196 360 98
H(26A) 3488 1789 879 176
H(26B) 4657 2263 1254 176
H(26C) 5299 1136 941 176
H(27A) 5770 1112 -142 181
H(27B) 5702 2231 -509 181
H(27C) 4030 1867 -206 181

H(28) 8223 2752 -559 94
H(29A) 10677 3486 -599 153
H(29B) 10740 2531 -116 153
H(29C) 10277 3768 69 153
H(30A) 7342 4782 -12 161
H(30B) 6228 4276 -396 161
H(30C) 7884 4670 -691 161

H(31) 7583 3229 3194 70
H(32A) 5635 2102 3161 138
H(32B) 7229 1591 2737 138
H(32C) 5670 2289 2478 138
H(33A) 5220 4338 2467 97
H(33B) 6239 4941 2843 97

90



Table A.5. (Continued) Hydrogen coordinates ( x 10*) and Equivalent Isotropic

Displacement Parameters (A% x 10%) for PtC1{C¢H;-2,6-(OPPr’,),} (6)

Atom X y z U(eq)
H(33C) 4887 4266 3157 97

H(34) 9138 5062 2406 70
H(35A) 11388 3455 2942 84
H(35B) 9751 4152 3267 84
H(35C) 11261 4735 2998 84
H(36A) 11879 5042 1955 161
H(36B) 10763 4687 1517 161
H(36C) 12033 3789 1816 161

U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor.
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Appendix B

Crystal Structure Data for PtC1{3-Cl-CsH,-2,6-(OPPr’),} (7)

Table B.1. Crystallographic Data for PtC1{3-Cl-C¢H,-2,6-(OPPr’, )2} (7)

Complex
Empirical formula
Formula weight
Temperature (K)
Wavelength(A)
Crystal system
Space group
Unit cell dimensions
a(A)
b (A)
c(A)
a ()
O
7 ()
Volume (A%
Z
Density (calculated) (g cm™)

Transmission Coeff. Max. and min.

Absorption coefficient (mm™)
Crystal size (mm)
20 range for data collection (°)
Index ranges

Reflections collected

7
C13H30C1,0,P,Pt
606.35
293(2) K
0.71073 A
Monoclinic
P2in

14.227(1)
11.3781(8)
14.632(1)
90
100.337(2)
90
2330.1(3)
4
1.728
0.4645, 0.3343
6.397
0.188 x 0.176 x 0.142
1.84 t0 32.53
21<h<21, -17< k< 17, -22< 122
31316
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Table B.1. (Continued) Crystallographic Data for PtC1{3-C1-CsH,-2,6-(OPPr’),} (7)

Complex 7
Independent reflections 8416 [Rin; = 0.0599]
Data/restraints/parameters 8416/0/234
GOF on F? 0.933
Final R indices [I>20 (I)] R;®=0.0371, wRy° = 0.0522
R indices (all data) R," = 0.0653, wR,® = 0.0548

a) GOF = [WZ([Fo| - [F])* /(No-Ny)]"*
b) R=X(Fo| - [F| /ZF,

¢) WR=[WZ([Fq| - |[F|)* /EwF¢*]"2
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Table B.2. Bond Distances (A) and Angles (°) for PtC1{3-Cl-C¢H,-2,6-(OPPr)} (7)

Pt(1)-C(1)
Pt(1)-P(1)
Pt(1)-P(2)
Pt(1)-Cl(1)
C1(2)-C(3)
P(1)-0(1)
P(1)-C(11)
P(1)-C(8)
P(2)-0(2)
P(2)-C(17)
P(2)-C(14)
O(1)-C(2)
0(2)-C(6)
C(1)-C(2)

C(1)-P(1)-P(1)
C(1)-Pt(1)-P(2)
P(2)-Pt(1)-P(1)
C(1)-Pt(1)-C(1)
P(1)-Pt(1)-CI(1)
P(2)-Pt(1)-CI(1)
0(1)-P(1)-C(11)
0(1)-P(1)-C(8)
C(11)-P(1)-C(8)
O(1)-P(1)-Pt(1)
C(11)-P(1)-P(1)
C(8)-P(1)-Pt(1)
0(2)-P(2)-C(17)
0(2)-P(2)-C(14)

1.981(3)
2.2648(9)
2.2697(9)
2.3659(9)

1.735(3)

1.656(2)

1.806(4)

1.819(4)

1.629(2)

1.788(4)

1.820(4)

1.379(3)

1.393(4)

1.378(4)

80.33(9)
80.90(10)
160.84(4)
178.32(9)
99.38(3)
99.49(3)
101.61(15)
102.34(17)
107.76(19)
104.29(8)
121.10(14)
116.72(13)
100.83(18)

© 102.99(16)

C(1)-C(6)
C(2)-CB3)
C(3)-C4)
C(H-C(5)
C(5)-C(6)
C(7)-C(8)
C(8)-C(9)
C(10)-C(11)
C(11)-C(12)
C(13)-C(14)
C(14)-C(15)
C(16)-C(17)
C(17)-C(18)

C(3)-C(2)-C(1)
C(2)-C(1)-Pt(1)
C(6)-C(1)-Pt(1)
C(4)-C(3)-C(2)
C(4)-C(3)-C1(2)
C(2)-C(3)-C1(2)
C(5)-C(6)-0(2)
C(1)-C(6)-0(2)
C(3)-C(4)-C(5)
C(6)-C(5)-C(4)
C(1)-C(6)-C(5)
C(8)-C(7)-C(9)
C(7)-C(8)-P(1)
C(9)-C(8)-P(1)

1.409(4)
1.384(4)
1.380(5)
1.375(5)
1.370(4)
1.507(5)
1.518(5)
1.523(5)
1.518(5)
1.509(5)
1.494(4)
1.495(6)
1.492(6)

121.3(3)
121.7(2)
121.0(3)
119.8(3)
120.1(3)
120.1(3)
120.6(3)
117.6(3)
120.5(3)
119.2(3)
121.83)
111.8(4)
111.1(3)
112.5(3)
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Table B.2. (Continued) Bond Distances (A) and Angles (°) for PtC1{3-C1-CsH,-2,6-

(OPPr,),} (7)

C(17)-P(2)-C(14) 106.9(2) C(12)-C(11)-C(10) 110.9(4)
0(2)-P(2)-Py(1) 104.59(9) C(10)-C(11)-P(1) 110.6(3)
C(17)-P(2)-Pt(1) 120.85(15) C(12)-C(11)-P(1) 109.8(3)
C(14)-P(2)-Pt(1) 117.69(12) C(15)-C(14)-C(13) 111.2(4)
C(2)-0(1)-P(1) 114.5(2) C(15)-C(14)-P(2) 110.9(3)
C(6)-0(2)-P(2) - 115.9(2) C(13)-C(14)-P(2) 113.6(3)
0(1)-C(2)-C(1) 118.8(3) C(16)-C(17)-C(18) 111.1(5)
0(1)-C(2)-C(3) 119.9(3) C(18)-C(17)-P(2) 111.8(3)
C(6)-C(1)-C(2) 117.3(3) C(18)-C(17)-P(2) 109.0(3)
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Table B.3. Atomic Coordinates ( x 10*) and Equivalent Isotropic Displacement

Parameters (A x 10%) for PtC1{3-C1-C¢H,-2,6-(OPPr,),} (7)

Atom X y z U(eq)
Pt(1) 9967(1) 1151(1) 2405(1) 43(1)
CI(1) 11302(1) 790(1) 3589(1) 73(1)
Cl(2) 6204(1) 169(1) 615(1) 72(1)
P(1) 8876(1) -3(1) 2923(1) 49(1)
P(2) 10615(1) 2506(1) 1563(1) 48(1)
O(1) 7932(2) 37(2) 2076(2) 56(1)
0(2) 9765(2) 2808(2) 691(2) 63(1)
C) 8857(2) . 1409(3) 1396(2) 42(1)
C(2) 8009(2) 813(3) 1370(2) 43(1)
C(3) 7247(2) 970(3) 646(2) 48(1)
C4) 7329(3) 1742(3) -63(2) 60(1)
C(5) 8167(3) 2346(3) -62(2) 63(1)
C(6) 8915(3) 21903) 661(2) 52(1)
(7 8332(3) 1862(4) 390193) 87(1)
C(8) 8392(3) 540(4) 3912(2) 64(1)
C) 7439(3) -18(5) 3983(3) 105(2)
C(10) 9776(3) -1818(4) 3960(3) 90(1)
C(11) 9064(3) -1565(3) 3074(3) 69(1)
C(12) 9406(4) -2076(4) 2233(3) 110(2)
C(13) 11016(4) 4888(4) 1393(3) 105(2)
C(14) 10911(3) 3939(3) 2088(2) 63(1)
C(15) 10207(3) 4288(4) 2684(3) 87(1)
C(16) 12499(4) 2030(6) 1613(4) 139(2)
c(17) 11562(3) 2118(4) 965(3) 77(1)
C(18) 11316(5) 990(4) 459(4) 147(3)

U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor.
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Table B.4. Anisotropic Displacement Pgarameters (A% x 10°) for PtC1{3-Cl-CsH,-2,6-

(OPPr2)s} (7)

Atom Un Uz, Us; Uz Uiz Uz

P(1) 4101 4100 (1) o) 30) Q)
CI(1) 56(1) 84(1) 68(1) 11(1) -15(1) -14(1)
Cl2) 49(1) 79(1) 83(1) 6(1) -5(1) -8(1)
P(1) 46(1) 50(1) 49(1) 8(1) 0(1) -8(1)
P(2) 47(1) 49(1) 51(1) -1(1) 12(1) -5(1)
o(1) 47(2) 65(2) 53(2) 12(1) 2(1) -13(1)
o) 63(2) 64(2) 58(2) 15(1) 4(1) -17(1)
c() 44(2) 41(2) 402) 3(2) 5(2) 32)

c@) 48(2) 202) 40(2) -1() 52) 02)

6 40(2) 472) 55(2) 302) 202) 1)
C) 58(2) 61(3) 53(2) 52) 7(2) 6(2)

) 74(3) 6203) 43(2) 15(2) 3Q2) 52)
C(6) 58(2) 45(2) 49(2) 42) 202) 202)
c) 58(3) 8703) 49(3) 122) 112) 8(2)
C@®) 61(3) 7303) 65(3) 162)  -173) 8(3)
c) 92(4) 141(5) 92(3) 7(3) (3) 22(3)
C(10) 81(3) 60(3) 118(4) 29(2) 1203) 6(2)
can 62(3) 51(2) 86(3) 18(2) -8(2) -12(2)
Ca2)  128(4) 52(3) 136(4)  -143)  -10(4) 11(3)
ca3)  148(5)  6103) 107(4) 303) 24(4) -39(3)
C(14) 66(3) 55(2) 68(2) 0Q2) 14(2) -132)
c(15) 100(4) 59(3) 1074)  -20Q2) 3003) 13)

C(16) 82(4)  201(7)  151(5) 36(5) 66(4) 33(4)
ca 7392) 85(3) 84(3) 72) 22(3) 11(3)
c(8)  192(7)  1095)  1706)  -35@)  111(6) 22(5)

U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor.
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Table B.5. Hydrogen Coordinates ( x 10*) and Equivalent Isotropic Displacement

Parameters (A? x 10*) for PtC1{3-C1-CsH,-2,6-(OPPr,)} @)

Atom X y z U(eq)
H4) 6815 1854 -545 80
H(5) 825 2854 -547 80
H(7A) 7950 2117 3327 80
H(7B) 8962 2188 3959 80
H(7C) 8044 2124 4411 80
H(8) 8843 317 4473 80
H(%A) 7250 220 4553 80
H(9B) 7498 : -858 3973 80
H(9C) 6965 231 3467 80
H(10A) 0882 2650 4020 80
H(10B) 9526 -1534 4486 80
H(10C) 10369 -1429 3933 80
H(11) 8453 -1934 3126 80
H(12A) 9981 -1684 2148 80
H(12B) 8922 -1966 1691 80
H(12C) 9530 -2900 2329 80
H(13A) 10420 4991 975 80
H(13B) 11502 4665 1048 80
H(13C) 11194 5612 1715 80
H(14) 11532 3859 2499 80
H(15A) 10433 4976 3035 80
H(15B) 10134 3658 3102 80
H(15C) 9602 4454 2298 80
H(16A) 12452 1460 2086 80
H(16B) 12662 2781 1897 80
H(16C) 12985 1794 1273 80
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Table B.5. (Continued) Hydrogen Coordinates ( x 10*) and Equivalent Isotropic

Displacement Parameters (A% x 10%) for PtC1{3-Cl-C¢H,-2,6-(OPPr),} (7)

Atom X y z U(eq)

H(17) 11613 2732 507 80
H(18A) 11729 878 14 80
H(18B) 10664 1015 143 80
H(18C) 11397 350 894 80

U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor.
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Appendix C

Molecular Structures of Complexes 1-7

PBU, PBU, O—PPY,
H H
N\ &N
r; |r°‘LOH Pd—cCi
H
PBU', PBU, O—PPY,
1 2 3

NEt, O—FPPY,
Pt—Cl Pt—Cl
NEt, O—PPY,
4 5 6
0—PPr,
Pt—Cl
cl O—PPr,
7
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