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Synthesis and Characterization of Transition Metal Pincer Complexes on a Silica
Polyamine Composite for Catalytic Applications
Chairperson: Prof. Edward Rosenberg, Department of Chemistry and Biochemistry
Abstract

There are two main parts of this dissertation: (i) Investigation of the most efficient method
for loading and synthesizing catalytically active pincer metal complexes on a silica polyamine
composite, BP-1, and (ii) study of the catalytic activity of the immobilized pincer complexes on the
BP-1 surface.

Three methods were investigated to immobilize pincer complexes on BP-1 using PONOP
pincer complexes of Ru, Rh, Ni and Pd. Method 1, appeared to be the most suitable and effective
process to load the pincer complexes: the immobilization proceeded by a two-step Mannich reaction
with the addition of preassembled pincer metal complexes to BP-1. The complexes on BP-1 were
characterized by solid state NMR, FT-IR, elemental analysis, and metal digestion studies. The model
solution experiments between pincer complexes and n-butylamine revealed electrophilic substitution
in both the meta- and para-position of pyridine ring of the pincer complexes by Mannich intermediate.

The catalytic reactivity of immobilized (PNN)RuH(CI)(CO) and (PONOP)RuH(CI)(CO) on
BP-1 was studied in the dehydrogenative coupling of alcohols to esters and H> reactions. Moderate to
good ester yields were realized with both immobilized systems without using any base and in the
presence of KOH. The homogeneous reactions required a base for catalysis. The amine functionality
on BP-1 functioned as a base to generate active pincer catalyst on the BP-1 surface. Both immobilized
catalysts were recycled for multiple alcohol reaction cycles. BP-1-Ru-PNN showed alcohol
conversions up to five cycles, whereas BP-1-Ru-PONOP was found to be survived up to the fourth
catalytic cycle. Four control experiments were carried out using alcohol and both of the immobilized
systems. The results revealed the heterogeneity of alcohol catalysis by both BP-1-Ru-PNN and BP-1-
Ru-PONOP systems. The composite catalysts were also tested in amide formation reactions from
amines and alcohols. Instead of generating amides, the imines formations were realized by the coupling
of amines in both cases.

This study opened a new catalytic method for important metal pincer complexes in their
known catalytic reactions where the requirement of using a base is eliminated for the catalysis by the
utilization of a solid support with basic functionality. It also suggested different immobilization

approaches which will save the relatively expensive pincer catalysts for multiple uses in catalysis.
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Chapter 1

Introduction and Background
1.1 Catalysis: General statement

Catalysis is a process which exists in every sphere of nature. Numerous chemical
transformations observed in a wide variety of biological systems in nature over millions of years
are catalyzed by naturally occurring enzyme catalysts.! These catalyst molecules involve complex
compounds with large molecular weight structures and work very selectively in various complex
biological reaction systems.? Catalysis has been a key focus in chemical transformations since the
industrial revolution began. It offers many advantages in chemical reaction systems by reducing
time and energy requirements and results in overall chemical processes with increased
environmental sustainability.® The principle on which a catalytic compound works is to decrease
the energy barrier between the reactants and products by providing an alternative reaction path
(Figure 1.1). It functions in a very specific way and under ideal conditions, allows for more
efficient reactions, results in the selective formation of desired products and eliminates the
possibility of side reactions occurring. Compared to the enzyme catalysts observed in nature, the
catalysts designed and synthesized by human beings are relatively simple, soluble molecules with
lower masses or insoluble inorganic solids.?*

Activated
complex

Reactant

Potential energy

Product

Reaction coordinate

Figure 1.1: The potential energy diagrams for a single-step exothermic reaction in the presence
and absence of a catalyst.*
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Catalytic processes can be divided into three main categories: homogeneous catalysis,
heterogeneous catalysis, and bio-catalysis. In this dissertation, we will mainly focus on
homogeneous and heterogeneous catalysis. Both homogeneous and heterogeneous catalytic

systems have several advantages and disadvantages. Table 1.1 summarizes the characteristics of

heterogeneous and homogeneous catalysis.®

Table 1.1: Comparison of the advantages and disadvantages of homogeneous and
heterogeneous catalysis

Parameter/Factor Homogeneous Heterogeneous
Form Soluble metal complexes, | Metals, metal oxides, metal
usually mononuclear complexes on a solid
support
Active site Excellent accessibility to | Poorly defined. Continuous
active sites, no mass operation frequently applied
transfer limitations, no
pressure drop
Phase Liquid Gas/Solid, Liquid/Solid
Temperature Low (<250°C) Relatively higher
Activity High Activity in terms of Low to moderate.
*TON and *TOF Resistance to drastic
operational conditions
Selectivity High Low
Diffusion Facile Can be very important
Heat transfer Facile Can be problematic
Reaction mechanisms Excellent catalyst Poorly understood
description. Reasonably mechanisms. Choice of
well understood large variety of supports,
mechanisms e.g. silica, alumina, zeolites,
carbon etc.
Catalyst modification Easy Difficult
Product separation Generally very problematic Very simple and easy
and difficult
Catalyst recycling Expensive Very simple

*TON = Turnover number = moles of product/moles of catalyst ; *TOF= TON/Time

In modern synthetic chemistry the recycling and reuse of relatively expensive catalyst
systems has become an important goal. In addition, the separation of catalysts from product

streams poses an economic and environmental challenge to satisfy some of the Green Chemistry
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criteria.® Though the catalyst design, selectivity, and activity are the major outputs of
homogeneous catalysis, the easy purification of the product and facile reuse of the relatively
expensive catalytic materials make heterogeneous catalysis more applicable in large scale
commercial operations in industry.” Approximately 85% of all chemical processes in industry are
run catalytically where the relative ratio of the applications of homogeneous to heterogeneous
catalysis is about 25:75.89 Therefore, to achieve an ideal and excellent catalytic system, one
should design and constitute a hybrid catalytic species which would combine both aspects and

features of homogeneous and heterogeneous catalysis.

1.2 General immobilization approaches

Heterogenization of homogeneous catalysts on suitable supports has become an expanding
area of research because it offers accessibility to both homogeneous and heterogeneous catalysis
in a single platform. Today the field of catalysis is mainly dominated by metal catalysis. Transition
metal compounds with a wide variety of organic-inorganic ligands are the largest class of
homogeneous metal catalysts that are now extensively used in various chemical transformations.
Types of heterogeneous catalysts could be the bulk metal catalyst compound on a suitable solid
support or only metal particles on that support. These support materials may be varied in their sizes
and can be as small as a few nanometers. There are many synthetic techniques that have been
reported and utilized to immobilize molecular organometallic catalysts on various support
materials.®® Some of them utilize non-covalent interactions between catalysts and supports.®®
Figure 1.2 depicts the common methodologies to immobilize catalyst compounds on solid

supports.
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Support support support support
Covalent Adsorption Ton pair Entrapment/
attachment formation encapsulation

Figure 1.2: Different approaches for immobilization of homogeneous catalyst on solid
supports®

Table 1.2: Comparison of the advantages and disadvantages of different immobilization

approaches®
Immobilization | Covalent ligand Physisorption lon pair Encapsulation
method binding
Applicability Broad Restricted Restricted Restricted
Drawbacks Preparation Competition Competition Substrate size,
with solvents with polar or Diffusion
ionic substrates

Comparison of different immobilization approaches is listed in Table 1.2. However, the
most versatile, widely used effective method for the immobilization of homogeneous catalysts is
to attach them to suitable supports by the formation of covalent bonds between the solid support
and the ligand of the catalyst complex.8%1%1112 |mmobilization by covalent attachment can be
done in two ways: (i) pre-formed complex immobilization or (ii) step-wise synthesis of the
complex on the support.82 The types and natures of the solid supports are crucial for the catalytic
activity of the loaded complexes. A large variety of solid supports have been used to heterogenize
homogeneous catalyst compounds such as: dendrimers, functionalized organic polymers, and
inorganic support systems: alumina, silica, silica—alumina, and cation exchange resins, 11314

However, silica materials have shown to be the most viable and facile support for the catalyst
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molecules in terms of activity, recycling, and easy separation of the product from the reaction

mixtures.>16

1.3 Pincer ligands and their complexes in catalysis

Controlling the properties of metal centers by a well-defined ligand system is an ultimate goal
in modern inorganic and organometallic chemistry. There are many ligand systems reported in the
literature. However, among them, pincer ligands and their complexes have drawn increasing
interest in recent years. Extensive research has been carried out recently on metal pincer chemistry.
171819 This is due to the higher thermal stability, structural variability, and outstanding catalytic
activity of metal pincer complexes in various chemical transformations.?® 2122 Pincer-type ligands
offer control over coordination geometry of metal complexes due to the extreme variability in the
ligand design.?® The first pincer type ligand was synthesized by Moulton and Shaw in 1976.%4
Since then, a wide variety of pincer ligands have been developed. Their chemistry at metal centers,

and catalytic reactions are also being explored.?>%’

Pincer ligands are types of chelating agents that bind tightly to metal centers with three
adjacent coplanar sites in meridional configurations.?? Pincer ligands are named after their
particular coordination mode to the metal centers and are abbreviated by the letters of three donor
atoms that are coordinated to the metal center in the complex: e.g., the PNP, PNN, SCS, PCP, or
NCN pincer. They are usually tridentate ligands. They feature a central aromatic ring with a
heteroatom (Y) and which is ortho-disubstituted with two electron-donor substituents (E) (Figure
1.3).22 These substituents (E) can be connected to the central aromatic backbone by different
spacers (A), such as methylene groups (-CH.-), amines (-NR-) or oxygen atoms (-O-). The

(un)substituted aromatic ring can be either a pyridine ring (Y= N) or a benzene ring (Y= C). Thus
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either neutral or anionic pincer ligands can be obtained. The neutral lone pair donors (E), are
typically amines (NRz2), phosphines (PR2), phosphites (P(OR)2), ethers (OR), thio-ethers (SR), or
even N-heterocyclic carbenes (NHCs), arsines (AsRz), and seleno-ethers (SeR).?>3* The donor
groups need not be identical, and pincer ligand systems with two different donor atoms have also

been reported.?8%°

E E ‘Bu,p ‘PtBuz Bu,p NEt, 'Bu,p P'Bu,
poslin - o'
o7 o @ 75

(a) (b) (©) (d)
General structure of PONOP PNN PNP

pincer ligands
E = NR, PRz, P(OR), OR, SR, AsRz, SeR ;
Y =N,C; A=CH,, NH(R), O ; R =alkyl, aryl

Figure 1.3: Schematic diagram of: (a) Pincer ligands, (b) Pincer ligand, PONOP
(c) Pincer ligand, PNN and (d) Pincer ligand, PNP
Pincer ligands can coordinate with the metal center in a meridional way via the two
electron-donor groups and with the formation of metal-carbon ¢ bonds (benzene-based pincer
complexes) or metal-nitrogen bonds (pyridine-based pincer complexes). Thus, a wide variety of
different EYE pincer ligands are accessible by modifying one or more of the parameters in the
general structure of the ligand; that is, the donor groups, the aromatic ring and its substitution, or
the spacer groups (Figure 1.3).22 However, so far, the most widely-utilized and effective pincer
ligands are those containing phosphines or phosphites as donor groups.?? % The pincer ligand PNP,

PNN, and PCP have been shown to be excellent alternatives to traditional phosphine ligands which
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are poisonous, air sensitive, and unrecoverable, and which degrade at higher reaction
temperatures.'®22 They have been found to form complexes with a large variety of transition metals
such as Pd, Pt, Ru, Os, Rh, Ir, Ni. 313233

The pincer-type complexes consist of a metal center and a pincer skeleton. The pincer
skeleton is a tridentate ligand which is connected to the metal via metal-carbon ¢ bond or two
dative bonds between metal and donor heteroatoms and these bonds provide the unique stability
of these complexes, thus avoiding the dissociation of the metal from the pincer ligands and the
decomposition of the complexes. In addition, the donor atoms and their corresponding substituents
allow tuning of the steric and electronic properties of the complexes. Metal complexation with
pincer ligands usually occurs with the formation of two five-membered metallocycles
[MXn(EYE)Lm] (Figure 1.4).223* However, very few examples are known that contain a two-
carbon linkage between the aryl-carbon and the E-donor atoms, which results in the formation of
six membered metallocycles.®*

Pincer metal complexes have tremendous applications in a wide range of catalytic

reactions which include: aldol condensation,® double Michael addition and Kharasch addition,®
transfer hydrogenation,®” transfer dehydrogenation,® allylicstannylation®® and allylic alkylation

reactions.*°
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* Hardness/Softness

* Metal-binding rigidity

* Steric constraints of substituents

* Coordinating 2e donor or free Lewis base

Figure 1.4: Schematic diagram of metal pincer complexes 2234

One relatively recent, interesting application of pincer metal complexes is in esterification,
which is one of the most fundamental and important reactions in organic synthesis.** PNP and
PNN pincer complexes of ruthenium have shown the most promising and interesting catalyst, for
dehydrogenative coupling of alcohols to esters along with the liberation of hydrogen, 4% 42 43
hydrogenation of esters,* hydrogenation of amides to alcohols and amines,* and other reaction
systems. 4553

Section 1.4: Immobilization of pincer complexes on various solid supports

Though a large variety of pincer ligands and their metal complexes are now
accessible (Figures 1.3 & 1.4), and their interesting catalytic reactivity has been shown in the
literature, they are still relatively expensive and their synthetic procedures are not easy and
straight-forward. Therefore, there is a growing demand for the immobilization of valuable pincer

catalyst complexes on suitable supports which will allow reusing them in multiple catalytic
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cycles. In addition, immobilization provides a means for separating expensive pincer catalysts
through simple filtration.

Recent studies have reported various methods of immobilizing pincer complexes on a
range of solid supports, including inorganic materials (alumina, silica), dendrimers, and
functionalized organic polymers.>**® Silica materials appear to be the most suitable solids for
immobilization of organometallic pincer catalysts.®>” Pozo et al. reported the immobilization of
(NHC)NN-pincer complexes on a mesoporous silica (MCM-41) support by covalent binding of
the pincers to silica via a pendant alkoxysilane group.t® Platinum and palladium pincers,
[CeH3(2,6-CH2NMe2)2] catalysts functionalized with para-ethynyl-groups, were immobilized on
azido-functionalized silica materials for C-C coupling reactions using “click * chemistry.>®
Palladium PCP pincer complexes were tethered on polymer and silica supports through amide or
ether linkages and applied in the Heck reaction of iodobenzene and n-butylacrylate.>® Brookhart
et al. reported the immobilization of PCP and POCOP iridium pincer complexes for transfer
dehydrogenation of alkanes on different types of solid supports using three approaches: the
covalent attachment of a phenoxide functionalized iridium pincer to a Merrifield's resin with
chlorobenzyl moieties, covalent bonding of iridium pincers with a pendant alkoxysilane group to
silica, and the adsorption of iridium pincers containing basic functional groups on g-Al>Os through
a Lewis acid/Lewis base interaction.®® Goldman et al. demonstrated the immobilization of bis-
phosphinite-tert-butyl-iridium pincer complexes on y-Al>Oz by two methods: covalent attachment
to trimethoxysilyl substituted iridium pincers with hydroxyl-functionalized Al>Oz and binding of
para-functionalized POCOP iridium pincers to a coordinately-unsaturated surface, Al ion site, in
Al,03.* The dihydride pincer complex [IrH2(POCOP)]was also anchored on a mesoporous silica

(SBA-15) by the reaction of hydride with surface silanol groups and utilized as a heterogeneous
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catalyst for alkene hydrogenation reactions.%? Pd(I1)-SCS pincer complexes were covalently
immobilized on porous silica, poly(norborene) and cross-linked Merrifield resin supports by C.W.
Jones et al. and applied in the Heck reaction.®®%* G. van Koten et al. reported the anchoring of
PCP and SCS palladium pincer complexes on ordered mesoporous silicas through a carbamate
linkage between para-tri-alkoxysilane-functionalized palladium pincers and silica using a grafting
process, and utilized the supported catalysts in C-C bond formation reactions.’® NCN-pincer
palladium and platinum complexes were also tethered to silica for applications as Lewis acid
catalysts.

Several important applications of pincer catalysts require a basic environment or
deprotonation to activate the catalyst or substrate. For example, the Ru-PNN and Ru-PNP
catalyzed dehydrogenative coupling reactions developed by Milstein require deprotonation of the
pincer arm to generate the active catalyst.®® More recently, an Fe-PNP complex has been shown to
reduce CO, to formate at low pressures and also requires a base.>® The PNP pincer, Ir(H)3(2,6-
(iPr2P)2)NCsH3 has been shown to be a highly efficient catalyst for reduction of CO. to formate
and requires a 10% aqueous KOH solution.%® Similarly, the nickel PONOP pincer, NiH(2,6-
(iPraP0O)2)NCsHz), has been shown to be an effective hydrosilation catalyst in the presence of an
aqueous base.®” Both of these systems would benefit from the elimination of the basic co-reagents
by using a surface that could provide the required base. For CO- reduction, water would still be
required. There are also a variety of Pd(PCP) and Pd(POCOP) pincer complexes that have been
applied to C-C coupling reactions. On reaction with a base, however, many of these release Pd(0)
nanoparticles and would not be suitable for immobilization on surfaces for multiple cycles.®® On

the other hand, there are many reaction types, including aldol-type condensations with
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electrophiles that do require bases using PCP and POCOP frameworks.®® Thus, there is a large
class of pincer catalyzed reactions that would benefit from a basic surface.

The types and natures of the support materials and linkers can have significant effects
on the catalytic reactions of pincer metal complexes. In our study, we have used a unique solid
support, silica polyamine composites (SPCs), to immobilize some very important pincer metal
complexes. These SPCs offer a basic plat-form on their surfaces. The silica polyamine
composites (SPCs) are organic-inorganic hybrid composite materials that have been
commercially developed and have been used industrially for applications in the recovery and
removal of transition metals, precious metals, and mercury from diverse waste streams and

mining leaches (Scheme 1.1).5%-72

oH OH OH  oH cl cl
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H,O/MeOH H,0/MeOH
80°C 80°C
NH; H,N NH NH,
NH, H,N 2
~NSNANSN~N~CON
5 HN. HoN o HN. HoN
HN HN 2
< HoN CHg < CHj; < iCH3 < (’,:Ha
—§iZ—0—8i—O0—SZ0—8i— T07§mO-Pim0 8 0—q -0~
—Si— g /
” O/S\\o//‘\ /
(6]
WP-1

Scheme 1.1: Synthesis of silica polyamine composites.
The SPCs offer the high ligand loading of polymeric supports with the greater porosity and

matrix rigidity of amorphous silica.”> The SPCs yield silica gel-polyamine surfaces that can be
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used as chelating agents (Scheme 1.1). The polyamines are covalently bound at multiple points
to the silane layers providing additional stability,’® and can be further modified with ligands that
make them selective for a given metal or group of metals.”> These SPC materials do not shrink or
swell, and can tolerate temperatures up to 200°C, and have been shown to have long, usable

lifetimes.”

The performance of catalysts in heterogeneous systems greatly depends on the nature of
the support surfaces.”®™* The surfaces of silica polyamine composites could alter the electronic
properties of the catalytically active species or complexes bound to the surfaces and could also
control molecular access to the active sites of the catalysts in heterogeneous systems in a different
way than simple oxide or polystyrene supports. For example, the unmodified amines offer the
opportunity to act as base co-catalysts and permit tuning of the surface pH (Zeta potential). They
have silane-polyamine linkage that extends the complex away from the surfaces. Recently, we
reported the successful use of rhodium, palladium and ruthenium salts immobilized on SPC
surfaces for selective hydrogenation of olefins and the selective oxidation of phenol to catechol.”
These studies required the thermal stability of the SPCs and this stability has been confirmed by
DTG (Differential Thermogravimetry) analysis.”® In addition, a series of luminescent ruthenium
complexes with various types of ligands have also been successfully immobilized on SPC.”” Given
the ease of modification of the SPC amine surface with aromatic ligands using the Mannich
Reaction without prior para-substitution’*"®and its ability to provide a basic surface for catalysis,

SPC would appear to be a suitable candidate for the immobilization of metal pincer complexes.

12|Page



Chapter 2: Project Goals

In this dissertation, we focus on the synthesis and immobilization of pincer ligands and
metal pincer complexes on SPC surfaces for catalytic applications. Our high level of interest in
pincer complexes is attributable to their tunable properties, thermal stability, and recent
applications across a broad spectrum of catalytic reactions.8-20.2241-55 |n addition SPC with pincers
would offer higher porosity and greater rigidity than the polystyrene systems and because of the
use of polyamine it provides higher loading than the pendent siloxane and distancing from the
oxide surface to give a more kinetically accessible catalytic site. The basic amine groups present
on the surface of the SPC provide additional possibilities to utilize them as a co-catalyst. The
addition of a base is required in the dehydrogenation of alcohols and related reactions by pincer
metal complexes, and in the case of the SPC this may occur in situ. So, the initial goal of this
project is to synthesize and characterize various pincer complexes on a silica polyamine composite,
BP-1. The overall goal is to investigate the catalytic reactivity of immobilized pincer complexes
on SPC-BP-1 in their well-known catalytic reactions.***? The specific aims of this dissertation are

listed below:

Specific Aim 1: To develop the effective methods to load and synthesize pincer ligands

and metal pincer complexes on SPC-BP-1.

Specific Aim 2: To construct the PONOP pincer ligand and metal PONOP pincer complexes

on SPC-BP-1 by the best method. Investigate the catalytic activity of these

immobilized M-PONOP pincer complexes on SPC-BP-1.
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Specific Aim 3: To synthesize and characterize the PNN pincer ligand and metal-PNN pincer
complexes on SPC-BP-1 and to screen the catalytic performance of PNN

pincer complexes on BP-1 in different chemical transformations.

Specific Aim 4: To recycle the immobilized catalysts and investigate the catalytic performances
of the immobilized PNN and PONOP metal pincer complexes on SPC-BP-1 in

multiple cycles in the respective reaction systems.
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Chapter 3
Methods study for the immobilization of metal pincer complexes on silica

polyamine composites, BP-1

3.1 Introduction
3.1.1 The type of pincer ligand and metal pincer complex used in the methods study

Synthesis of the most widely used pincer ligands and catalytically active metal pincer
complexes is relatively difficult and involves multi-step synthetic procedures. Therefore, the
immobilization of metal pincer complexes on a suitable solid support has become an expanding
area of research.

Most of the recent reports on the immobilization of pincer complexes required para-
functionality on the preassembled pincer complex to anchor them to various solid supports by
covalent linkages. The major drawback of this approach is the need for modification in the
structures of pincer ligands or metal pincer complexes in order to construct an attachable unit like
a meta- or para- functionality. This leads to more synthetic steps and higher preparation costs in
the process which also sometimes makes it difficult to isolate and separate substituted pincer metal
complexes from the starting materials. It might also have negative consequences in the catalytic
reactivity of pincer complexes regarding the presence of substituents in the ligand backbone
structures of the pincer complexes. Here we investigated various methods to immobilize pincer
metal complexes that do not require the introduction of para- or meta-functionality in the pincer
structure and the support surfaces provide a basic functionality that can act as a co-catalyst for
reactions requiring base. Though a wide variety of pincer ligands are now accessible, the most
widely utilized pincer ligands are those with phosphinites and phosphines donor atoms in their

structures.?>% An attractive multi-dentate nitrogen-phosphorus pincer ligand for the purposes of
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immobilization on the SPC surface is 2,6-bis(di-tert-butylphosphinito)pyridine (PONOP, Figure
1.3b). The phosphinite ligand in this system is relatively air-stable in comparison to other pincer
ligand systems, and can be easily synthesized prior to immobilization and after (vide infra). This
flexibility offers the opportunity to try different routes to immobilization of the pincer ligand.
Herein we report three methods for loading and synthesizing the transition metal PONOP pincer

complexes on an SPC with the goal of evaluating the best pathway for immobilization.

3.1.2 Immobilization of metal pincer complexes by Mannich reaction

The Mannich reaction is one of the most powerful synthetic methodologies for the
formation of carbon-carbon bond. %8 It was discovered by a German chemist, Carl Ulrich Franz
Mannich in 1912.7%8 |t is a condensation reaction which involves a nucleophilic addition of an
amine to a carbonyl compound followed by dehydration. It forms an imine or an iminium ion
which is called a Mannich base. This imine compound can act as an electrophile and potentially
react with compounds containing acidic protons. In the Mannich reaction, usually primary or
secondary amines or ammonia are employed for the activation of formaldehyde or a carbonyl
group. The scheme 3.1 shows the mechanism of imine formation in the Mannich reaction between
an amine and formaldehyde in the presence of catalytic amount of acid. The reaction is usually
carried out in a polar protic solvent such as water, methanol, or ethanol. This reaction is also known

as amino alkylation.

Mannich reactions have found extensive applications in the syntheses of naturally and
biologically active compounds: peptides, nucleotides, antibiotics, alkaloids and different
medicinal compounds such as rolitetracycline (Mannich base of tetracycline), fluoxetine

(antidepressant), tramadol, tolmetin (anti-inflammatory drug) and azacyclophanes.2%8182 Qther
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applications include: paint- and polymer chemistry, catalysts and mechanism of formalin tissue

crosslinking.8%84

H ) £y
E Som Me .
)K—HO«D— %ﬂ/ —1:| > (l/H
H H H H H @™
+H® %Hz " H 3 "
e nﬁ/ — %{47@’ R FN
H N ks N . N
H
imine
Scheme 3.1: Formation of imine from formaldehyde and amine in Mannich reaction’®#°
We chose the Mannich reaction for the immobilization of pincer metal complexes on
SPC-BP-1 because of our prior successes with this reaction system in loading aromatic molecules
on SPC."%8 In the previous study from our group, a series of luminescent ruthenium bipyridyl and
phenanthroline complexes was successfully immobilized on SPC-BP-1 by Mannich reaction.’” In
addition, this reaction provides an opportunity to immobilize the pincer metal complexes on BP-1
surface directly by electrophilic substitution reaction in the pyridine moiety of the pincer
complexes by Mannich base. It also eliminates the requirement of having functionality or
substituent in the structures of metal pincer complexes to load and synthesize them on a solid

support.

3.2 Experimental

3.2.1 General methods and materials

The SPC referred to as BP-1, was synthesized using poly(allylamine) (MW = 11-15 Kg,
NitoboBuseki, Japan) and has been commercialized as a metal sequestering material for the mining
and remediation industries (Scheme 1.1).°%72 The solvents used were reagent grade.

Tetrahydrofuran was distilled from benzophenoneketyl and methylene chloride and acetonitrile
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were distilled from calcium hydride. 2,6-dihydroxy pyridine hydrochloride (Sigma Aldrich) and
(PPh3)3RuH(CI)(CO), NiCl..6H20 and (PPh3z)sRhCI were purchased from Strem Chemicals, USA.
PACI2(CHsCN), was synthesized by a previously reported procedure.8% 2 6-bis(di-tert-
butylphosphinito)pyridine (PONOP) was synthesized according to the reported literature
procedure.®” Elemental analysis (C, H, N, P and CI) were performed by Galbraith Laboratories,
Inc, Knoxville, Tennessee, USA. Solid-state CPMAS 1*C and!P NMR were obtained on a Varian
NMR Systems 500 MHz spectrometer at 125 and 206 MHz respectively, with spinning speeds of
7-10 KHz. 13C and 3P chemical shifts are reported relative to external tetra-methylsilane and
phosphoric acid respectively. Solution *H and 3P NMR were obtained on Varian 500 NMR
systems spectrometer at 500 and 206 MHz or a Bruker Advanced spectrometer at 400 and 169
MHz respectively. Infrared spectra were recorded as KBr pellets on a Thermo-Nicolet 633 FTIR
spectrometer. Loading of the metals on BP-1was determined by digesting the composite samples
with the mixture of conc. HCI and conc. HNO3 mixtures (6:1)’" and the metal concentration in the
digest was determined by Atomic Absorption (AA Spectrometer S Series, Thermo-electron
Corporation, USA). All reactions were carried out under a dry nitrogen atmosphere using standard

Schlenk techniques.

3.2.2 Immobilization of M(PONOP) pincer complexes on BP-1 by direct reaction with the
preformed complex (method 1) ( M= Ru, Pd, Ni, Rh)

5g of BP-1 (containing 1.6 mmol N/g) was mixed with a reagent solution of 25 mL aqueous
HCHO (38%, 345 mmol) and 0.5 mL glacial acetic acid (17.4M, 8.74 mmol) in a 250 mL flask
equipped with an overhead stirrer. The suspension was stirred for 3-4 h at room temperature
yielding the surface-bound imine intermediate. The resulting composite was filtered and then

washed several times with 95% ethanol, filtered, and then dried under a vacuum overnight (yield:
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5.16 g). This dried intermediate composite product was used for immobilization of each of the
following complexes on BP-1.

3.2.2.1 Immobilization of (PONOP)RuH(CI)(CO) on BP-1

500 mg (0.885 mmol) of (PONOP)RuH(CI)(CO)?® and 25 mL of distilled THF were added
to 5g of dried imine intermediate in a three-necked round bottom flask equipped with an overhead
stirrer and a condenser. The mixture was degassed by an applied vacuum (30 mmHg). The
temperature of the mixture was raised to 70°C and the reaction mixture was refluxed overnight
with stirring under No. The composite product was then filtered and washed four times with THF
and four times with CH.Cl and then dried overnight under high vacuum yielding 5.34 g of BP-1-
(PONOP)RUH(CI)(CO)(1) product. IR spectra (KBr pellet): 1952 cm™ (s) (vCO). Elemental
analysis and NMR data are given in Table 3.1.
3.2.2.2 Immobilization of M(PONOP) complexes on BP-1 (M = Pd, Ni, Rh)

The procedure described above was used for the immobilization of the Pd and Ni
complexes using 500 mg of [(PONOP)PACIICI® and [(PONOP)NICI]CI?® respectively.
Conditions and solvents are shown in Scheme 3 and the yields for the resulting composites, BP-1-
[(PONOP)PACI]CI(2), BP-1-[(PONOP)NICI]CI(3) were 5.41 g and 5.17 g respectively. Elemental
analysis and NMR data are given in Table 3.2 and 3.3.

(PONOP)RNCI was previously reported® but was synthesized here by a different route;
the reaction of PONOP (50 mg, 0.125 mmol) with Rh(PPh3)sCl (116 mg, 0.125 mmol) in dried
CeHs, refluxed overnight under N2 (yield: 46 mg, 0.086 mmol, 69%). 'H NMR (500 MHz,
CD2Cl2): 8 7.58 (t, Ju-n= 5.0 Hz, 1H, p-CsHaN), 7.12 (d, Ju-n= 5.0 Hz, 2H,m-CsHsN), 1.34 (vt,

Jp.= 15.0 Hz, 36H, P-C(CHa)s). 3'P{*H} NMR (500 MHz, CD:Cl,): § 197.8 (d, Jrn-p= 370 Hz),
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500 mg of (PONOP)RhCI made by this route using the conditions shown in Scheme 4 yielded 5.21
g of BP-1-(PONOP)RNCI (4). Solid-state *C and *'P NMR data and the elemental analysis data
are given in Table 3.4.

3.2.3 Immobilization of M(PONOP) pincers on BP-1 by ligand grafting followed by

addition of metal complexes (method 2)

3.2.3.1 Immobilization of PONOP on BP-1
Using the method for making the imine intermediate given in section 3.2.2, 500 mg (1.25

mmol) of PONOP® in 30 mL distilled THF was added to 5 g of the imine intermediate and the
mixture was degassed for 10 minutes by applied vacuum. The mixture was refluxed overnight with
stirring under N2. The resulting composite product was cooled and then filtered and washed five
times with distilled THF and four times with CH2Cl, and dried overnight under high vacuum
(yield, 5.23 g). Elemental analysis: C 12.71 %, H 2.50%, N 2.46%, P 0.497%. Solid-state CPMAS
13C NMR, &: 163 (pyridine), 47.9 (CH2 polyamine), 33.3 (tert-butyl), 23.4 (tert-butyl), -6.5 (Si-
CHz3). CPMAS 3P NMR: 6 52.4
3.2.3.2 Preparation M(PONOP) pincers on BP-1 loaded with PONOP by method 2

500 mg (0.525 mmol) of (PPh3)sRuH(CI)(CO) was combined with 5 g of BP-1 loaded
with PONOP in a three-necked flask equipped with overhead stirrer and a condenser. 25 mL of
distilled THF was added and the mixture was degassed for 10 minutes by applied vacuum. The
reaction mixture was refluxed under N2 overnight. The resulting composite BP-1-
(PONOP)RUH(CI)(CO)(1), product was cooled, then filtered, and washed five times with THF
and four times with CH.Cl, and then dried overnight under high vacuum (yield, 5.72 g).

The procedure was repeated for the synthesis of BP-1-[(PONOP)PdCI]CI(2), BP-1-

[(PONOP)NICI]CI(3) and BP-1-(PONOP)RhCI(4) by method 2 with the addition of the respective
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metal compounds, PdCI2(CH3CN)2, NiCl2.6H20 and (PPhs)sRhCI and using the solvents, distilled
CH:Cly, absolute EtOH and CsHe respectively (Scheme 3.2). A similar procedure was followed to
separate and dry each of the composite products (yield: 5.58g, 5.45g and 5.41g respectively).

Solid-state **C and 3P NMR data elemental analysis data are given in Table 3.1-3.4.

3.2.4 Immobilization of M(PONOP) pincers on BP-1 by stepwise construction of the
PONOP on BP-1 followed by addition of metal complexes (method 3)

3.2.4.1 Stepwise construction of PONOP on BP-1

To 5g of the imine intermediate prepared according to section 3.2.2 was added 1.2 g (10.81
mmol) of 2,6-dihydroxy pyridine [obtained by the addition of NaOH (328 mg, 8.2 mmol) t02,6-
dihydroxy pyridine hydrochloride (1.21 g, 8.2 mmol) in 25 mL absolute EtOH adjusted to pH=9
]. 30 mL of absolute EtOH was added and the mixture was degassed by applied vacuum for 10
minutes. The temperature of the mixture was raised to 65-70°C and the reaction was carried out
for 24 hours under N2. The solvent was then removed and the resulting composite product was
washed four times with absolute EtOH, three times with distilled THF, three times with CH.Cl;
and three times with CH3OH and then dried under vacuum. This dried composite product was then
transferred to a three-necked round bottom flask equipped with an overhead stirrer. 30 mL of
distilled THF was added and the mixture was degassed by an applied vacuum. 2.85 mL (16 mmol)
of N,N-di-isopropylethyleneamine (DIEPA) and 3.1 mL (16 mmol) of (‘Bu)2PCI were mixed with
the composite mixture in THF under N2. The mixture was then stirred for 24 h at room temperature
under N2 to complete the reaction. The solvent was then removed from the final composite product
and the product was washed four times with CH2Cl», four times with THF and four times with

EtOH and finally dried overnight under high vacuum (yield: 5.20 g). Elemental analysis:
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C 12.54 %, H 2.40%, N 2.38%, P 0.485%. Solid-state CPMAS 3C NMR, &: 163 (pyridine), 47.9

(CH2 polyamine), 33.3 (tert-butyl), 23.4 (tert-butyl), - 6.5 (Si-CHsz). CPMAS 3P NMR: § 52.4

3.2.4.2 Immobilization M(PONOP) pincers on BP-1 by addition of metal compounds to
pre-constructed PONOP (method 3)

Each of the four pincer immobilized complexes BP-1-(PONOP)RuH(CI)(CO)(1), BP-1-
[(PONOP)PACI]CI(2), BP-1-[(PONOP)NICI]CI(3) and BP-1-(PONOP)RhCI(4) were made on
BP-1 following the same procedure as in section 3.3.2. Yields of the composite products were 5.67
0, 5.48 g, 5.36 g and 5.29 g respectively. Elemental analysis, solid-state 3C and 3P NMR data are
given in Table 3.1-3.4.

3.2.5 Determination of the metal content of M(PONOP) pincers on BP-1 by digestion and
AAS
Loading of the metals on BP-1 as M(PONOP) pincers (M= Ru, Pd, Ni, Rh) by the three

methods was determined by digestion of the composites by a previously reported procedure.’”” 40
mg of each of the composite samples loaded with metal pincers was heated overnight at 500°C.
The samples were cooled to room temperature and 0.5 mL of HF was added into each of them.
Then 0.5 mL of a mixture of conc. HCI and conc. HNOs (6:1) was added. Finally, each of the
digest solutions was diluted with deionized water until it made up a total volume of 4.5 mL. Metal
concentrations in the digest solutions were determined by Atomic Absorption Spectroscopy after
construction of standard calibration curves with absorption ranges of 0.001 to 2, using standard
solutions (Fischer Scientific), and diluted five times to give the appropriate absorbance. The results
obtained in mmol/g of composite are given in Table 3.5 (calibration curves were made in the
following absorbance ranges for Ru, 0.001 to 0.02; for Pd, 0.5 to 2; for Ni, 0.02 to 0.8; for Rh,

0.003 to 0.06.
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3.2.6 Experimental procedure for the reaction between n-butylamine and PONOP

in solution

200 pL (2 mmol) of n-butylamine was added to 200 pL (38%, 2 mmol) of HCHO solution.
20 pL (0.35 mmol) of glacial acetic acid (17.4 M) was added and the reaction mixture was stirred
for 3-4 hours at room temperature under N. The resulting imine intermediate was extracted with
distilled CH.Clz and then anhydrous Na.SO4 was added to remove any trace H.O. Solvent was
then removed and the product was dried under high vacuum. 0.8 g (2 mmol) PONOP was
combined with the dried imine intermediate in 8 mL distilled THF. The reaction was carried out
at 60°C overnight under N2. Solvent was removed by rotary evaporation. The product was purified
by column chromatography eluting with the mixture of THF and hexane and then dried under high
vacuum (yield: 0.58 g, 1.19 mmol, 60%). 3P NMR: § 112.46 (s), 8 117.13 (s, br), and & 118.62(s).
'H NMR (two isomers): & 0.74 (t, Ju-n= 10.0 Hz, 3H, CHa), 0.89 (sextet, Ju.n= 5.0 Hz, 2H, CH>),
1.61 (sextet, Ju.n= 7.0 Hz, 2H, CHy), 1.24 (d, Jp-n= 15.0 Hz, 36H, P-C(CHs)3),1.89 (s, 36H, P-
C(CHa)3), 2.26 (pent, Ju-+= 5.0 Hz, 2H, CH>), 2.81 (pent, Ju-1= 5.0 Hz, 2H, CH>), 2.40 (t, Ju-v=
7.5 Hz, 2H, CHy), 2.61 (t, Ju.u= 7.5 Hz, 2H, CH5),2.98 (d, Ju.n= 7.5 Hz, 2H, CH2),2.53 (s, 2H,
CHy), 10.32 (s, br, 1H, N-H), 8.57 (s, 2H, m-pyridine, para-isomer),7.56 (s, br, 1H, pyridine, meta-

isomer), 7.37 (s,br,1H, pyridine, meta-isomer).

3.2.7 Experimental procedure for the reaction between (PONOP)RuH(CI)(CO) and n-
butylamine in solution

200 pL (2 mmol) of n-butylamine was added to 200 pL (38%, 2 mmol) of HCHO solution.
20 pL (0.35 mmol) of glacial acetic acid (17.4 M) was added and the reaction mixture was stirred
3-4 hours at room temperature under N2. The resulting imine intermediate was extracted with
distilled CH2Cl> and then anhydrous Na>SO4 was added to remove any trace H>O. Solvent was

then removed and the product was dried under high vacuum. 1.12 g (2 mmol) of
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(PONOP)RuUH(CI)(CO) was combined with the dried imine intermediate in 15mL distilled THF.
The reaction was carried out at 66°C for 24 h under N2. Solvent was removed and the resulting
product was washed with pentane and CH:Cl.. The product was purified by column
chromatography eluting with the mixture of THF and hexane and then dried under high vacuum
(yield: 0.73 g, 1.13 mmol, 57%). *'P NMR (CsDs):  62.57 (8), 58.06 (s), and 57.43 (s). *H NMR
(CsDs) (two isomers): 6 0.77 (t, Ju-+=7.5 Hz, 3H, CHj3), 1.09 (sextet, Ju-n= 7.4 Hz, 2H, CH>), 3.09
(sextet, Ju-n= 8.1 Hz, 2H, CH>), 0.28 (s, 36H, P-C(CHa)3), 1.19 (pent, Ju-v= 6.8 Hz, 2H, CH,),
2.45 (pent, Ju.n= 7.5 Hz, 2H, CH>), 0.84 (t, Ju-n= 7.5 Hz, 2H, CH>), 1.45 (d, Ju-nv= 12.4 Hz, 2H,
CHy), 3.52 (s, 2H,CH?>), 5.48 (s, br, 1H, N-H), 8.02 (s, 2H, m-pyridine, para-isomer),7.72 (dd, Ju-
n= 6.6 Hz, 2H, pyridine, meta-isomer). IR spectra(ATR): 1942 cm™ (s)(vCO), 2036 cm™(s) (vRu—

H).

Section 3.3 Results and discussion

The PONOP ligand and the PONOP transition metal complexes were synthesized
following previously reported literature procedures (Scheme 3.2).2°87 Three different approaches
have been attempted for immobilization of the PONOP pincer transition metal complexes on BP-
1. The first approach involved a direct reaction of the preassembled pincer complexes using a two
step Mannich reaction. In method 2, the preformed PONOP ligand was anchored on BP-1 using
the same Mannich procedure followed by the addition of the appropriate transition metal
compound. In method 3, the PONOP ligand was constructed on BP-1 using three sequential
reactions on the composite surface (Scheme 3.3) and the subsequent synthesis of pincer complexes
was accomplished by the addition of the transition metal compound. Treatment of BP-1 with 38%
aqueous formaldehyde yielded the imine-BP-1 intermediate product, which was the electrophile

that reacted with the pyridine ring of the PONOP (Schemes 3.3 & 3.4). The metal compounds used
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were (PPh3)zRuH(CI)(CO), PdCI2(CH3sCN)2, NiCl..6H.0 and (PPh3z)sRhCI. The reaction pathways
for methods 2 and 3 are illustrated in Schemes 3.3 and 3.4.

The actual position of electrophilic aromatic substitution of the pyridine ring by the imine
intermediate in the Mannich reaction could not be determined from the solid-state NMR data due
to the poor resolution of the aromatic resonances. Substitution at the meta-position would be
expected on electronic grounds while para-substitution might be expected on steric grounds. To
clarify this point, two model solution experiments were conducted. One was with PONOP and n-

butylamine, and another was performed between (PONOP)RuH(CI)(CO) and n-butylamine.

CeHs
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Scheme 3.2: Synthesis of (PONOP)RuH(CI)(CO), [(PONOP)PACI]CI, [(PONOP)NICI|CI, and
(PONOP)RhCI. 2087
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Scheme 3.4: Proposed structures for the immobilized PONOP pincer ligand complexes
(conditions for addition of the metal compounds were the same as shown in Scheme 3.2)

3.3.1 Characterization of the immobilized PONOP pincer ligand and its complexes

Anchoring of the PONOP ligand on BP-1 by methods 2 & 3 is supported by the observation
of resonance for the tert-butyl carbons at 6 33.3 and 23.4 and the pyridine carbons at 3 163 in the
solid-state CPMAS 3C NMR spectra. A broad resonance at & 52.4 in the solid-state 3'P NMR
spectra is also consistent with the loading of the ligand on BP-1. It should be noted that the
resonances observed for CPMAS 3P NMR spectra of the ligand PONOP on BP-1 are shifted
significantly to up field compared to those observed in solution phase (& 151.3).2%87 This might
be due to the electronic environment and nature of the surface of SPC-BP-1. Previous studies also

showed significant up field chemical shifts for the pincer ligands and their complexes upon
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immobilization on to solid supports.®* However, CPMAS 3C resonances of the immobilized
PONORP ligand and their complexes showed a good agreement with the resonances found in
solution (8 163.1, pyridine ; & 35.5, tert-butyl carbons).®” The solid-state CPMAS *C NMR spectra
of the ligand and the four complexes on BP-1 displayed additional resonances at d -4 to -6 due to
the methyl groups bound to Si from the methyl trichlorosilane used in the silanization of the
starting silica gel. The resonances in the range of 6 40-50 are assigned to the CH and CH.- groups
of poly(allylamine) and the propyl anchors bound to starting BP-1.%° The increase in N content
after correction for the weight gain by methods 2 and 3 was too small to allow an accurate
determination of the P/N ratio for the immobilized ligand.

The imine-functionalized BP-1 intermediate showed a characteristic vc=n at~ 1662cm™
which is not observed in the spectra of pristine BP-1 (Figure B10 in Appendix B). Upon reaction
with the PONOP ligand or the corresponding pincer complexes only a small decrease in intensity
of this resonance was observed indicating only partial loading of the complexes. This was also
supported by the results of the metal digestion study that indicate low loading of the complexes
(Table 3.5). IR spectra of (PONOP)RuH(CI)(CO) immobilized on BP-1 showed a metal carbonyl
stretch at 1952 cm for all three synthetic methods (Figure B3 in Appendix B). Given that the
carbonyl stretch for this complex in solution is 1933 cm™. This indicates that there is a change in
the electronic environment at the metal center of the complex upon attachment on BP-1.%" This
large change in the CO stretch could be due to the formation of hydrogen bonds between the
hydride in this complex and an amine lone pair and/or an amine hydrogen. There is considerable
evidence for both of these interactions in the solid-state structures of amine-substituted carbonyl
hydride complexes.®® However, it is difficult to predict the magnitude and direction of the

frequency change, especially if both interactions are present. Metal carbonyl stretching frequency

28 |Page



of (PONOP)RuUH(CI)(CO)-n-butylamine (6) from the model solution experiment was found to be
1942 cm™ (Figure B2 in Appendix B). This clearly indicates that attachment of a substituent in the
PONOP ligand of the complex can cause a large shift of CO resonances in the IR spectra.®
Observation of a CO stretch does support the formation of BP-1-(PONOP)RuH(CI)(CO)(1) on
BP-1 by the three methods. The IR spectra of the other three supported PONOP metal complexes
(2), (3) & (4) were not informative except for the appearance of a small increase in the intensities
of the band at 2930cm assignable to the C-H stretches and the observed residual imine at ~1662
cm™t. The CPMAS 3 C and 3P NMR of complexes 1-4 (Scheme 3.4) along with their elemental
analyses are shown in Table 3.1 -3.4. Representative spectra are given in Figures 3A-10A in the
Appendix A. For 1 made by method 1, the tert-butyl groups appear as relatively sharp resonances
at 6 33.86 and 23.95 and the pyridine carbons appear as a broad resonance at 6 163.55 in the solid-
state CPMAS 3C NMR spectra. The IR data indicates that the unreacted C=N bond survives the
conditions for binding the pincer ligand to the surface. The chemical shift of this bond is at ~ &
161, and is observed prior to reaction with the pincer or pincer ligand complex but overlaps with
the broad pyridine resonance. Interestingly, all the 3C NMR spectra of the surface bound pincers
show a sharp component at ~ & 161 suggesting that the unreacted imine persists, consistent with
the IR data (Figures A1, A3, A5, A7, A10 in Appendix A). The CH> groups attached to the amine
of the polymer appear as relatively sharp resonances centered at § 48.53. Solid-state CPMAS 3P
NMR of composite 1 exhibited a resonance at 6 58.05. Taken together, these data confirm the
presence of (PONOP)RuH(CI)(CO) on BP-1. The composite 1, made by methods 2 and 3, showed
the same overall pattern of resonances as for method 1 but had slightly different chemical shifts
for tert-butyl groups. However, an additional resonance at & 129.72 in the CPMAS *C spectrum

of composite 1 is attributed to triphenyl phosphine and a resonance at & 44.45 in the CPMAS 3!P
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spectrum is also assigned to PPhs. Apparently, triphenyl phosphine is entrained in the composite
matrix during the reaction of the starting Ru complex with BP-1 loaded with PONOP. Repeated
washings with toluene failed to remove all of the triphenyl phosphine, but did decrease the relative
intensity of the 3P NMR resonance at § 44.45. The Cl analysis for method 1 gives a value of 0.076
mmol/g while the phosphorous analysis gives 0.060 mmol/g (P/Cl =0.79). Theoretically there
should be twice as much phosphorous per gram but the higher Cl content can be attributed to
residual chloride from unreacted chloropropyl groups after polyamine anchoring to the silica gel
(Cl content in BP-1 is 0.21% or 0.060 mmol/g). However, for methods 2 and 3, the P/CI ratio
decreases to 0.35 and 0.38 suggesting the introduction of chlorine during the immobilization
reaction, probably via dehydrohalogenation of the Ru complex by basic amine sites (Table 3.1).
Dehydrohalogenation of a Ru-PONOP pincer complex to give a Ru® has been previously
reported. 87

Table 3.1: CPMAS C and 3P NMR data and Elemental Analyses for Composite 1

Method CPMAS CPMAS®C NMR(5 ppm) Elemental Analysis P/CI
31p NMR(8 )
1 58.1 163.5 (pyridine), 48.5 (CH polyamine), | C 12.57 %, H 2.75%, N 0.79
33.8 (tert-butyl), 23.9 (tert-butyl), 2.42%, P 0.189%, CI 0.27%
-5.9 (Si-CHa)
2 58, 44.4 163.2 (pyridine), 129.7 (PPhs), 49.9 C 14.16 %, H 2.94%, N 0.35

(CH;z polyamine), 35.1 (tert-butyl), 2.62%, P 0.502%, CI 1.65%
25.4 (tert-butyl), - 4.7 (Si-CHa)

3 58, 44.4 163.2 (pyridine), 129.7 (PPhs), 49.9 C 13.77 %, H 2.84%, N 0.38
(CH;z polyamine), 35.1 (tert-butyl), 2.52%,P 0.489%, CI 1.50%
25.4 (tert-butyl), - 4.7 (Si-CHa)

The formation of BP-1-[(PONOP)PACI]CI (2), by all three methods gave relatively sharp
resonances at 0 33.3 and 23.2 for the tert-butyl carbons and a broad resonance at & 162.9 for the

pyridine moiety in the CPMAS *C NMR spectra. The resonances associated with the polymer
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appear at § 48.4, and a single broad peak is observed for 3'P NMR at § 65. As for 1 the same
pattern of resonances is observed for 2 made by method 2 or 3, but with small differences in
chemical shifts (Table 3.2). The P/CI ratio in 2 for method 1 is 0.61 when it should be 1, even
lower than for 1. Here, as for 1 the P/Cl ratio decreases by the about the same amounts going from
method 1 to methods 2 and 3. In this case, however, formation of PdCIl> amine complexes in

competition with PONOP is probably the reason, even in the case of method 1.

Table 3.2: CPMAS *3C and *!P NMR data and Elemental Analyses for Composite 2

Method | CPMAS3P CPMAS BC NMR (§) Elemental Analyses P/CI
NMR (3)
1 65 162.9 (pyridine), 48.4 (CH, polyamine), | C 11.79 %, H 1.89%, N 1.95%, | 0.61
33.3 (tert-butyl), 23.2 (tert-butyl), P 0.1619%, Cl 0.30%
-6.1(Si-CHs)
2 65 162.9 (pyridine), 48.4 (CH, polyamine), | C 12.78%, H 2.31%, N 2.22%, | 0.38
33.3 (tert-butyl), 23.2 (tert-butyl), P 0.495%, Cl 1.42%
-6.1(Si-CHs)
3 65.1 162.8 (pyridine), 48.2 (CH, polyamine), | C 12.18 %, H 2.10%, N 2.12%, | 0.44
33.2 (tert-butyl), 23.1 (tert-butyl), P 0.483%, Cl 1.29%
- 6.3 (Si-CHs)

As for 1 and 2, BP-1-[(PONOP)NICI]CI (3) exhibited the usual resonances in the CPMAS *C
NMR at & 165.6 for the pyridine ring and 6 34.3 & 25.6 for the tert-butyl carbons respectively.
The CPMAS 3P NMR showed a resonance at & 63.6. Overall this pattern is very similar to 2 and
the chemical shifts were very similar for all three methods. However, in the case of 3 the
resonances associated with the silanes are shifted slightly down-field. Although the actual P/CI
ratios are somewhat different, the overall pattern is similar to that of 2 with the amount of CI for
methods 2 and 3 increasing relative to 1 and indicating competitive formation of NiCl, amine

complexes in competition with the complexes of PONOP.
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Table 3.3: CPMAS C and 3P NMR data and Elemental Analyses for Composite 3

Method CPMAS CPMAS 3C NMR ( 9) Elemental Analyses P/CI
SIPNMR ( 0)
1 63.6 165.6 (pyridine), 50.2 (CH> C 11.68 %, H 2.12%, N 1.55, | 0.64
polyamine), 34.3 (tert-butyl), 25.6 P 0.118%, CI 0.21%

(tert-butyl ), - 4.6 (Si-CHa)

2 63.6 165.6 (pyridine), 50.2 (CH; C12.49%, H2.62% N | 0.52
polyamine), 34.3 (tert-butyl ), 25.6 | 1.95%, P 0.497%, Cl 1.10%
(tert-butyl), - 4.6 (Si-CHa)

3 635 165.4 (pyridine), 50 (CHz C13.48%, H241% N | 0.52
polyamine), 34.1 (tert-butyl ), 25.4 | 1.95%, P 0.487%, Cl 1.08%
(tert-butyl ), - 4.89 (Si-CHs)

BP-1-(PONOP)RNCI (4) made by method 1 exhibited the expected tert-butyl resonance at & 32.8
and 23.6 and also a broad resonance at & 164.5 for the pyridine moiety and the usual resonances
associated with the polymer. When made by methods 2 and 3, a resonance at & 126.6 is assignable
to the phenyl groups on triphenyl phosphine in the CPMAS 3C NMR and the 3!P-NMR spectrum
showed two resonances a major resonance at 6 60.5 ppm assigned to phosphorus atoms in the
complex, and an additional resonance at 6 30.9 assignable to triphenyl phosphine. From this data,
it would appear that triphenyl phosphine is trapped in the pores of the silica gel in the process of
formation of 4 and 1 with methods 2 & 3. The composite 4 made by method 1 showed almost the
same resonances for tert-butyl and pyridine carbons, however, the silane resonance is slightly
shifted to downfield. The P/CI ratio for the synthesis of 4 by method 1 is lower than for 1 even
after correcting for the residual Cl due to chloropropyl silane. The reason for this not clear at this
time. The P/CI ratios observed for 4 made by methods 2 and 3 are higher than for 1, indicating

that there is more entrapped triphenyl phosphine than for 1.
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Table 3.4: CPMAS C and P NMR data and Elemental Analyses for Composite 4

Method | CPMAS CPMAS BCNMR ( §) Elemental Analyses P/CI
3P NMR
(®)

1 60.8 164 (pyridine), 49.4 (CH; polyamine), C 12.58 %, H 2.42%, N 0.68

34.4 (tert-butyl), 24.3 (tert-butyl), 1.53%, P 0.143%, CI 0.24%

-5.1 (Si-CHj3)

2 60.5, 164.5 (pyridine), 126.6 (PPhs), 48.5 (CH; C 14.89 %, H 2.83%, N 0.41

30.9 polyamine), 32.8 (tert-butyl), 2.43%, P 0.516%, ClI 1.46%

23.6 (tert-butyl), - 6.3 (Si-CHz)

3 60.5, 164.5 (pyridine), 126.6 (PPhs), 48.5 (CH; C 14.75 %, H 2.73%, N 0.40

30.9 polyamine), 32.8 (tert-butyl), 23.6 (tert- 2.13%,P 0.508%, Cl 1.43%

butyl), - 6.36 (Si-CHs)

Table 3.5: Loading of Metal or Complex on BP-1 (mmol of ligand or complex / g of BP-1)

Composite Method of mmol mmol ligand/g RSD for metal | % N sites
loading complex /g BP-1 from P analysis loaded
BP-1by AAS analysis (%)
Method 1 0.039 0.031 2.50 244
1 Method 2 0.068 0.081 1.80 4.25
Method 3 0.045 0.079 2.40 2.81
Method 1 0.081 0.026 0.15 5.06
2 Method 2 0.244 0.080 0.05 15.25
Method 3 0.230 0.078 0.01 14.38
Method 1 0.014 0.019 0.89 0.88
3 Method 2 0.139 0.080 0.35 8.69
Method 3 0.069 0.078 1.20 4.31
Method 1 0.015 0.023 0.33 0.94
4 Method 2 0.042 0.083 1.20 2.63
Method 3 0.039 0.082 1.40 2.44

The elemental analyses reported in Tables 3.1-3.4 leave a lot to be desired with regard to
determining actual pincer complex loading in light of the side reactions that give rise to excess Cl
in all cases, even to using method 1 and the presence of excess phosphine in the case of 4 and 1
with method 2 & 3. However, a comparison of the metal loading with the phosphorous analysis

should considerably clarify the situation. The results of the metal analysis obtained by digestion
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of 1 — 4 along with the calculated metal loading and its comparison with phosphine loading are
given in Table 3.5.

Comparing %P from elemental analysis with the % Ru from metal analysis for 1, made
by methods 1 and 2, the loadings of 1 are in reasonable agreement, being 0.031 mmol/g and 0.039
mmol/g for method 1 and 0.068 and 0.081 for method 2, for the two analytical methods (Table
3.5). In the case of 3 both methods 1 and 3 give reasonable agreement between the results of metal
digestion and phosphorus analysis, being 0.014 and 0.019 mmol/g and0.069 mmol/g and 0.078
mmol/g, respectively (Table 3.5). However, the data for method 2 shows poor agreement between
values for phosphorus and metal analysis. All three methods used for composite 2 gave very high
Pd values relative to the phosphorus content. This is consistent with the high chloride content and
points to the competitive formation of PdCI, polyamine complexes. In all three methods, the ratio
of pincer ligand to total Pd is ~1:3. However, even the high CI content cannot account for all the
Pd, suggesting the formation of Pd nanoparticles, as has been previously reported for Pd salts on
BP-1%4"1in addition to the formation of PdCl-amine complexes. Interestingly, only method 2 for
complex 3 shows a significant excess of metal. This can be accounted for by the formation of
NiCl2 polyamine complexes if one assumes that all the pincers are complexed to Ni (0.14 mmol
Ni/g total 0.08 mmol/g for pincer, 0.31 mmol/g total Cl, 0.16 needed for pincer, leaving 0.15
mmol/g excess chloride and 0.060 excess nickel that requires 0.12 Cl, adding the 0.060 mmol/g
for residual chloropropyl gives a good Cl mole balance for 3). Composite 4 yielded low loading
by method 1, but with comparable values between P and Rh loading. Methods 2 and 3 showed
high phosphorus values as a result of entrained triphenyl phosphine that was detected by CPMAS
13C and®P NMR (Table 3.1and 3.4). Overall methods 2 and 3 provide higher metal loading as a

result of better loading of the ligand to the surface, but there was evidence of side reactions that
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resulted in the formation of metal-halide-polyamine complexes in the case of 2 and 3 and metal
nanoparticles in the case of 2. Thus, method 1 gives cleaner results at the expense of higher loading
relative to methods 2 and 3.%°
1 g of BP-1 contains 1.6 mmol of nitrogen (N) sites based on its elemental analysis.’*"2

One could expect higher loading of the pincers considering the availability of amine densities on
the BP-1 surface. In fact, all amine functionality might not be readily accessible to bind with
metal pincers due to the steric hindrance of the bulky pincer complexes. The % of N sites on BP-
1 occupied with four pincer complexes by the three methods has been estimated from the ratio of
mmol metal/g to the mmol N/g. The overall nitrogen site occupancy by actual pincer-metal
complexes is in the range of 1- 4% (Table 3.5). The higher values reported in Table 3.5 for 2 are
due to competitive metal loading via halide-polyamine complexes and/or Pd nanoparticles. The
lower amounts (1-4%) should be sufficient for catalytic studies based on the data from
catalysis.99

The impact of immobilization of the PONOP metal pincer complexes on surface area,
structure and porosity of the silica polyamine composite, BP-1, was assumed to be negligible,
particularly considering the extent of loading of the pincers (<0.3 mmol complex/g BP-1) (Table
3.5). Our previous studies on covalent tethering of luminescent Ru complexes on BP-1 with similar
loading did not show any measurable changes in the porosity and structure of the composite

surface.”t77

3.3.2 Determination of the regiochemistry of the Mannich reaction between PONOP and
n-butyl amine in solution
In the first step of the model solution reaction, n-butyl amine was treated with 38%
formaldehyde solution, which yielded the imine intermediate. Then the PONOP ligand was

added to the imine intermediate in the second step, which formed a mixture of isomeric products.
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Scheme 3.5: Reaction between PONOP and n-butyl amine in solution
3P NMR spectra of the product mixture displayed three resonances (Figure 3.1). A broad
resonance at 6 117.13 integrated in an approximately 1:1 ratio with a resonance at 6 112.46. The
broadness of the resonance at 6 117.13 is attributed to hindered rotation of the tert-butyl groups of
one of the phosphorus atoms of the PONOP ligand as a result of steric crowding with the n-butyl
group in the meta-position. It represents the partial averaging of different conformations of the di-
tert-butyl group. As expected, the para-isomer exhibits only one resonance at 6 118.62 and

integrates in a ratio of 0.3:1 with the meta-isomer resonances.
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Figure 3.1: 3'P NMR spectrum of the isomers formed from n-butyl amine reaction with
PONOP.
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3.3.3 Determination of the regiochemistry of the Mannich reaction between
(PONOP)RuUH(CI)(CO) and n-butyl amine in solution

Given that using the preassembled metal complex proved to be the best way to bind the
pincer complexes to the SPC surface,® we thought it would be relevant to repeat the model solution
reaction sequence with (PONOP)RuH(CI)(CO). In this case Ru-PONOP complex was combined
with the imine intermediate in the second step (Scheme 3.6). The results are remarkably similar to
the model solution reaction between the PONOP ligand and n-butylamine. Again, two isomers are
obtained in a 0.3:1 para-to-meta ratio and in very similar yield (57% for Ru(PONOP) and 60% for
PONOP) (Figure 3.1 & 3.2). This illustrates that the presence of the metal has little influence on
the regiochemistry and the efficiency of the Mannich reaction with the PONOP system. However,
the broadness of one of the 3!P resonances seen in the PONOP reaction is not observed in the
reaction of the Ru-PONOP with n-butyl amine. This is not surprising in light of the geometry
changes of the (‘Bu)zP groups relative to the meta-n-butyl amine that occur on coordination of
Ru?*. It is also worthy of noting that the 3P chemical shifts of the Ru-PONOP resonances in
solution are very similar to those observed in the solid state being 6 60.57, 58.06, 57.43 (Table
3.1). 'H NMR spectrum of complex 6 shows many resonances which are difficult to interpret.
These could be due to the formation of isomeric products as well as the presence of a trace amount
of unreacted starting materials such as imines, amines and formaldehydes (Figure A23 in
Appendix A). The CO stretching frequency of the complex 6 is observed at 1942 cm™ while the
unsubstituted complex shows a CO stretching frequency of 1933 cm™ (Figures B1 & B2 in
Appendix B). This clearly indicates the sensitivity of the CO stretch to the environment. Taken
together with the solution 3P NMR data, it provides further proof that the pincer ligand structure

is conserved on grafting to the SPC surface.
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Scheme 3.6: Reaction between (PONOP)RuH(CI)(CO) and n-butyl amine in solution
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Figure 3.2: *'P NMR spectrum of the isomers (6) formed from n-butylamine reaction with
(PONOP)RUH(CI)(CO)
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Chapter 4

Synthesis, characterization, and catalytic study of PNN pincer complex of
ruthenium on BP-1

4.1 Introduction
4.1.1 Pyridine-based metal pincer complexes and their catalytic reactivity

In most chemical processes involving homogeneous catalysis by metal complexes, the role
of the ligand is only to impart or control the critical properties of the metal center of the complex.
Ligands themselves do not participate or become directly involved in catalytic reaction processes
in bond-making and bond breaking with the substrate compounds. Pincer ligands are exceptional
compounds which actively cooperate with the metal center of the catalyst complex in bond
activation processes in different chemical transformations.**®>® They are bulky, electron-rich
species that can stabilize unsaturated metal complexes by coordinating with metal centers in a
synergistic manner and participate in unusual bond activation and catalytic processes. Their
interplay facilitates chemical transformation processes. Pyridine- and acridine- based pincer
ligands and their metal complexes undergo bond-breaking and bond-making processes by the
deprotonation of a pyridinyl methylenic proton, which leads to the aromatization and
dearomatization of the ligand systems.*>3 In this process, a base is required to extract a proton
from the pincer arms of the ligand structures. These dearomatized pincer complexes function as
active catalyst and can potentially activate different types of chemical bonds (H-Y, Y=H, OH,
OR, NH>, NR2, C) by the efficient cooperation between the metal and the pincer ligand, thereby
regaining aromatization (Scheme 4.1).9%% It is interesting to note that in this overall process there

is no change in the oxidation states of the metal center.8%%%
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Scheme 4.1: Metal—pincer ligand interaction and cooperation in the aromatization—
dearomatization processes of pyridine and acridine based pincer metal

complexes. 99

4.1.2 Catalytic reactivity of (PNN)RuH(CI)(CO) pincer complex

(PNN)RuUH(CI)(CO) pincer complex was originally discovered by D. Milstein’s research
group in 2005.%! It was synthesized by the reaction of RuH(CI)(CO)(PPhs)s with the pincer ligand
PNN (2-(di-tert-butylphosphinomethyl)-6-diethylaminomethyl)pyridine.** In the structure of the
complex, three donor atoms (two nitrogen and one phosphorus ) from PNN ligands coordinate to
the metal center (Figure 4.1). Since 2005, the complex has shown outstanding catalytic
performance in a wide range of chemical transformations which include: dehydrogenation of
alcohols to the corresponding esters,** hydrogenation of esters to alcohols,%°" and amide
formations from alcohols and amines.®*% Our high level of interest in PNN pincer complex
systems for immobilization purpose was largely due to their interesting catalytic reactivity in
various chemical transformations. >3

&
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Figure 4.1: Structure of (PNN)RuH(CI)(CO)
[{2-(di-tert-butylphosphinomethyl)-
6-(di-ethylaminomethyl) }pyridine]ruthenium hydrido chloro carbonyl
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One of the most fundamental and important reactions in organic chemistry is esterification.*
Most of the reaction systems for ester formations require the use of stoichiometric amounts of
acid or base promoters and coupling agents, and involve reactive intermediates derived from

alcohols or acids (Schemes 4.2) which lead a large amount of waste being generated.
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Scheme 4.2: Synthesis of esters and amides: conventional versus catalytic synthetic methods.%*

The common method utilized for making an ester involves the reaction between an
acid or acid derivatives and an alcohol.** Formation of esters without the use of acid is relatively
rare. However, an attractive alternative route for synthesizing ester compounds is the direct
catalytic transformation of alcohols to esters by the dehydrogenative coupling of alcohols which
would be environmentally friendly and atom-efficient.** An interesting and exceptional approach
in homogeneous catalytic systems is the application of metal pincer complexes to synthesize
esters directly from alcohols.** PNN [(2-(di-tert-butylphosphinomethyl)-6-
diethylaminomethyl)pyridine] pincer complex of Ru has been shown to be an exceptional
catalyst for the efficient and selective dehydrogenation of primary alcohols to esters with the
liberation of hydrogen in high turnover numbers under relatively mild and neutral conditions.**°
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In 2005 David Milstein reported the dehydrogenative coupling of alcohols to esters and
hydrogen catalyzed by (PNN)RuH(CI)(CO) in solution (Table 4.1).** The general reaction of the

conversion of alcohols to esters and hydrogen catalyzed by (PNN)RuH(CI)(CO) is given below:

(PNN)RUHCI(CO)
/\, KOH

2 RCH,OH RCO,CH,R + 2H, R = Alkyl/Aryl

Scheme 4.3 : General reaction- dehydrogenative coupling of alcohols to esters and H» catalyzed
by (PNN)RuH(CI)(CO)

Table 4.1: Alcohol dehydrogenation reactions catalyzed by (PNN)RuH(CI)(CO) in solution*!

Catalyst KOH Alcohol Temp | Time | Total alcohol | Yield Yield
conversion
(PNN)RuH(CI)(CO) | (equiv) (°O) (h) (%) (%)
(%)
Ester Aldehyde

0.1 mol% 1 1-hexanol 157 24 90.3 90 0.3
’ 0 1-hexanol 157 24 0 0 0

’ 1 benzyl alcohol 115 72 100 99.5 0.5
’ 0 Benzyl alcohol | 115 72 0 0 0
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Scheme 4.4 : (a) Postulated mechanism for dehydrogenative coupling of alcohols to esters
catalyzed by (PNN)RuH(CI(CO). (b) Active catalyst formed by the

deprotonation of pincer arm by KOH.*

From the Table 4.1 it is clear that an external base was required in the catalytic reaction system to
covert alcohols to esters. No reaction took place in the absence of a base. The function of the base
was to deprotonate the pincer arm to generate dearomatized (PNN-)RuH(CO) (Scheme 4.4) which
worked as an active catalytic species in the reaction systems.*!

We investigated the dehydrogenative coupling of alcohol reaction systems on BP-1
surfaces with immobilized (PNN)RuH(CI)(CO). We here hypothesize that the amine functionality
on the BP-1 surface (Scheme 1.1) might satisfy the requirement for a base needed for the formation

of active pincer catalyst on BP-1 surface upon immobilization of the pincer complex on BP-1.
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4.2 Experimental
4.2.1 Experimental procedure for immobilization of (PNN)RuH(CI)(CO) on BP-1

(PNN)RuH(CI)(CO) was immobilized on BP-1 by a two-step Mannich reaction following
the procedures similar to those described in the section 3.2.2.%° 5g of BP-1 (containing 1.6 mmol
N/g) was mixed with a reagent solution of 25 mL aqueous HCHO (38%, 345 mmol) and 0.5 mL
glacial acetic acid (17.4M, 8.74 mmol) in a 250 mL flask equipped with an overhead stirrer. The
suspension was stirred for 3—4 hours at room temperature yielding the surface-bound imine
intermediate. The resulting composite was filtered and then washed several times with 95%
ethanol, and then dried under vacuum overnight (yield: 5.19 g). 500 mg (0.885 mmol) of
(PNN)RuH(CI)(CO)* and 25 mL of distilled 1,4-dioxane were added to 5g of dried imine
intermediate in a three-necked round bottom flask equipped with an overhead stirrer and a
condenser. The mixture was degassed by applied vacuum (30 mmHg). The reaction mixture was
refluxed overnight with stirring under N2. The composite product was then filtered and washed
four times with 1,4-dioxane, four times with acetone, and four times with CH.Cl and then dried
overnight under high vacuum yielding 5.30 g of BP-1-(PNN)RuH(CI)(CO) (7) product. Elemental
analysis: C 12.74%, H 2.95%, N 2.84%, P 0.11%, Cl 2.30%. Solid-state CPMAS **C NMR, §
(ppm): 162.4 (pyridine), 33.5 (CH2 polyamine), 56.7 (ethyl), 23.7 (tert-butyl), 15.1 (tert-butyl), -

6.0 (Si-CH3). CPMAS 3P NMR, & (ppm): 49.5. IR spectra (KBr pellet): 1948 cm™ (s) (v CO).

4.2.2 Experimental procedure for model solution reaction between (PNN)RuH(CI)(CO)

and n-butyl amine
200 pL (2 mmol) of n-butyl amine was added to 200 pL (38%, 2 mmol) of HCHO solution.
20 pL (0.35 mmol) of glacial acetic acid (17.4 M) was added and the reaction mixture was stirred

overnight at room temperature under N2. The resulting imine intermediate was extracted with
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distilled CH2Cl> and then anhydrous Na.SO4was added to remove any trace H20. Solvent was then
removed by rotary evaporation and the product was dried under high vacuum. 0.9 g (2 mmol) of
(PNN)RuUH(CO)CI was combined with the dried imine intermediate in 10 mL distilled THF. The
reaction was carried out at 66°C for 24 hours under N. Solvent was removed by rotary evaporation
and the resulting product was washed with pentane and CH2Cl,. The product was purified by
column chromatography eluting with the mixture of THF and hexane and then dried under high
vacuum (yield: 0.72g, 1.26 mmol, 63%). 3'P NMR (Acetone-ds): 5 89.79 (s), 90.36 (s), and 96.97
(s). *H NMR (Acetone-ds) (three isomers) (8 ppm): 0.77 (t, Ju-n= 4.0 Hz, 3H, CHs), 0.80 (t, Ju-n=
8.0 Hz, 3H, CH3), § 1.56 (t, Jun= 8.0 Hz, 3H, CHa), & 1.35 (t, Jn-+= 4.0 Hz, 3H, CHz), & 3.06 (t,
Jr-H= 8.0 Hz, 3H, CHs), 3.48 (m, 1H, N(CHHMe)y), 3.31(m, 1H, N(CHHMe),), 1.22 (sextet, Ju-
w= 8.1 Hz, 2H, CHy), 1.74 (s, 18H, P-C(CHa)3), 5.05 (s, 2H, CH>), 4.74 (s, br, 1H, N-H), 7.97 (s,
2H, m-pyridine, para-isomer), 7.58 (dd, Ju-n= 4.0 Hz, 2H, pyridine, meta-isomer),1.42 (pent, Ju-
= 8.1 Hz, 2H, CHy), 3.59 (d, Ju.n= 12.0 Hz, 2H, CH>), -15.43 (d, Jon = 28Hz, 1H, Ru-H). IR
(ATR): 1931 cm™ (s)(vCO), 2016 cm™(s) (vVRu—H).
4.2.3 Experimental procedure for the deprotonation of (PNN)RuH(CI)(CO)-n-butyl amine
58 mg (0.1 mmol) of Ru-PNN-n-butyl amine was dissolved in THF (5mL). 11.2 mg (0.1
mmol) of KO'Bu was added at -31°C and the mixture was stirred for 7 hours and then filtered. The
volume of the deep-red filtrate was reduced to 0.5 mL under vacuum and 5 mL pentane was added
to precipitate brown-red product. The product (9) was then separated and washed three times with
2 mL pentane and dried under vacuum (37 mg, 0.07 mmol, 69%). 3P NMR (Acetone-dg): & 97.07
(s), 109.73 (s), and 109.78 (s). *H NMR (& ppm) (Acetone-ds) (three isomers): 0.78 (t, Ju-n= 4.0
Hz, 3H, CHs), 3.07 (t, Ju.n= 4.0 Hz, 3H, CHs), 4.17 (t, Ju.u= 8.0 Hz, 3H, CHs), 1.22 (sextet, Ju.n=

8.0 Hz, 2H, CHy), 0.78 (sextet, Jun= 4.0 Hz, 2H, CHy), 1.56 (m, 1H, N(CHHMe),), 2.12(m, 1H,
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N(CHHMe),), 1.96 (s, 2H, CH>), 1.67(s, 2H, CH2), 1.92 (vt, Jp.n = 4.0 Hz, 9H, P-C(CHs)s), 1.93
(vt, Jp-n = 4.0 Hz, 9H, P-C(CHa)3), 5.27 (s, 1H, =CHP), 5.27 (s, br, 1H, N-H), 7.57 (dd, Ju-+= 8.0
Hz, 2H, pyridine, meta-isomer), -16.6 (d, Je-1 = 16Hz, 1H, Ru-H). IR (ATR): 1929cm™ (s) (vCO),

2041cmY(s) (VRu—H).

4.2.4 Experimental procedure for the catalytic dehydrogenation of 1-hexanol with
deprotonated (PNN-)RuH(CO)-n-butyl amine

The complex (PNN-)RuH(CO)-n-butyl amine (9) (0.01 mmol) was dissolved in 1-
hexanol (10 mmol) in a small round bottom flask which was then equipped with a condenser. The
solution was heated at 157°C under an argon flow for 56 hours. Conversion of 1-hexanol was
measured at different time intervals by GC using an HP 5 column on an Agilent 6890N GC-MS

system. 1-Hexanol conversions: 28% (after 2.5 hours reaction), and 66% (after 56 hours reaction)

4.2.5 Experimental procedure for the catalytic dehydrogenation of 1-hexanol with

deprotonated (PNN-)RuH(CO)-n-butyl amine in presence of toluene

The complex (PNN-)RuH(CO)-n-butyl amine (9) (0.01 mmol) was dissolved in 1-hexanol
(20 mmol) in a small round bottom flask and 2 mL of toluene was added. The flask was then
equipped with a condenser and the system was degassed by an applied vacuum. The solution was
refluxed under argon flow for 56 hours. Conversion of 1-hexanol was measured at different time
intervals by GC using an HP 5 column on an Agilent 6890N GC-MS system. 1-Hexanol
conversions: 23 % (after 2.5 hours reaction), and 59% (after 56 hours reaction)

4.2.6 Experimental procedures for alcohol dehydrogenation reactions catalyzed by
immobilized (PNN)RuH(CI)(CO) on BP-1 in the absence of a base and with KOH

200 mg of BP-1-Ru-PNN (7) (0.007 mmol catalyst on BP-1) was placed in a small round-

bottom flask. 21 mmol of alcohol was added. In the case of 1-hexanol, 400 mg of BP-1-Ru-PNN

46 |Page



was added into 35 mmol of alcohol. The mixture was degassed by an applied vacuum. The

mixture was then heated with slow stirring under an inert atmosphere of argon. The reaction

mixture was cooled to room temperature and the composite catalyst was separated by filtration.

The resulting liquid product mixture was analyzed by GC-MS using an HP 5 column on an Agilent

6890N GC-MS system. Total alcohol conversion and reaction conditions in each of the alcohols

catalysis are summarized in Table 4.2.

Table 4.2: Conversion of alcohol to corresponding esters and hydrogen with immobilized
(PNN)RuH(CIH(CO) on BP-1 in the absence of a base and with KOH.

Alcohol Base Catalyst/ | Reaction Reaction Total alcohol conversion Turnover
(mmol) | Alcohol Temp Time (%) frequency
ratio (°C) (Hours) (Hour )
(mmol)
1-Hexanol - 0.02/50 157 56 50 (49% Hexyl hexanoate 22
and 0.5% 1-Hexanal)
Range: 49-51
0.02 0.02/50 157 56 62 (61% Hexyl hexanoate 28
and 0.8% 1-Hexanal)
Range: 61-63
1-Heptanol - 0.01/30 176 48 52 (51% Heptyl heptanoate 33
and 1% 1-Heptanal)
Range: 51-52
0.01 0.01/30 176 48 64 (62% Heptyl heptanoate 40
and 2% 1-Heptanal)
Range: 63-65
Benzyl - 0.01/30 178 60 48 (38% Benzyl benzoate 24
alcohol and 10% Benzaldehyde)
Range: 47-49
0.01 0.01/30 178 60 55 (43% Benzyl benzoate 28
and 12% Benzaldehyde)
Range: 54-57
2-octanol - 0.01/30 178 48 53% 2-octanone 33
Range: 52-53
0.01 0.01/30 178 48 58% 2-octanone 36
Range: 57-60
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4.2.7 Experimental procedures for alcohol dehydrogenation reactions catalyzed by
immobilized (PNN)RuH(CI)(CO) on BP-1 in the presence of solvent

4.2.7.1 Reaction protocols for 1-hexanol catalysis with immobilized (PNN)RuH(CI)(CO) on
BP-1 (7) in the presence of toluene

400 mg of BP-1-Ru-PNN (7) (0.014 mmol catalyst on BP-1) and 35 mmol of 1-hexanol
were mixed in a small round-bottom flask. 2mL toluene was added. The mixture was degassed by
an applied vacuum. The mixture was then refluxed with slow stirring under an inert atmosphere
of argon for 56 hours. The reaction mixture was cooled to room temperature. The liquid product
mixture and the catalyst were separated by filtration. Formation of hexyl hexanoate was
determined by GC an HP 5 column on an Agilent 6890N GC-MS system. Total 1-hexanol

conversion: 0 %

4.2.7.2 Reaction protocols for 1-hexanol catalysis with immobilized (PNN)RuH(CI)(CO) on
BP-1 (7) in the presence of toluene and KOH

400 mg of BP-1-Ru-PNN (7) (0.014 mmol catalyst on BP-1) and 0.014 mmol KOH
were suspended into 35 mmol of 1-hexanol in a small round-bottom flask. 2mL toluene was
added. The flask was equipped with a water condenser. The mixture was degassed by an applied
vacuum. The mixture was then refluxed with slow stirring under an inert atmosphere of argon for
56 hours. The reaction mixture was cooled to room temperature. The liquid product mixture and
catalyst were separated by filtration. Formation of hexyl hexanoate was determined by GC-MS

using an HP 5 column on an Agilent 6890N GC-MS system. Total 1-hexanol conversion: 0 %
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4.2.7.3 Reaction protocols for 1-heptanol catalysis with immobilized (PNN)RuH(CI)(CO) on
BP-1 (7) in the presence of dichlorobenzene

200 mg of BP-1-Ru-PNN (7) (0.007 mmol catalyst on BP-1) and 21 mmol of 1-heptanol
were mixed in a small round-bottom flask. 2mL dichlorobenzene was added. The mixture was
degassed by an applied vacuum. The mixture was then refluxed with slow stirring under an inert
atmosphere of argon for 48 hours. The reaction mixture was cooled to room temperature. The
liquid product mixture and catalyst were separated by filtration. Formation of heptyl heptanoate
and 1-heptanal was determined by GC using an HP 5 column on an Agilent 6890N GC-MS system.

Total 1-heptanol conversion: 33%. Heptyl heptanoate: 32%. 1-heptanal: 1%

4.2.7.4 Reaction protocols for 1-heptanol catalysis with immobilized (PNN)RuH(CI)(CO) on
BP-1 (7) in the presence of dichlorobenzene and KOH

200 mg of BP-1-Ru-PNN (7) (0.007 mmol catalyst on BP-1) and 0.007 mmol KOH
were suspended into 21 mmol of 1-heptanol in a small round-bottom flask. 2mL dichlorobenzene
was added. The flask was equipped with a water condenser. The mixture was degassed by an
applied vacuum. The mixture was then refluxed with slow stirring under an inert atmosphere of
argon for 48 hours. Reaction mixture was cooled to room temperature. Liquid product mixture and
catalyst were separated by filtration. Formation of heptyl heptanoate and 1-heptanal was
determined by GC using an HP 5 column on an Agilent 6890N GC-MS system. Total conversion:

40%. Heptyl heptanoate: 38% . 1-heptanal: 2%

4.2.8 Experimental procedures for cycle study in alcohol dehydrogenation reactions with
immobilized (PNN)RuH(CI)(CO) on BP-1 (7)
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4.2.8.1 Reaction protocols for conversion of alcohols to corresponding esters and hydrogen with

the solid-liquid method (Slow stirring the mixture of catalyst and alcohol) (No base used)

In the solid-liquid method, alcohols and BP-1-Ru-PNN (7) mixtures were stirred slowly

with a small magnetic stir bar under an inert atmosphere of argon. Temperature and other reactions
conditions were described in Table 4.2 and section 4.2.6. When the reaction was stopped, the
composite catalyst and liquid product mixture was separated by filtration and then the catalyst was
washed with acetone, toluene, and CH2Cl> and dried under high vacuum. The liquid product
mixtures were analyzed by GC using an HP 5 column on an Agilent 6890N GC-MS system. The
dried BP-1-Ru-PNN (7) was used for the next cycle and the overall procedure was repeated. Yields
and conversion of alcohols to corresponding esters in each of the successive cycles are given in

Table 4.5-4.10.

4.2.8.2 Reaction protocols for conversion of alcohols to corresponding esters and hydrogen

with solid-vapor method (passing the alcohol vapor over the catalyst bed) (No base used)

The ratio of the catalyst, BP-1-Ru-PNN (7) to alcohol used in the new method was
similar to those applied in the solid-liquid method. In the solid-vapor method, the required amount
of composite catalyst (as mentioned in sections 4.2.6 and Table 4.2) was placed in a glass frit. The
frit was then equipped with a small round bottom flask containing the appropriate amount of
alcohols (sections 4.2.6). A water condenser was placed on the top of the frit. The whole system
was then degassed by an applied vacuum. Alcohol vapor was created by heating the alcohol in the
round bottom flask and was then passed through the composite catalyst bed. The alcohol vapor
condensed as it moved up from the catalyst bed, and then back to the round bottom flask, through
the catalyst bed, and the process was repeated as the reaction proceeded. After the reaction was
over, the system was cooled to room temperature and the apparatus was disassembled. The liquid
product mixture was collected and then analyzed by GC using an HP 5 column on an Agilent
6890N GC-MS system. The composite catalyst was washed with acetone, toluene, and CH.Cl;

and dried under high vacuum. The dried composite catalyst was used for next cycle and the overall
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procedure was repeated. Yields and conversion of alcohols to corresponding esters are given in the
Table 4.5-4.10. Solid state CPMAS NMR data and FT-IR data on BP-1-Ru-PNN (7) after catalysis

are given in Table 4.3. The results of elemental analysis and metal digestion study on BP-1-Ru-

PNN (7) after catalysis are shown in Table 4.4.

Table 4.3: Characterization of BP-1-Ru-PNN (7) after catalysis by solid state NMR, FT-IR,

metal digestion, and elemental analysis using solid-vapor method

Alcohol catalysis

Solid-state CPMAS 3C NMR, § (ppm)

IR spectra (KBr pellet) (v CO)

Cycle 1

162.5 (pyridine), 62.3 (Ethyl), 31.5 (CH-
polyamine), 22.1 (tert-butyl), 13.7 (tert-

butyl), - 4.3 (Si-CHs).

1944 cm™?

Cycle 2

162.1 (pyridine), 63.2 (Ethyl),31.6(CH:
polyamine), 22.0 (tert-butyl), 13.6 (tert-

butyl), - 4.3 (Si-CHs).

1944 cm™?

Cycle 3

162.5 (pyridine), 63.1 (Ethyl),29.0(CH:
polyamine), 22.2 (tert-butyl), 13.6 (tert-

butyl), - 4.2 (Si-CHs)

Table 4.4: Elemental analysis data of BP-1-Ru-PNN (7) after catalysis using solid-vapor method

Alcohol Cycle 1 Cycle 3
catalysis
Elemental Amount of Amount of Elemental Amount of Amount of
analysis complex complex analysis complex complex
remaining remaining remaining remaining
(mmol/gm (mmol/gm (mmol/gm (mmol/gm
BP-1) from BP-1) from BP-1) from BP-1) from
elemental metal digestion elemental metal digestion
1-Hexanol | C 12.44%, 0.028 0.031 C 13.96%, 0.018 0.023
H 2.87%, H 3.10%,
N 2.10%, N 2.01%,
P 0.09%, P 560 ppm,
Cl 1.80%. Cl 1.64%.
1-Heptanol | C 12.71%, 0.025 0.029 C 14.11%, 0.014 0.019
H 2.46%, H 3.28%,
N 2.10%, N 1.78%,
P 0.08%, P 430 ppm,
Cl 2.00% Cl 1.55%
Benzyl C 12.98%, 0.020 0.028 C 14.27%, 0.013 0.017
alcohol H 2.18%, H 3.17%,
N 1.98%, N 1.53%,
P 0.06%, P 410 ppm,
Cl 1.78% Cl 1.20%
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Table 4.5: Cycle study on 1-hexanol catalysis with BP-1-Ru-PNN (7) using the solid-liquid (SL)
and solid-vapor (SV) methods

Alcohol Reaction Catalyst | Reaction Temp | Reaction Total Decrease in | Turnover
configuration / (°C) Time 1-hexanol 1-hexanol | frequency
Alcohol (Hours) | conversion | conversion | (Hour ?)
ratio (%) between two
(mmol) cycles (%)
1- SL 0.02/50 157 56 50 - 22
Hexanol SV 0.02/50 | Passing alcohol 56 51 - 23
1%t Cycle vapor over
catalyst bed
1- SL 0.02/50 157 56 42 16 19
Hexanol SV 0.02/50 | Passing alcohol 56 47 8 21
2" vapor over
Cycle catalyst bed
1- SL 0.02/50 157 56 34 19 15
Hdexanol Y 0.02/50 | Passing alcohol 56 41 12 18
31 Cycle vapor over
catalyst bed
1- SL 0.02/50 157 56 25 26 11
Hexanol sV 0.02/50 | Passing alcohol | 56 36 12 16
4% Cycle vapor over
catalyst bed
1- SL 0.02/50 157 56 13 48 6
Hexanol SV 0.02/50 | Passing alcohol 56 26 28 12
5™ Cycle vapor over
catalyst bed

Table 4.6: Comparison between the decrease in 1-hexanol conversions and the loading of the

complex remaining on BP-1 after catalysis with BP-1-Ru-PNN (7) using the

solid-vapor (SV) and solid-liquid (SL)methods

Cycle | Method Total conversion of Decrease Amount of complex Decrease in loading
1-hexanol (%) in conversion remaining (mmol/gm of Ru-PNN (%)
(%) between BP-1) after cycle based between the cycles
the cycles on Ru analysis
1 sV 51 (Hexyl hexanoate 50% - 0.031 13
and 1-Hexanal 0.8%)
SL 50 (Hexyl hexanoate 49% - 0.026 27
and 1-Hexanal 0.8%)
3 sV 41 (Hexyl hexanoate 40% 20 0.023 25
and 1-Hexanal 0.7%)
SL 34(Hexyl hexanoate 33% 32 0.018 31
and 1-Hexanal 0.8%)
5 SV 26 (Hexyl hexanoate 25% 36 0.015 35
and 1-Hexanal 0.5%)
SL 13(Hexyl hexanoate 12% 62 0.007 61
and Hexanal0.5%)

52|Page




Table 4.7: Cycle study on 1-heptanol catalysis with BP-1-Ru-PNN (7) using the solid-liquid
(SL) and solid-vapor (SV) methods

Alcohol | Reaction | Catalyst/ | Reaction Temp | Reaction | Total 1- | Decrease in | Turnover
configurat | Alcohol (°C) Time heptanol | 1-heptanol | frequency
ion ratio (Hours) | conversi | conversion | (Hour %)
(mmol) on between
(%) two cycles
(%)
1- SL 0.01/30 176 48 52 - 33
Heptanol sV 0.01/30 | Passing alcohol 48 50 - 31
1% Cycle vapor over
catalyst bed
1- SL 0.01/30 176 48 35 32 22
Heptanol SV 0.01/30 | Passing alcohol 48 42 16 26
2 vapor over
Cycle catalyst bed
1- SL 0.01/30 176 48 21 40 13
Hrdeptano' sV 0.01/30 | Passing alcohol 48 33 21 21
3¢ Cycle vapor over
catalyst bed
1- SL 0.01/30 176 48 10 52 6
prtanol Y 0.01/30 | Passing alcohol 48 22 33 14
47 Cycle vapor over
catalyst bed
1- SL 0.01/30 176 48 5 50 3
Heptanol SV 0.01/30 | Passing alcohol 48 13 40 8
5" Cycle vapor over
catalyst bed

Table 4.8: Comparison between the decrease in 1-heptanol conversions and the loading of the
complex remaining on BP-1 after catalysis with BP-1-Ru-PNN (7) using the
solid-vapor (SV) and solid-liquid (SL) methods

Cycle | Method Total conversion of 1- Decrease Amount of complex Decrease in loading
heptanol after each cycle | in conversions | remaining (mmol/gm of Ru-PNN
(%) between the BP-1) after each cycle between the cycles
cycles (%) based on Ru analysis (%)
1 SV 50 (Heptyl heptanoate 48% - 0.029 19
and 1-Heptanal 2%)
SL 52 (Heptyl heptanoate 51% - 0.024 33
and 1-Heptanal 1%)
3 sV 33 (Heptyl heptanoate 31% 34 0.019 35
and 1-Heptanal 2%)
SL 21(Heptyl heptanoate20% 59 0.010 58
and 1-Heptanal 1%)
5 sV 13 (Heptyl heptanoate 60 0.008 62
12% and 1-Heptanal 1%)
SL 5 (Heptyl heptanoate 4% 76 - -
and 1-Heptanal 0.5%)
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Table 4.9: Cycle study on benzyl alcohol catalysis with BP-1-Ru-PNN (7) using the solid-liquid
(SL) and solid-vapor (SV) methods

Alcohol Reaction Catalyst/ | Reaction Temp | Reaction Total Decrease in | Turnover
configuration | Alcohol (°C) Time benzyl benzyl frequency
ratio (Hours) alcohol alcohol (Hour 1)
(mmol) conversion | conversion
(%) between
two cycles
(%)
Benzyl SL 0.01/30 178 60 48 - 24
alcohol SV 0.01/30 | Passing alcohol 60 52 - 26
15t Cycle vapor over
catalyst bed
Benzyl SL 0.01/30 178 60 32 33 16
alcohol Y, 0.01/30 | Passing alcohol 60 43 17 22
2M Cycle vapor over
catalyst bed
Benzyl SL 0.01/30 178 60 18 43 9
alconol SV 0.01/30 | Passing alcohol | 60 34 21 17
3 Cycle vapor over
catalyst bed
Benzyl SL 0.01/30 178 60 10 44 5
alcohol SV, 0.01/30 | Passing alcohol | 60 21 38 11
4% Cycle vapor over
catalyst bed
Benzyl SL 0.01/30 178 60 5 50 3
alcohol SV 0.01/30 | Passing alcohol 60 12 42 6
5% Cycle vapor over
catalyst bed

Table 4.10: Comparison between the decrease in benzyl alcohol conversions with the loading of
the complex remaining on BP-1 after catalysis with BP-1-Ru-PNN (7) using the
solid-vapor (SV) and solid-liquid (SL) methods

Benzaldehyde 1%)

Cycle | Method Total conversion of benzyl Decrease Amount of complex Decrease in
alcohol (%) in conversions remaining (mmol/gm loading
between the BP-1) after each cycle of Ru-PNN
cycles (%) based on Ru analysis between the
cycles (%)
1 sV 52 (Benzyl benzoate 40% - 0.028 22
and Benzaldehyde 12%)
SL 48 (Benzyl benzoate 38% - 0.023 36
and Benzaldehyde 10%)
3 SV 33 (Benzyl benzoate 28% and 37 0.017 39
Benzaldehyde 5%)
SL 18 (Benzyl benzoate16% and 63 0.009 61
Benzaldehyde 2%)
5 SV 12 (Benzyl benzoate 9% and 64 0.006 65
Benzaldehyde 3%)
SL 5 (Benzyl benzoate 4% and 72 - -
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4.2.9 Experimental procedures for control experiments with immobilized
(PNN)RuUH(CI)(CO) on BP-1 (7)

4.2.9.1 Experimental procedure for the control experiment with 1-hexanol and BP-1-Ru-PNN
(7) in the absence of a base

400 mg of BP-1-Ru-PNN (1) (0.014 mmol Ru-PNN on BP-1) was placed in a small
round-bottom flask. 35mmol of 1-hexanol was added. The flask was equipped with a condenser.
The mixture was degassed by an applied vacuum. Then the following steps were done:

Step 1: The mixture of 1-hexanol and BP-1-Ru-PNN (7) was stirred slowly for 4-5 hours under
an inert atmosphere of argon. 100uL of the resultant liquid was collected and diluted with
toluene and analyzed by GC-MS using an HP 5 column on an Agilent 6890N GC-MS system).
Yield (1-hexanol conversion): 0%.

Step 2: The mixture was stirred and heated overnight (about 15-16 hours) at 157°C under the
flow of argon. The mixture was then cooled to room temperature. 100uL of the resultant liquid
was taken and diluted with toluene and the analyzed by GC-MS. Yield (1-hexanol
conversion):30%.

Step 3: The resultant mixture of 1-hexanol and BP-1-Ru-PNN (7) from step 2 was stirred by
heating at 157°C under the flow of argon for further 4 hours. The reaction mixture was cooled
to room temperature and the liquid product mixture was separated from the 7. 100uL of the
liquid mixture was diluted with toluene and analyzed by GC-MS. Yield (1-hexanol conversion):
4%.

Step 4: The resultant liquid product mixture obtained from step 3 was separated from the
catalyst and placed in a small round bottom flask equipped with a condenser and degassed by an

applied vacuum. In the absence of the catalyst, it was stirred and heated at 157°C under an inert
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atmosphere of argon overnight (about 15-16 hours). It was then cooled to room temperature and
analyzed by GC-MS. Yield (1-hexanol conversion): 2-3%.

4.2.9.2 Experimental procedure for the control experiment of with 1-hexanol and BP-1-Ru-
PNN (7) in the presence of KOH

400 mg of BP-1-Ru-PNN (7) (0.014 mmol Ru-PNN on BP-1) and 0.014 mmol of KOH
were mixed in a small round-bottom flask. 35 mmol of 1-hexanol was added. The mixture was
degassed by an applied vacuum. Then steps 1 to 4 described in section 4.2.9.1 were repeated.
Conversion of 1-hexanol in each of the steps was determined by using GC-MS. The results are as

follows: Stepl: No conversion; Step 2: 36% ; Step 3: 7% and Step 4: 3%.

4.2.10 Experimental procedures for control experiments with BP-1 and silica gel

4.2.10.1 Experimental procedure for the control experiment between alcohol and BP-1

200 mg of BP-1 (containing 1.6 mmol of N/g) was placed in a small round-bottom flask.
21 mmol of alcohol was added to it. The mixture was degassed by an applied vacuum. The
mixture was then heated with slow stirring under an inert atmosphere of argon. The reaction
mixture was then cooled to room temperature. The liquid product mixture and BP-1 were separated
by filtration. The resulting liquid mixture was analyzed by GC-MS using an HP 5 column on an

Agilent 6890N GC-MS system. The results are shown in Table 4.11.

4.2.10.2 Experimental procedure for the control experiments between alcohol and silica gel
200 mg of silica gel (10 nm average pore diameter, 250—600 pm particle size, 450
m?/g surface area was obtained from Qing Dao Mei Gow, Qing Dao, China) was placed in a
small round-bottom flask. 21 mmol of alcohol was added to it. The mixture was degassed by an
applied vacuum. The mixture was then heated with slow stirring under an inert atmosphere of

argon. The reaction mixture was then cooled to room temperature. The liquid product mixture
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and silica gel were separated by filtration. The resulting liquid mixture was analyzed by GC-MS
using an HP 5 column on an Agilent 6890N GC-MS system. The results are shown in Table
4.11.

Table 4.11: The results of control experiments of alcohols with BP-1 and silica gel respectively

BP-1 Alcohol Reaction Reaction Total alcohol conversion
Alcohol /Silica used Temp Time (%)
gel used (mmol) (°C) (Hours)
(200 mg)
1-Hexanol BP-1 21 157 56 0
Silica gel 21 157 56 0
1-Heptanol BP-1 21 176 48 0
Silica gel 21 176 48 0
Benzyl BP-1 21 178 60 0
alcohol  gjjica gel 21 178 60 0
2-octanol BP-1 21 178 48 0
Silica gel 21 178 48 0

4.2.11 Experimental procedure for the filtration test

200 mg of BP-1-Ru-PNN (7) was suspended into 1,4-dioxane in a round-bottom flask.
The mixture was refluxed for two hours and then filtered while still hot. The filtrate was placed
in a round-bottom flask and 21 mmol of 1-heptanol added. The flask was equipped with a
condenser and the mixture was heated at 176°C under the flow of argon for 48 hours. The
resultant liquid was analyzed by GC-MS using an HP 5 column on an Agilent 6890N GC-MS

system. Yield (1-Heptanol conversion): 0 %.

4.3 Results and discussion
4.3.1 Immobilization of (PNN)RuH(CI)(CO) on BP-1
The PNN [(2-(di-tert-butylphosphinomethyl)-6-di-ethylaminomethyl)pyridine] ligand and

(PNN)RuUH(CI)(CO) were synthesized by the previously reported procedure.** The PNN pincer
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complex of Ru was immobilized on BP-1 surfaces by method 1 following a two-step Mannich
reaction as described in section 3.2.2. The complex on BP-1 was characterized by solid-state NMR,
FT-IR, elemental analysis, and metal digestion study. Solid-state CPMAS 3C spectra of the
tethered complex showed resonances at 6 162.4 ppm for the pyridine carbons, 23.7 ppm for tert-
butyl carbons, and 56.7 ppm for the carbons from the ethyl groups in the complex (Figure A16 in
Appendix A), which were similar to the resonances observed for the complex in solution.*! In
addition CPMAS 3P NMR spectra displayed single resonance at & 49.5 ppm indicating the
successful loading of the complex on BP-1 surfaces (Figure A15). The carbonyl group in the
complex showed vCO stretch at 1948 cm™ in the FT-IR spectra evidence that the heterogenization
of the complex on the composite, BP-1 (Figure B8 in Appendix B).

Upon immobilization, a large shift in CO frequency of the complex was realized in
comparison to the solution phase (1901 cm™)* which might be due to the change in electronic
environment around the complex on BP-1.%° Similar shifts of the CO frequency was also noticed
in the case of (PONOP)RUH(CI(CO) on BP-1.° The FT-IR spectra of the product,
(PNN)RuUH(CIH(CO)-n-butyl amine (8), from the model solution study between
(PNN)RuUH(CI)(CO) and n-butyl amine displayed CO stretching frequency at 1931 cm™ (Figure
6B in Appendix B) indicating that attachment of an alkyl chain in the pyridine ring of the complex
could dramatically affect the electronic environment of the complex, which might result in the
large shift of the CO stretching frequency. Loading of the complex was found to be 0.038 mmol/gm
BP-1 based on the metal digestion study. The % P analysis from elemental analysis data provided
the loading of the complex, 0.035 mmol/gm BP-1 which showed a very good agreement with the

results of the metal digestion study confirming the presence of (PNN)RuH(CI)(CO) on BP-1. For
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the catalytic study we estimated the loading of the complex 0.036 mmol/gm BP-1 which was the

average of the two loading data obtained by metal digestion and elemental analysis methods.
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Scheme 4.5: Immobilization of (PNN)RuH(CI)(CO) on BP-1 by the Method 1

4.3.2 Model solution reaction between (PNN)RuH(CI)(CO) and n-butyl amine

Determination of the actual position of the substitution in the pyridine moiety of
(PNN)RuH(CI)(CO) upon immobilization on the BP-1 surface was relatively difficult, as in the
Ru-PONOP-BP-1 system, due to the poor resolution of the solid-state NMR data. The presence of
two different donor atoms in the structure of (PNN)RuH(CI)(CO) might affect the position of
electrophilic substitution in the pyridine ring of the complex. Therefore, the goal of this experiment
was to investigate whether the meta- or para- position of the pyridine ring of the
(PNN)RuUH(CI)(CO) complex was involved in electrophilic substitution by Mannich imine
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intermediate. The experimental procedure was similar to that applied to the Ru-PONOP complex
as described in Chapter 3.

The model solution experiment was conducted between (PNN)RuH(CI)(CO) and n-
butylamine following a two-step reactions. The first step was the formation of a Mannich imine
intermediate (Scheme 4.6) by the reaction of n-butyl amine with 38% formaldehyde solution in
the presence of catalytic amount of glacial acetic acid, which yielded a Mannich imine
intermediate. In step 2, (PNN)RuH(CI)(CO) was added into the imine intermediate in THF solvent
and the mixture was heated at 66°C under N2 overnight (Scheme 4.6). Analyses of the product
with 3P NMR spectroscopy showed three resonances at & 89.97, 90.36, and 96.97 ppm (Figure
4.2), indicate the formation of the mixture of three isomers. The resonance at & 89.97 ppm could
be for the para-isomer. Two meta-isomers showed resonances at 6 89.97 and 90.36 ppm with
almost equal integration. The relative intensity of the resonances suggested the formation of about
84% meta-isomers (42% each) and 16% para-isomer. These results demonstrated that electrophilic
substitution predominantly occurs at the meta-position of the pyridine structure of the complex
during the loading or immobilization of (PNN)RuH(CI)(CO) on BP-1. The appearance of two
resonances for the meta-isomers indicates that electrophilic substitution could be at both meta
positions of the pyridine ring of the complex (Figure 4.2). Likewise in the
(PONOP)RuUH(CI)(CO)-n-butyl amine system (6), the meta isomers could be predominant due to
the electronic ground and ortho-isomer would be preferable due to the steric hindrances.®® H
NMR of the spectrum of 8 was too complicated to resolve because of the formation of the mixtures
of three isomers. However, the resonances for tert-butyl, n-butyl chain, and pyridine protons were
realized in the spectra (Figure A25 in Appendix A). The appearance of additional unexpected

resonances in the *H NMR spectrum might be due to the presence of a trace amount of unreacted
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amines, formaldehyde, imines, and the starting complex remaining after purification of the product
8. FT-IR spectrum of the isomeric product displayed carbonyl stretch at 1931 cm™ (Figure B6 in
Appendix B) which was higher by 30 cm™ from the original complex (1901cm™).4! This suggests
that CO stretching frequency for the (PNN)RuH(CI)(CO) complex could be shifted dramatically
upon the attachment of a functional group or an alkyl chain with the pyridine backbone of the
complex due to the change of the electronic environment.?® These results rationalized the
appearance of the CO stretching frequency at 1948 cm™ upon immobilization of
(PNN)RuUH(CI)(CO) on BP-1 which was much higher than that of the original complex
(1901cm™) before loading. The surface functionality, steric, and electronic environment on BP-1

surfaces might cause the change in CO resonance in the FT-IR.%

/\/\NHZ + HCHO Glacial acetic acid /\/\N/CHz
RT, overnight

'Bu\ C.'\ .,--CO ..’___.El ‘Bu\ r,\l\ _{’CD '/,El ‘Elu\ o /,.CU ./E* ’Bu,\ CJ\ /CC' /Et
, PR (—N’ . /’,.F’_}QU —'N.A__ : /,,.P—F{1;—N\ \ 2 F'—RL]J—N,__
e wy” | /| )\El THF Bu- |Hr‘u | B BU |Hl\‘i [ B+ Bu” ‘ W] e
- N NE S 65°C. Overnight [’f ‘” r/ ‘x[/ YN\,/
L S __\/l \/|L
g ~——NHCHa B
/ST SNHGH, P NHCH,
: / Ra
/
1 3 3
Ru-PNN-n-butyl amine  Ru-PNN-n-butyl amine
(para-isomer, 8i) (meta-isomers, 8ii, 8iii)

Overall yield: 63%

Scheme 4.6: Reaction between (PNN)RuH(CI)(CO) and n-butyl amine
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Figure 4.2: 3P NMR spectrum of the isomers (8) formed from n-butylamine reaction with
(PNN)RuH(CI)(CO)

4.3.3 Deprotonation of the product, (PNN)RuH(CI)(CO)-n-butyl amine (8), from the model

solution reaction and alcohol catalysis

Introduction of an alkyl chain or any functional group in the pincer complex structures
might impact their catalytic reactivity. Very few examples are reported in the literature about how
the substituents in the pincer complexes structure affects their catalytic reactivity.®” It would be
very interesting to see how the addition of an alkyl chain in the structure of (PNN)RuH(CI)(CO)
affects the catalytic reactivity of the resulting complex. The objective of this study was to
investigate the catalytic reactivity of (PNN)RuH(CI)(CO)-n-butyl amine (8) in the alcohol
dehydrogenation reactions. The first step of this study was to deprotonate the product (8) obtained

from the model solution reaction by a base to generate active catalytic complex following the
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similar procedure to that used with the (PNN)RuH(CI)(CO).** The next step was to apply the
deprotonated active catalytic complex in the alcohol conversion reactions. The catalytic reactions
were conducted in the absence of solvent as well as in the presence of toluene.

Chemical treatment of (PNN)RuH(CI)(CO)-n-butyl amine (8) with KO'Bu results in
the formation of deprotonated or dearomatized (PNN-)RuH(CO)-n-butyl amine (9) (Scheme 4.7).
The complex was characterized by NMR and FT-IR. 3P NMR showed three resonances at § 97.07
(s), 109.73 (s), and 109.78 (s) which indicates the formation of three isomeric products (Figure
4.3). The resonance at & 97.07 could be for deprotonated para-isomer. The other two resonances
appeared as an overlapping doublet at 6 109.73 (s), and 109.78(s) which might be due to two meta-
isomers (Figure 4.3). *H NMR data was too complicated to interpret because of the formation of
isomeric product mixtures. However, as in the case of 8, the resonances for tert-butyl, pyridine,
and n-butyl protons were also observed in the spectra of the deprotonated product 9 (Figure A27
in Appendix A). In comparison to the spectra of 8, the change in the resonances observed at the
pincer arm region of the spectra of 9, which could be due to the deprotonation that occurred during
the reaction. FT-IR spectra of the deprotonated product showed the CO stretching frequency at
1929 cm™*, which was not much different than before deprotonation (1931 cm™) (Figures B6 & B7
in Appendix B). Very similar carbonyl stretching frequency differences were observed with
(PNN)RuUH(CI)(CO) before (1901 cm-1) and after deprotonation (1889 cm™) reported by David

Milstein et al.*!
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Figure 4.3: 3P NMR spectrum of the isomeric products (9) formed from the deprotonation of
(PNN)RuH(CI)(CO)-n-butylamine by KO'Bu

1-Hexanol catalysis with 0.1 mol% of (PNN-)RuH(CO)-n-butyl amine (9) at 157°C under

an argon flow yielded only 28% product after 2.5 hours (Scheme 4.8). However, the dearomatized
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original complex, (PNN-)RuH(CO), with similar reaction conditions showed about 91%
conversion of 1-hexanol after 2.5 hours.*! When the reaction was continued for 56 hours, total
conversion was found to be 66% with 65% hexyl hexanoate and 0.5% 1-hexanal. In the presence
of toluene, the reaction with 9 yielded only 23% after 2.5 hours. A similar reaction with 0.1 mol%
dearomatized (PNN-)RuH(CO) provided 99% conversion of 1-hexanol to hexyl hexanoate in the
presence of toluene after 6 hours,* whereas only 59% conversion was realized when the 1-hexanol
catalysis was conducted with deprotonated (PNN-)RuH(CO)-n-butyl amine complex (9) in toluene
for 56 hours.
i

Complex 9 C
2 N 0n NN T TN+ 2H,
157°C

Yield: 28% (after 2.5 hour)

66% (after 56 hours)

(0]
9 I
2 /\/\/\OH Complex /\/\/C\O/\/\/\ + 2H,
Toluene, Reflux i
Yield: 23% (after 2.5 hour)

59% (after 56 hours)
Scheme 4.8: 1-Hexanol catalysis by the dearomatized Ru-PNN-n-butylamine (9):
(@) in the absence of solvent and (b) in toluene
The turnover frequencies were also considerably less in comparison to those of the Milstein active
catalyst.*! These results indicate that introduction of n-butyl amine substituent in the structure of
(PNN)RuH(CI)(CO) complex decreases its catalytic reactivity. One possible explanation is that an

amine on the alkyl chain can form a five-coordinate complex through the intramolecular reactions
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(Figure 4.4) which might inhibit the catalytic reactivity of the resulting complex. It could also be
due to the low selectivity and steric hindrances of the long n-butyl chain for orientation effect.
CO

By Et

N

-
B PT/TU—N\ Et
N
=
o~ - |

Figure 4.4: Possible structure of the five-coordinated complex created through an intramolecular

reaction of the amine with the spacer carbon of the pincer complex 9

4.3.4 Catalytic study on silica polyamine composites by immobilized
(PNN)RuUH(CI)(CO) on BP-1

4.3.4.1 Dehydrogenative coupling of alcohols to esters and hydrogen with immobilized
(PNN)RuH(CI)(CO) on BP-1 (7)

The catalytic reactions were carried out with (PNN)RuH(CI)(CO) on BP-1 (7) in three
primary alcohol systems: 1-hexanol, 1-heptanol, and benzyl alcohol and a secondary alcohol, 2-
octanol. All reactions on BP-1-Ru-PNN (7) were conducted following two conditions: in the
absence of base and with the addition of KOH. The results were compared with the homogeneous
systems reported by Milstein et al.** The catalyst to alcohol ratio used in the reaction system was
0.007:21 (equivalent to 0.01:30) except in the case of 1-hexanol where 0.014 mmol of catalyst was
used with 35 mmol of alcohol (equivalent ratio, 0.02:50) (Table 4.2) . However, in all cases, excess
alcohols were used in comparison to the catalyst-to- alcohol ratios used previously in the
homogeneous reaction system.*? Catalysis of alcohols with BP-1-Ru-PNN (7) produced the
corresponding esters and hydrogen. However, in some cases aldehydes were also formed along

with major ester products.
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The catalytic reaction of 1-hexanol on BP-1 with 0.04 mol% of immobilized Ru-PNN at
157°C for 56 hours resulted in the formation of hexyl hexanoate, hydrogen, and a trace of 1-
hexanal with overall conversion of 50% (Scheme 4.9a). When KOH (equivalent to Ru-PNN) was
used, conversion increased to 62% (Scheme 4.9b). Homogeneous reaction with the same catalyst
investigated by Milstein et al. reported the conversion as 91 to 95% after 24 hours,** following
similar reaction conditions in the presence of KOH with catalyst-to-alcohol mmol ratio of
0.01:10.*! Heterogeneous catalysis on BP-1 with 0.01 mmol catalyst to 50 mmol 1-hexanol ratio
provided relatively lower overall conversion of 39% in the absence of a base and 45 % when 0.01
mmol of KOH was used. When the catalyst was doubled (0.02 mmol), hexyl hexanoate yields

improved to 51-62%.

o)
|
Ay PNNRUHCICO)onBP-1 G N+ H
157°C, 56 h
Yield: 50%
0

Ay PNNRUHCICO)onBP-1 G s
KOH, 157°C, 56 h

Yield: 62%

Scheme 4.9: Formation of hexyl hexanoate and H> from 1-hexanol with immobilized °C
(PNN)RuH(CI)(CO) on BP-1 (7): (a) in the absence of base and (b) with KOH
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Formation of heptyl heptanoate, 1-heptanal, and Hz from 1-hexanol with
immobilized (PNN)RuH(CI)(CO) on BP-1 (7): (a) in the absence of base and
(b) with KOH

(H) o)
e TR N
Yield: 38% 10%
(H) 0]
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Yield: 43% 12%

Formation of benzyl benzoate, benzaldehyde, and H> from benzyl alcohol
with immobilized (PNN)RuH(CI)(CO) on BP-1 (7): (a) in the absence of base
and (b) with KOH
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OH i
PNN)RuHCI(CO BP-1
\/\/\)\ ( ) ( )On \/\/\/C\ + H2

178°C, 48 h
Yield: 53 %

OH (H)

PNN)RuHCI(CO) on BP-1
M : JRUHEHEO) \/\/\/C\ + Hy

KOH,178°C, 48 h
Yield: 58 %

Scheme 4.12: Formation of 2-octanone and H> from 2-octanol with BP-1-Ru-PNN (7):
(@) in the absence of base and (b) with KOH

1-heptanol catalysis with 0.03 mol% Ru-PNN on BP-1 (7) showed total 52% conversion with 51%
of heptyl heptanoate and 1% 1-heptanal when the reaction was carried out at 176°C for 48 hours
under argon. However, with KOH (1 equivalent to Ru-PNN), conversion improved to 64% (62 %
heptyl heptanoate and 2% 1-heptanal) (Scheme 4.10). Upon heating the mixture of benzyl alcohol
with 0.03 mol% BP-1-Ru-PNN at 178°C for 60 hours, benzyl benzoate and benzaldehyde were
formed at 38% and 10 % yields respectively with the liberation of H> (Scheme 4.11). With the
addition of KOH (equivalent to Ru) total conversion increased to 55%, with 43% benzyl benzoate
and 12% benzaldehyde whereas the homogeneous reaction system with 0.1 mol% Ru-PNN
provided 93% yield with only 1% benzaldeyde.** The percentage of benzaldehyde formation was
observed to be a bit higher with the BP-1-Ru-PNN system, which could be due to the influence of
the support surface. The secondary alcohol, 2-octanol, yielded a ketone, 2-octanone and hydrogen
with a conversion of 53% when treated with 0.03 mol% Ru-PNN on BP-1 (7) following the
reaction at 178°C for 48 hours under argon. When the KOH equivalent to Ru was used, the 2-
octanone yield was increased to 58% with the liberation of H> (Scheme 4.12). No ester formation

was realized in the secondary alcohol catalysis.
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No reaction occurred in the homogeneous system between (PNN)RuH(CI)(CO) and
alcohols when there was no base.** Heterogeneous alcohol catalysis with BP-1-Ru-PNN produced
esters and H: in the absence of base as well as with KOH. However, a longer reaction period and
lower reaction yields were realized in the case of all alcohol catalysis with immobilized Ru-PNN
on BP-1 system (7) in comparison to homogeneous systems which might be due to the several
factors such as different functionality and electronic environment on BP-1 surface and catalyst
decomposition. The homogeneous systems used 0.1 mol% catalyst whereas in our study, 0.03
mol% of immobilized catalyst was utilized in the alcohol catalysis and excess amount of alcohol
was used in each case. These could also affect the alcohol conversion rate in the heterogeneous
systems.

The formation of moderate to good conversion of alcohols to corresponding esters and Ho
in the absence of KOH provided evidence that amine functionality on the BP-1 surface functioned
as a required base to deprotonate the pincer arm (-CH. group) of (PNN)RuH(CI)(CO) and formed
deprotonated or dearomatized active catalyst, [(PNN-) RuH(CO)] on BP-1 (Scheme 4.13). Though
an amine is a weaker base than KOH, the higher temperature and surface confinement made the
deprotonation favorable.®? The scheme 4.13 shows how the amine functionality on the BP-1
surface potentially worked to generate active pincer catalytic complex on BP-1. Both the original
and dearomatized Ru-PNN complexes could be present on BP-1 after immobilization. It was
difficult to figure out the approximate proportion of deprotonated/ dearomatized active catalyst to
the original complex [(PNN)RuH(CI)(CO)] present on BP-1 after immobilization. FT-IR and solid
state NMR spectra did not provide much information about the differences in the resonances

between the two forms of the complexes on BP-1.
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Scheme 4.13: Deprotonation of pincer arm (-CH2 group) in (PNN)RuH(CI)(CO) by amine on

BP-1 surface

However, better conversion of alcohols was observed in all four cases when the catalytic reactions
were conducted in the presence of KOH. This indicates that all loaded or immobilized Ru-PNN
molecules might not be deprotonated by the surface amines. Application of KOH might result in
the generation of more dearomatized [(PNN-)RuH(CO)] complex on BP-1 and enhance the

catalytic conversion of alcohols.

4.3.4.2 Effect of solvents in the heterogeneous catalysis of alcohols with immobilized
(PNN)RuUH(CI)(CO) on BP-1 (7)

The reaction of 1-hexanol with 0.04 mol% of BP-1-Ru-PNN (7) in 2 mL of toluene with
refluxing under argon for 56 hours did not yield any ester. Equivalent KOH on BP-1 in the
1-hexanol catalysis reaction in toluene also resulted in no product formation, which gives evidence

that alcohol catalysis does not occur on BP-1 at a lower temperature. However, in the
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homogeneous reaction systems with similar reaction conditions showed 95% conversion of 1-
hexanol to hexyl hexanoate in toluene.** When the 1-hepatanol reaction was carried out with BP-
1-Ru-PNN (7) in the presence of 2 mL dichlorobenzene following catalyst-to-alcohol ratio of
0.01:30 (mmol) and refluxed for 48 hours under argon, only 33% heptyl heptanoate was formed.
The presence of KOH (equivalent to Ru) in the 1-heptanol catalysis in dichlorobenzene increased
the reaction yield to 40% after 48 hours. These results suggested that presence of solvent in the
heterogeneous alcohol catalytic reaction system decreased the reaction kinetics. A longer period
of reaction was needed to complete the reaction and the overall yields are reduced in comparison
to the reactions with neat alcohol. Introduction of KOH in the reaction system with
dichlorobenzene did not change the reaction kinetics significantly; however, an increase of the
formation of heptyl heptanoate was noticed. The selectivity of a catalyst has always been an issue
in heterogeneous catalytic reaction systems. One might predict that the presence of solvent in the
alcohol in multi-phase catalysis reactions could decrease the selectivity of the immobilized

catalyst, affect mass transfer kinetics, and thus slow down the formation of products.%%

4.3.5 Cycle study on dehydrogenative coupling of alcohols to esters and
hydrogen by immobilized (PNN)RuH(CI)(CO) on BP-1(7) by solid-

liquid and solid-vapor methods

The major advantage of heterogeneous catalytic reactions is easy recycling of important
catalysts, which offers opportunities to reuse the catalysts in multiple cycles of reaction. However,
the stability of catalysts on solid surfaces, physical and chemical properties of support solids,
performance of catalysts in each reaction cycle, and subsequent yields of products in the respective
cycle are important factors to be considered in most heterogeneous reactions.'?-1%2 One of the

main objectives of this dissertation was to investigate the recyclability of immobilized
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(PNN)RuUH(CI)(CO) on BP-1 (7) in alcohol dehydrogenative coupling reaction systems. To
achieve this objective we have studied the catalytic performance of immobilized Ru-PNN on BP-
1 in dehydrogenation of alcohols reaction systems up to five cycles. All reactions were carried out
following two reaction configurations named, “solid-liquid” and “solid-vapor”. No base was used
in the cycle study. In the solid-liquid method, alcohol catalysis was conducted with traditional
reaction systems which involved the heating of the mixtures of alcohols and BP-1-Ru-PNN (7)
with slow stirring and heating under an inert atmosphere of argon. In the solid-vapor method,
alcohol compounds were heated enough to allow them to pass alcohol vapor over the BP-1-Ru-
PNN (7) bed, whereas catalyst-to-alcohol ratios remained the same in both reaction configurations.
Figure 4.5 depicts the reaction configuration by the solid-liquid and solid-vapor methods.'%
Conversions of alcohols in each of the cycles accompanied with turnover frequency were
determined (Table 4.5-4.1-0). The immobilized catalyst complex was characterized after catalytic
reaction cycles by solid-state NMR and FT-IR. The amount of the complex remaining on BP-
lafter catalysis was estimated by metal digestion study as well as the elemental analysis of the

resulting composite catalysts.

. «<—SPC particles
porous Frit

N o
suspended particles —} v
with stirring — ==

Solid-Liquid Solid-Vapor

Figure 4.5: Schematic diagram for alcohol catalysis with the Solid-Liquid and the Solid-Vapor
methods.
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4.3.5.1 Cycle study on 1-hexanol catalysis by immobilized BP-1-Ru-PNN (7)

In the first cycle, 1-hexanol conversion was found to be almost the same (~50% ) using
both solid-liquid and solid-vapor methods with a turnover frequency of 23 h™t. However, in cycle
2, formation of hexyl hexanoate was decreased to 42 % following the solid-liquid method and 47%
using the solid-vapor method. It dropped to 34 % in the cycle 3 when the solid-liquid method was
applied, however, 41% hexyl hexanoate formation was still observed while the reaction was
carried out by passing 1-hexanol vapor on BP-1-Ru-PNN (7) (Table 4.5). Further reduction of
hexyl hexanoate yields was realized with both solid-vapor and solid-liquid methods when the
reaction was continued to a fourth cycle (Table 4.5). Only 13% hexyl hexanoate was formed in
the fifth cycle of reaction with the solid-liquid method; however, using the solid-vapor method it
was doubled to 26 % (Table 4.5-4.6 ).

The loading of the complex was found to be 0.031 mmol/gm BP-1 after the first cycle of
reaction with the solid-vapor method (Table 4.6). This demonstrated that about 13% of the catalyst
was leached off from BP-1 which showed good agreement with the corresponding decrease of the
yield of hexyl hexanoate (8-16% from Cycle 1 to 2 with solid-liquid and solid-vapor methods). A
similar reduction of 1-hexanol conversions was realized as we moved from cycle 2 to 3 using both
the solid-liquid and solid-vapor methods (Table 4.5). However, a much higher decrease of hexyl
hexanoate yield was observed from cycle 3 to 4 with the solid-liquid method (26%) in comparison
to the solid-vapor method which showed only 12% decrease. This could be due to the higher
leaching of Ru-PNN in the solid-liquid method. The loading data observed after cycle 3 with the
solid-liquid method was 0.018 mmol complex/gm BP-1, which is 31% decrease from cycle 1,
whereas the solid-vapor method provided 0.023 mmol complex/gm BP-1, 25% less than cycle 1

(Table 4.5). The overall decrease of the 1-hexanol conversions from cycle 1 to 3 was 20% with
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the solid-vapor method and 32% using the solid-liquid method, which correlates with the
corresponding loss of the catalyst from BP-1 during catalysis (Table 4.6). Phosphorus analysis
data on the resulting composite BP-1-Ru-PNN (7) from cycles 1 to 3 with solid-vapor method
(0.028 mmol complex/gmBP-1 and 0.018 complex/gmBP-1) provided a good agreement with the
results of metal analysis (Table 4.4) which also showed evidence of the loss of catalyst from cycle
1to 5. The turnover frequencies varied from 6-23 h from cycles 1 to 5 with both methods (Table
4.5).
4.3.5.2 Cycle study on 1-heptanol catalysis by immobilized (PNN)RuH(CI)(CO) on BP-1 (7)
1-Heptanol catalysis with 0.03 mol% Ru-PNN on BP-1(7) with the solid-liquid and solid-
vapor reaction configurations gave similar conversions in the first cycle with the major product
heptyl heptanoate, and the minor product being 1-heptanal, accompanied by the liberation of H»
(Table 4.7). In the second cycle, the total 1-heptanol conversion decreased from 50 % to 42 %
using the solid-vapor method and 52% to 35% with the solid-liquid method, indicating the loss of
catalytic performance of Ru-PNN. On going from Cycle 2 to 3, further reduction of reaction yields
was realized by the both methods. Cycle 4 gave only 22 % overall conversion with solid-vapor
method which was a 33% decrease from cycle 3 and a much higher reduction in comparison to
the ester yields observed from cycle 2 to 3, where 1-heptanol conversion dropped by only 21%
(Table 4.7 & 4.8). The total 1-heptanol conversion was even further decreased in the same cycles
when the reaction was conducted with the solid-liquid method (40% decrease from cycle 2 to 3
and 52% reduction from cycle 3 to 4) (Table 4.7). Cycle 5 showed only 5% vyield of heptyl
heptanoate with the solid-liquid method, whereas the solid-vapor method provided a yield about
3 times higher (13%) (Table 4.7). The loading data of 7 after catalysis demonstrated that the

catalytic reactivity of BP-1-Ru-PNN- was reduced by 33% after the first cycle of 1-heptanol

75|Page



catalysis when the reaction was performed with the solid-liquid method which was twice of the
reduction noticed for the solid-vapor method where only a 19% decrease was realized (Table 4.7
& 4.8).

The amount of Ru-PNN on BP-1 after the third cycle of catalysis was found to be 0.019
mmol/gm BP-1 with the solid-vapor method which implies a decrease or loss of 35% of the
complex from cycle 1. This is more or less consistent with the corresponding reduction of 1-
heptanol conversion from cycle 1 to 3, which was also observed to be 34% (Table 4.7 & 4.8). This
was also confirmed by the loading of Ru-PNN on BP-1 obtained from phosphorus analysis after
cycle 3, which was 0.014 mmol complex/gm BP-1 (Table 4.4). Similar agreement was observed
between reduction of 1-heptanol conversions and the corresponding loading of the complex on
BP-1 from cycle 3 to 5. No Ru content was found in the resulting composite after the fifth cycles
of catalysis of 1-heptanol, meaning that Ru-PNN survived on BP-1 surfaces up to the fifth catalytic
cycles.
4.3.5.3 Cycle study on benzyl alcohol catalysis by immobilized (PNN)RuH(CI)(CO) on

BP-1 (7)

The chemical reaction of benzyl alcohol with 0.03 mol% of immobilized Ru-PNN on BP-
1 resulted in 52% conversion of benzyl alcohol to 40% benzyl benzoate and 12 % benzaldehyde
in the first catalytic run with the solid-vapor method, whereas when using the solid-liquid method
total conversion was 48% with 38 % benzyl benzoate and 10 % benzaldehyde respectively (Table
4.9). Repetition of the reaction in cycle 2 led to 32% conversion of benzyl alcohol using the solid-
liquid method with turnover frequency of 16 ht, which was approximately 33% less than in cycle
1 (Table 4.9). Application of the solid-vapor method in the same cycle generated 43 % conversion

of benzyl alcohol, which was only 17% less than in cycle 1. As in the 1-heptanol and 1-hexanol
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reaction systems, reduction of the ester yields in benzyl alcohol catalysis could be rationalized by
the corresponding decrease of the loading of the complex obtained from the resulting BP-1-Ru-
PNN after of benzyl alcohol catalysis which was found to be 0.023mmol/gm BP-1 after first cycle
with the solid-liquid method, indicating 36% leaching of the catalyst at cycle 1 (Table 4.10). Before
the catalysis the loading of the Ru-PNN was 0.036 mmol complex/gm BP-1. A considerable
decrease in ester yields was also noticed from cycle 2 to 3 (43% with the solid-liquid method and
21% with the solid-vapor method) (Table 4.9). The solid-liquid method showed the benzyl alcohol
conversion to be only 10% in cycle 4 but the conversion was observed doubled 21% when the
solid-vapor method was used. These results demonstrated the decrease of benzyl alcohol
conversion by 44% using the solid-liquid method and 38% using the new method in comparison
to cycle 3 (Table 4.9). The amount of Ru-PNN remaining on BP-1 after cycle 3 was observed to
be 0.017 mmol complex/gm BP-1, which showed that 39% of the catalyst from cycle 1 was leached
off by cycle 3 with the solid-vapor method. In the same reaction cycle, the loss of Ru-PNN was
about 61% when the solid-liquid method was applied (Table 4.10). Only 12% of overall conversion
of benzyl alcohol was noticed in fifth cycle of catalysis with the solid-vapor method but it was
reduced to 5% with the solid-liquid method (Table 4.9). Phosphorus analysis data from BP-1 Ru-
PNN after the first cycle of catalysis with the solid-vapor method showed the loading of the
complex to be 0.020 mmol complex/gm BP-1 which conformed with the results of Ru metal
analysis (0.028 mmol complex/gm BP-1) provided further proof that the Ru-PNN catalyst stayed

on the BP-1 surface after catalysis, though considerable leaching was realized (Table 4.4).
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4.3.5.4 Comparison of cycle study on the catalysis of three alcohol systems by immobilized

(PNN)RuUH(CI)(CO) on BP-1 (7) using the solid-liquid (SL) and solid-vapor (SV)

methods

In the three alcohol reaction systems used in the cycle study, the solid-vapor method
provided better alcohol conversions than the solid-liquid method in all 5 cycles. Mechanical
stirring of the composite solid, BP-1-Ru-PNN (7), with alcohols for a longer reaction period might
have degraded some BP-1 particles during the course of reactions, which might have resulted in
the higher leaching of the immobilized catalyst from BP-1 surfaces and thus caused more decrease
of the reaction yields in the solid-liquid method. The decrease of the ester yields from cycle 1 to 5
using both methods indicated that the catalyst, Ru-PNN leached off the BP-1 surface in each of
the reaction cycles irrespective of the alcohols used in the catalytic reactions. This was also
evidenced by the loading of Ru-PNN observed on the resulting composite BP-1-Ru-PNN (7) after
catalysis (Table 4.4). The reaction yields were drastically decreased between cycles 3 to 4 and 4
to 5 in comparison to cycles 1 to 2 and 2 to 3 (Table 4.5, 4.7, 4.9). This could be because recycling
the catalyst for multiple cycles of reactions at higher temperature might have decreased the stability
of the immobilized catalyst on the BP-1 surfaces and increased the chance of leaching or
decomposition of the catalyst in the later reaction cycles.

There was very good agreement between the reduction of alcohol conversions and the
corresponding loss of the catalyst from BP-1 in the successive cycles of three alcohol catalysis by
both the solid-liquid and solid-vapor methods (Table 4.6, 4.8, 4.10). Turnover frequencies for
alcohol catalysis were found to be varied from cycle to cycle and were considerably lower than
those observed in homogeneous reactions* as one would expect in heterogeneous reaction systems
because of relatively lower reaction yields. Leaching of the catalyst was found to be relatively
lower in cycles 1 and 2 irrespective of the configuration of catalytic reactions. In addition, the
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decrease in alcohol conversions between two successive cycles was relatively lower in the 1-
hexanol reaction system in comparison to 1-heptanol and benzyl alcohol, which implied the
relatively lower leaching of the complex in 1-hexanol catalytic reaction systems. This was also
supported by the higher loading of the complex found after the fifth cycle of 1-hexanol catalysis
with the solid-vapor method, which was 0.015 mmol complex/gm BP-1 (Table 4.6). 1-hexanol
catalysis was carried out at 157°C, while the corresponding reaction temperatures for 1-heptanol
and benzyl alcohol reaction were 176°C and 178°C. Higher reaction temperatures in the 1-
heptanol and benzyl alcohol reaction systems might have enhanced the leaching or decomposition
of Ru-PNN from BP-1surfaces and caused the relatively higher decrease of the corresponding
reaction yields in comparison to the 1-hexanol system.

Immobilized Ru-PNN on BP-1 (7) lost its catalytic activity in each cycle by both
methods, which was evidenced by the reduction of alcohol conversion observed in the
corresponding catalytic cycles. In some cases, the reduction of alcohol conversions between two
successive reaction cycles was relatively lower than the corresponding loss or degradation of the
catalyst from the BP-1 surface as estimated from Ru analysis (Table 4.6, 4.8, 4.10). This could be
due to the formation of more deprotonated Ru-PNN species on BP-1 in the repeated cycles of
catalysis because the loss of some catalysts from the BP-1 surface might reduce the steric
hindrance and make more amines accessible to the pincer arm for deprotonation. The dearomatized
complex, (PNN-)RuH(CO) might be leached off or decomposed from the BP-1 surface more
readily than the original pincer complex.

FT-IR spectra of the resulting composite, BP-1-Ru-PNN (7) after catalysis showed metal
carbonyl stretch at 1944 cm™ which was very similar to that observed in the original immobilized

catalyst before catalysis (1948 cm™). This confirmed the presence of Ru-PNN on BP-1 after
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catalysis. However, IR data from cycles 3 to 5 were not very informative because of the low
abundance of the complex on BP-1. A good correlation was also realized between the results of
phosphorus and Ru-analysis of the resulting composite after catalysis which gave further evidence
of the existence of Ru-PNN on BP-1 after catalysis. Slightly higher percentages of carbon and
hydrogen were observed in the elemental analysis of BP-1-Ru-PNN (7) after cycle 3, which could
be due to the unreacted alcohols and/or product esters remaining on the composite after washing.
Solid-state 3C NMR spectra of the BP-1-Ru-PNN (7) after catalysis displayed expected
resonances for pyridine carbons at 6 162.5 and for the tert-butyl and ethyl carbons of the complex
at 6 22.1 and 62.3 ppm respectively which were very similar to those observed for the complex
on BP-1 before catalysis (Figure A17 in Appendix A). This suggested that the Ru-PNN complex
remained intact on BP-1after catalysis. However, the relative intensity of resonances decreased in
CPMAS solid state >*C NMR spectra of the resulting composite going from cycle 1 to 3 (Figures
A17-A19). This demonstrated the gradual leaching of the complex from the BP-1 surfaces at each
cycle of the reactions which was consistent with the relative decrease of the alcohol conversions
noticed from cycle to cycle. The immobilized Ru-PNN completely leached off after the fifth
catalytic cycle as evidence by the loading of the complex from the resulting composite except in
the 1-hexanol system where a trace of catalyst might have remained on BP-1 as observed from the
loading data (Table 4.6). This was further supported by the solid-state CPMAS 3C and %P NMR
spectra of the resulting composite where there were no resonances appeared for the immobilized
Ru-PNN after cycle 5. Solid-state CPMAS 3P NMR spectra of BP-1-Ru-PNN (7) did not show
any resonance even after the first cycle of catalysis, which could be due to the low abundance of
the complex on BP-1. There was no regular trend observed in the reduction of alcohol conversions

between two successive cycles of catalysis irrespective of the methods used. In all three catalytic
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systems very good agreement was found between the degree of the reduction of ester yields and
the corresponding loss/leaching of Ru-PNN in the successive cycles, which rationalized the
decrease of alcohol conversions from cycle to cycle. Turnover frequencies (h™) for all three alcohol
reaction systems varied from cycle to cycle (Table 4.5, 4.7, 4.9); however, they were considerably

lower than those observed in the homogeneous systems.*

4.3.6 Control experiments with 1-hexanol and BP-1-Ru-PNN (7) system

Heterogeneous catalysis is a very important process frequently used in industry because it
saves expensive catalyst complexes for multiple cycles of reactions. However, loss or degradation
of catalysts from support solids has always been a major concern in its applications to large-scale
commercial production. It was quite clear that the decrease of reaction yields in the multiple cycles
of catalytic reactions with 1-hexanol, 1-heptanol, and benzyl alcohol were due to the leaching or
decomposition of catalysts from BP-1 surfaces. These observations lead to a major concern:
whether alcohol catalysis occurring on BP-1 surfaces was truly heterogeneous in nature or whether
the complexes leached off the BP-1 surfaces into solutions at the beginning of the reactions and
then perform catalysis. Literature reports have shown a lot of controversy regarding the
heterogeneous catalytic processes on a solid surface with immobilized catalysts, particularly when
leaching or decrease of performance of catalysts observed in repeated reaction cycles.1263-64104 |
our catalytic study, we assumed two possibilities: (i) immobilized catalysts remained on the BP-1
surfaces during catalysis and performed alcohol catalysis on the surfaces, then leached off or
decomposed at the end of the catalytic reactions. (ii) immobilized catalysts leached off from the
BP-1 surfaces at the beginning of the catalytic reactions and mixed with reactant alcohols and the
catalysis was accomplished in the solution phase. The main goal of the control experiments was

to clarify these possibilities and to prove the heterogeneity of the catalytic processes occurring on
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the BP-1 surfaces with immobilized Ru-PNN complex. The experiments were carried out with 1-
hexanol by BP-1-Ru-PNN (7) in the absence of a base and with the addition of 1 equivalent of
KOH.

The control experiments involved four steps reactions. In the first step, the mixture of 1-
hexanol and BP-1-Ru-PNN (7) was stirred at room temperature under argon for 4-5 hours. The
resulting liquid mixture was tested by GC-MS. No conversion of alcohol was observed in this step,
which means alcohol catalysis on BP-1 with immobilized Ru-PNN did not occur at room
temperature. In step 2 when 1-hexanol and BP-1-Ru-PNN (7) were heated at 157°C under the
flow of argon for about 16 hours, 30% hexyl hexanoate yield was noticed. This suggested that
higher reaction temperature is required for alcohol catalysis on BP-1-Ru-PNN (7). In step 3, the
resultant reactant mixture from step 2 was heated further at 157°C for about 3-4 hours, and 4%
conversion of 1-hexanol alcohol was found. This result indicated that the reaction was not yet
completed and the longer reaction period would be required to complete the reaction, as well as
the Ru-PNN catalyst remaining on the BP-1 surface during catalysis. After step 3, the liquid
mixture was separated from BP-1-Ru-PNN (7). Then the resultant liquid mixture was heated in
step 4 at 157°C for 15 hours under argon in the absence of the catalyst, BP-1-Ru-PNN (7). GC-
MS analysis on the product mixture from step 4 showed only 2-3% conversion, which clearly
showed that immobilized Ru-PNN remained intact on the BP-1surface during catalysis, otherwise
considerable conversion of 1-hexanol should have been realized at this stage. This also confirmed
that immobilized Ru-PNN is catalyzing alcohol reactions on BP-1 surface to form corresponding
esters and H as well as that the catalytic reaction proceeded in a heterogeneous manner. The
appearance of a very small amount of conversion of alcohol (2-3%) in step 4 might have been due

to the leaching of a very small amount of Ru-PNN from BP-1 surfaces, which could be negligible
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considering the total conversion of alcohol at the end of the corresponding catalytic reaction. When
the same control experiment was carried out in the presence of 1 equivalent of KOH, following
steps 1 to 4, similar results were observed in each of the steps except the formation relatively more
ester yield (36%) in step 2. This further confirmed the heterogeneity of the alcohol catalysis
reaction on BP-1 by immobilized Ru-PNN (7) complex even in the presence of a base. However,
the reduction of alcohol conversions in the cycle study (cycles 2 to 5) and respective decrease in
the loading of the complex on the resulting composite BP-1-Ru-PNN (7) reflected the leaching of
the catalyst from BP-1 surface which occurred in the catalytic reactions. Based on the results of
our control experiments, we are strongly convinced that the immobilized Ru-PNN caused the
alcohol catalysis and remained on the BP-1 surfaces during catalysis and then leached away or
decomposed at the end of reaction. Formation of a significant percentage/proportion of reaction

yields within the first 25-30 hours of catalytic reactions also supported that.

4.3.7 Control experiments with BP-1 and silica gel

The physical and chemical properties of solid supports as well as their stability are very
important in the heterogeneous catalytic reactions.*2141” An ideal and suitable solid support must
be neutral or non-reactive toward the catalytic reactions. Since BP-1 was synthesized from
modified silica gel, it was important to see any influence of silica gel or BP-1 in the alcohol
catalytic processes. Silica materials were reported to be chemically inert toward many reactants
because they do not have pronounced functionality on their surfaces, which can induce side
reactions in the catalytic processes.*?

The objective of the control experiments with BP-1 and silica gel was to investigate any
reactivity or participation of BP-1 or silica gel in alcohol catalytic processes. The experiments

were conducted using three alcohols with BP-1 and silica gel separately. The reactions of BP-1
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with 1-hexanol, 1-heptanol, and benzyl alcohol respectively, following similar conditions to those
described in sections 4.2.6 and Table 4.2, did not produce any esters, aldehyde or H,. Similarly,
chemical treatment of silica gel with 1-hexanol, 1-heptanol, and benzyl alcohol respectively did
not result in any product formation. This confirms the neutrality and non- reactivity of BP-1 and
silica gel in alcohol catalytic reactions. In the filtration experiment, immobilized catalysts BP-1-
Ru-PONOP (1) and BP-1-Ru-PNN (7) were heated with 1,4-dioxane separately. The resulting
filtrate was tested for catalytic activity in the reaction with 1-heptanol. No alcohol conversions
were realized with the filtrate, which confirmed that the complexes were covalently immobilized

on BP-1 and no physiosorption was involved in the immobilization processes.

157°C .
N N0H  + BP-1 —er No Reaction

AN~ . 157°C _
"SoH + Silica gel — o No Reaction

Scheme 4.14: Reaction of 1-hexanol with: (a) BP-1 and (b) silica gel
176°C .
SN"Son 4+ BP-1 —————  No Reaction

48 h

. 176°C .
NN on + Silicagel —— 2% . No Reaction

48 h
Scheme 4.15: Reaction of 1-heptanol with: (a) BP-1 and (b) silica gel

178°C

P~ SOH + BP-1 — - No Reaction
60 h
- 178°C .
ph~ SoH + Silica gel o No Reaction

Scheme 4.16: Reaction of benzyl alcohol with: (a) BP-1 and (b) silica gel
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Chapter 5
Catalytic study on alcohol dehydrogenation reactions on silica polyamine
composites, BP-1 by immobilized (PONOP)RuH(CI)(CO) (1)

5.1 Introduction

PONOP [2,6-bis(di-tert-butylphosphinito)pyridine] is an interesting and attractive pincer
ligand. It was first reported by Milstein and coworkers.®”1% |t can easily be coordinated to
different transition metals such as Ru, Rh, Ni, Pd, Ir, and form interesting stable complexes.?*
87,105 pPONOP analogues POCOP metal complexes have already been shown to catalyze various
chemical transformations.1%-1* PONOP trans-hydride ruthenium complex has exhibited reactivity
toward water and eletrophiles.8” Though many PONOP metal complexes have been shown in the
literature, to date, there have been no reports of catalysis with (PONOP)RuH(CI)(CO) pincer
complex system.?%87195 However, its analogue, (PNN)RuH(CI)(CO) has shown very interesting
catalytic reactivity in various chemical transformations.**%>52 In light of this perspective, we
became interested in investigating the catalytic reactivity of (PONOP)RuH(CI)(CO) in
dehydrogenative coupling of alcohols reactions in solution. The interesting results of our
heterogeneous alcohol catalysis with the BP-1-Ru-PNN (7) system motivated us to explore the
catalytic reactivity of (PONOP)RuH(CI)(CO) on BP-1 as well. Immobilized BP-1-Ru-PONOP
obtained by method 1 was used in this catalytic study. Scheme 5.1 shows the general reactions of
dehydrogenative coupling of alcohol reactions by immobilized Ru-PONOP on BP-1 (1).

(PONOP)RUHCI(CO) on BP-1

= RCO,CH,R + 2H, R = Alkyl/Aryl

2 RCH,OH

Scheme 5.1: General reaction of alcohol dehydrogenation by BP-1-Ru-PONOP (1)
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5.2 Experimental

5.2.1 Experimental procedures for catalytic study in dehydrogenative coupling of alcohols
to esters and hydrogen by (PONOP)RuH(CI)(CO) in solution

12 mg of (PONOP)RuH(CI)(CO) (0.02 mmol) was placed in a small round-bottom flask.
20 mmol of alcohol was added. The mixture was degassed by an applied vacuum. The mixture
was then heated with slow stirring under at an inert atmosphere of argon. The reaction mixture was
cooled to room temperature. The liquid product mixture was analyzed by GC-MS, using an HP 5
column on an Agilent 6890N GC-MS system. Total alcohol conversion and reaction conditions

for each alcohol catalysis are summarized in Table 5.1.

Table 5.1: Conversion of alcohol to corresponding esters and hydrogen with
(PONOP)RuUH(CI)(CO) in solution in the absence of a base and with KOH.

Alcohol Base Catalyst/ | Reaction Reaction Total alcohol conversion Turnover
(mmol) | Alcohol Temp Time (%) frequency
ratio (°C) (Hours) (Hour )
(mmol)
1-Hexanol - 0.01/10 157 36 0 -
0.01 0.01/10 157 36 61 (60% Hexyl hexanoate 17
and 0.5% 1-Hexanal)
Range: 60-62
1-Heptanol - 0.01/10 176 24 0 -
0.01 0.01/10 176 24 69 (67% Heptyl heptanoate 28
and 2% 1-Heptanal)
Range: 63-69
Benzyl - 0.01/10 178 24 0 -
alcohol 0.01 0.01/10 178 24 66 (62% Benzyl benzoate 27
and 4% Benzaldehyde)
Range: 65-67
2-octanol - 0.01/10 178 24 0 -
0.01 0.01/10 178 24 65% 2-octanone 28
Range: 64-65
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5.2.2 Reaction protocols for conversion of 1-heptanol to heptyl heptanoate, 1-heptanal, and
hydrogen with (PONOP)RuH(CI)(CO)-n-butyl amine (6) in the presence of KOH

13 mg of (PONOP)RuUH(CI)(CO)-n-butyl amine (6) (0.02 mmol) and 0.02 mmol of KOH
were mixed in a small round-bottom flask. 20 mmol of 1-heptanol was added. The mixture was
degassed by an applied vacuum. The mixture was then heated at 176°C with slow stirring under
an inert atmosphere of argon for 48 hours. The reaction mixture was cooled to room temperature.
The liquid product mixture and catalyst were separated by filtration. The liquid product mixture
was analyzed by GC-MS using an HP 5 column on an Agilent 6890N GC-MS system. Total 1-
heptanol conversion (after 24 hours): 42%, after 48 hours: 54%. Heptyl heptanoate: 52%.
1-Heptanal: 2%. 1-Heptanol conversion after 48 hours, from the similar reaction between

(PONOP)RuUH(CI)(CO)-n-butyl amine (6) and 1-heptanol in the absence of KOH : 0%

5.2.3 Experimental procedures for alcohol dehydrogenation reactions catalyzed by
immobilized (PONOP)RuH(CI)(CO) on BP-1 in the absence of a base and with KOH

200 mg of BP-1-Ru-PONOP (1) (0.007 mmol catalyst on BP-1) was placed in a small
round-bottom flask. 21 mmol of alcohol was added. In the case of 1-hexanol, 400 mg of BP-1-Ru-
PONOP was added into 35 mmol of alcohol. The mixture was degassed by an applied vacuum.
The mixture was then heated with slow stirring under an inert atmosphere of argon. The reaction
mixture was cooled to room temperature and the composite catalyst was separated by filtration.
The resulting liquid product mixture was analyzed by GC-MS using an HP 5 column on an Agilent
6890N GC-MS system. Total alcohol conversion and reaction conditions for each of alcohol

catalysis are summarized in Table 5.2
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Table 5.2: Conversion of alcohol to corresponding esters and hydrogen with immobilized
(PONOP)RuUH(CH(CO) on BP-1 (1) in the absence of a base and with KOH

Alcohol Base Catalyst/ | Reaction Reaction Total alcohol conversion Turnover
(mmol) | Alcohol Temp Time (%) frequency
ratio (°C) (Hours) (Hour )
(mmol)
1-Hexanol - 0.02/50 157 56 43 (42% Hexyl hexanoate 19
and 0.6% 1-Hexanal)
Range: 42-43
0.01 0.02/50 157 56 47 (46% Hexyl hexanoate 21
and 0.7% 1-Hexanal)
Range: 46-48
1-Heptanol - 0.01/30 176 48 55 (52% Heptyl heptanoate 34
and 3% 1-Heptanal)
Range: 54-55
0.01 0.01/30 176 48 60 (56% Heptyl heptanoate 38
and 4% 1-Heptanal)
Range: 59-61
Benzyl - 0.01/30 178 60 49 (38% Benzyl benzoate 25
alcohol and 11% Benzaldehyde)
Range: 47-50
0.01 0.01/30 178 60 56 (42% Benzyl benzoate 28
and 14% Benzaldehyde)
Range: 55-59
2-octanol - 0.01/30 178 48 48% 2-octanone 30
Range: 47-48
0.01 0.01/30 178 48 54% 2-octanone 34
Range: 53-56

5.2.4 Experimental procedures for alcohol dehydrogenation reactions catalyzed by
immobilized (PONOP)RuH(CI)(CO) on BP-1 in the presence of solvent

5.2.4.1 Reaction protocols for 1-hexanol catalysis with immobilized (PONOP)RuH(CI)(CO) on
BP-1 in the presence of toluene

400 mg of BP-1-Ru-PONOP (1) (0.014 mmol Ru-PONOP on BP-1) and 35 mmol of
1-hexanol were mixed in a small round-bottom flask. 2mL of toluene was added. The mixture was
degassed by an applied vacuum. The mixture was then refluxed with slow stirring under an inert

atmosphere of argon for 56 hours. Reaction mixture was cooled to room temperature. The liquid
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product mixture and catalyst were separated by filtration. The formation of hexyl hexanoate was
determined by GC using an HP 5 column on an Agilent 6890N GC-MS system. Total 1-hexanol
conversion: 0 %

5.2.4.2 Reaction protocols for 1-hexanol catalysis with immobilized (PONOP)RuH(CI)(CO) on
BP-1 in the presence of toluene and KOH

400 mg of BP-1-Ru-PONOP (1) (0.014 mmol Ru-PONOP on BP-1) and 0.014 mmol
KOH were suspended into 35 mmol of 1-hexanol in a small round-bottom flask. 2mL toluene
was added. The mixture was degassed by an applied vacuum. The mixture was then refluxed with
slow stirring under at an inert atmosphere of argon for 56 hours. The reaction mixture was cooled
to room temperature. The liquid product mixture and catalyst were separated by filtration. The
formation of hexyl hexanoate was determined by GC using an HP 5 column on an Agilent 6890N

GC-MS system. Total 1-hexanol conversion: 0 %

5.2.4.3 Reaction protocols for 1-heptanol catalysis with immobilized (PONOP)RuH(CI)(CO)
on BP-1 in the presence of dichlorobenzene

200 mg of BP-1-Ru-PONOP (1) (0.007 mmol Ru-PONOP on BP-1) and 21 mmol of
1-heptanol were mixed in a small round-bottom flask. 2mL of 1,2-dichlorobenzene was added.
The mixture was degassed by an applied vacuum. The mixture was then refluxed with slow stirring
under an inert atmosphere of argon for 48 hours. The reaction mixture was cooled to room
temperature. The liquid product mixture and catalyst were separated by filtration. The formation
of heptyl heptanoate and 1-heptanal was determined GC using an HP 5 column on a Agilent 6890N

GC-MS system. Total 1-heptanol conversion: 30% (Heptyl heptanoate 29 % and 1-Heptanal 1%)
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5.2.4.4 Reaction protocols for 1-heptanol catalysis with immobilized (PONOP)RuH(CI)(CO)
on BP-1 in the presence of dichlorobenzene and KOH

200 mg of BP-1-Ru-PONOP (1)(0.007 mmol Ru-PONOP on BP-1) and 0.007 mmol
KOH were suspended into 21 mmol of 1-heptanol in a small round-bottom flask. 2mL of 1,2-
dichlorobenzene was added. The mixture was degassed by an applied vacuum. The mixture was
then refluxed with slow stirring under at an inert atmosphere of argon for 48 hours. Reaction
mixture was cooled to room temperature. The liquid product mixture and catalyst were separated
by filtration. The formation of heptyl heptanoate and 1-heptanal was determined by GC using an
HP 5 column on a Agilent 6890N GC-MS system. Total conversion: 36% (Heptyl heptanoate 33

% and 1-Heptanal 3%)

5.2.5 Experimental procedures for cycle study in alcohol dehydrogenation reactions by
immobilized (PONOP)RuH(CI)(CO) on BP-1 (1)

5.2.5.1 Reaction protocols for conversion of alcohols to corresponding esters and hydrogen by

BP-1-Ru-PONOP (1) with the solid-liquid method

200 mg of BP-1-Ru-PONORP (1) (0.007 mmol complex on BP-1) and 21 mmol of alcohols
(except 1-hexanol where 400 mg Ru-PONOP-BP-1 and 35 mmol alcohol were used) were mixed
in a small round-bottom flask. The flask was equipped with a condenser. The mixtures were stirred
slowly by heating an inert atmosphere of argon. Temperature and other reaction conditions were
described in experimental section 5.2.3 and Table 5.2. When the reaction was complete, the
reaction mixture was cooled to room temperature. The composite catalyst and liquid product
mixture were separated by filtration and then the catalyst BP-1-Ru-PONOP (1) was washed with
acetone, toluene, and CH>Cl, and then dried under high vacuum. The liquid product mixtures were

analyzed by GC using an HP 5 column on an Agilent 6890N GC-MS system. The dried BP-1-Ru-
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PONOP (1) was used for the next cycle and the overall procedure was repeated. Yields and
conversion of alcohols to corresponding esters in each of the successive cycles are given in Table
5.5-5.10.

5.2.5.2 Reaction protocols for conversion of alcohols to corresponding esters and hydrogen by
BP-1-Ru-PONOP (1) with the solid-vapor method

The ratio of catalyst, BP-1-Ru-PONOP (1) to alcohol used in the solid-vapor method was
similar to those applied in the solid-liquid method. In the solid-vapor method, the required amount
of composite catalyst (as described in section 5.2.3 and Table 5.2) was placed in a glass frit. The
frit was then equipped with a small round bottom flask containing the appropriate amount of
alcohols (section 5.2.3 and Table 5.2). A water condenser was placed on the top of the frit. The
whole system was then degassed by an applied vacuum. Alcohol vapor was created by heating the
round bottom flask which then passed through the composite catalyst bed. Alcohol vapor passed
through the catalyst bed as it moved up and then condensed back into the round bottom flask, and
the process was repeated as the reaction proceeded. After the reaction was over, the system was
cooled to room temperature and the set up was disassembled. The liquid product mixture was
analyzed by GC using an HP 5 column on an Agilent 6890N GC-MS system. The composite
catalyst was washed with acetone, toluene, and CH>Cl., and dried under high vacuum. The dried
composite catalyst was used for the next cycles and the overall procedure was repeated. Yields
and conversion of alcohols to corresponding esters are given in Table 5.5-5.10. Solid state CPMAS
NMR data and FT-IR data on BP-1-Ru-PONOP (1) after catalysis are given in Table 5.3. The
results of elemental analysis and metal digestion study on BP-1-Ru-PONOP (1) after catalysis are

shown in Table 5.4.
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Table 5.3: Characterization of BP-1-Ru-PONOP (1) after 1-hexanol catalysis

Alcohol catalysis | Solid-state CPMAS 3C NMR, Solid-state CPMAS IR spectra (KBr
S (ppm) 31p NMR, § (ppm) pellet) (v CO)
Cycle 1 163.3 (pyridine), 29.4 (CH> 50.3,72.0 1956 cm!
polyamine), 25.3 (tert-butyl), 13.7
(tert-butyl), - 3.9(Si-CHa)
Cycle 2 162.4 (pyridine), 28.3 (CH: No resonance 1956 cmt
polyamine), 25.2 (tert-butyl), 13.8
(tert-butyl), - 4.4 (Si-CHs)
Cycle 3 160.0 (pyridine), 31.5(CH: No resonance -
polyamine), 25.2 (tert-butyl), 13.6
(tert-butyl), - 4.1 (Si-CHs)
Table 5.4: Elemental analysis data of BP-1-Ru-PONOP (1) after catalysis using sold-vapor
method
Alcohol Cycle 1 Cycle 3
catalysis
Elemental Amount of Amount of Elemental Amount of Amount of
analysis complex complex analysis complex complex
remaining remaining remaining remaining
(mmol/gm (mmol/gm (mmol/gm (mmol/gm
BP-1) from BP-1) from BP-1) from BP-1) from
elemental metal digestion elemental metal digestion
1-Hexanol | C 13.47%, 0.024 0.030 C 15.39%, 0.012 0.019
H 3.13%, H 3.65%,
N 2.10%, N 1.87%,
P 0.148%, P 716ppm,
Cl 0.24% Cl 0.19%
1-Heptanol | C 13.80%, 0.021 0.029 C 15.19%, 0.009 0.015
H 3.18%, H 3.74%,
N 1.98%, N 1.64%,
P 0.135%, P 601 ppm,
Cl1 0.22% Cl 0.15%
Benzyl C 13.93%, 0.019 0.028 C 15.57%, 0.005 0.008
alcohol | H 3.24%, H 3.81%,
N 1.76%, N 1.57%,
P 0.118%, P 295 ppm,
Cl 0.19% Cl 0.14%
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Table 5.5: Cycle study on 1-hexanol catalysis with BP-1-Ru-PONOP (1) using the solid-
liquid (SL) and solid-vapor (SV) methods

Alcohol Reaction Catalyst/ Reaction Temp Reaction Total Decrease in Turnover
configuration Alcohol (°C) Time 1-hexanol 1-hexanol frequency
ratio (Hours) conversion conversion (Hour )
(mmol) between two
(%) cycles (%)
1-Hexanol SL 0.02/50 157 56 43 - 19
1% Cycle Y] 0.02/50 Passing alcohol 56 41 - 18
vapor over
catalyst bed
1-Hexanol SL 0.02/50 157 56 32 26 14
2" Cycle Y, 0.02/50 | Passing alcohol 56 35 15 16
vapor over
catalyst bed
1-Hexanol SL 0.02/50 157 56 20 37 9
31 Cycle sV 0.02/50 Passing alcohol 56 26 26 12
vapor over
catalyst bed
1-Hexanol SL 0.02/50 157 56 10 50 4
4" Cycle SV 0.02/50 Passing alcohol 56 16 38 7
vapor over
catalyst bed

93|Page




Table 5.6: Comparison between the decrease in 1-hexanol conversions and the loading of the

complex remaining on BP-1 after catalysis with BP-1-Ru-PONOP (1) using the
solid-vapor (SV) and solid-liquid (SL) methods

1-Hexanal 0.5%)

Cycle | Method Total conversion of Decrease in Amount of complex Decrease in loading of
1-hexanol (%) conversion (%) | remaining (mmol/gm BP-1) | Ru-PNN (%)between
between the after cycle based on Ru the cycles
cycles analysis
1 )Y 41 (Hexyl hexanoate 40% - 0.030 14
and 1-Hexanal 0.6%)
SL 43 (Hexyl hexanoate 42% - 0.025 28
and 1-Hexanal 0.7%)
3 )\ 26 (Hexyl hexanoate 25% 36 0.019 37
and 1-Hexanal 0.5%)
SL 20 (Hexyl hexanoate 19% 53 0.011 56
and 1-Hexanal 0.6%)
4 SV 16 (Hexyl hexanoate 15% 38 0.012 37
and 1-Hexanal 0.4%)
SL 10 (Hexyl hexanoate 9% and 50 0.006 45
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Table 5.7: Cycle study on 1-heptanol catalysis with BP-1-Ru-PONOP (1) using the solid-
liquid (SL) and solid-vapor (SV) methods

Alcohol Reaction Catalyst/ Reaction Temp Reaction Total 1- Decrease in 1- | Turnover
configuration Alcohol (°C) Time heptanol heptanol frequency
ratio (Hours) conversion conversion (Hour %)
(mmol) (%) between two
cycles (%)
1-Heptanol SL 0.01/30 176 48 55 - 34
1t Cycle SV 0.01/30 Passing alcohol 48 51 - 32
vapor over catalyst
bed
1-Heptanol SL 0.01/30 176 48 37 32 23
2M Cycle Y 0.01/30 Passing alcohol 48 42 18 26
vapor over catalyst
bed
1-Heptanol SL 0.01/30 176 48 20 46 13
34 Cycle SV 0.01/30 Passing alcohol 48 27 36 17
vapor over catalyst
bed
1-Heptanol SL 0.01/30 176 48 7 65 4
4™ Cycle SV 0.01/30 Passing alcohol 48 14 48 9
vapor over catalyst
bed
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Table 5.8: Comparison between the decrease in 1-heptanol conversions and the loading of the

complex remaining on BP-1 after catalysis with BP-1-Ru-PONOP (1) using the

solid-vapor (SV) and solid-liquid (SL) methods

Cycle Method Total conversion of 1-heptanol Decrease in Amount of complex Decrease in loading
(%) conversions remaining (mmol/gm BP- of Ru-PNN
between the 1) after each cycle based between the cycles
cycles (%) on Ru analysis (%)
1 SV 51 (Heptyl heptanoate 48% and - 0.029 17
Heptanal3%)
SL 55 (Heptylheptanoate52% and 1- - 0.024 31
Heptanal3%)
3 sV 27 (Heptyl heptanoate 25% and 47 0.015 48
Heptanal2%)
SL 20 (Heptylheptanoate18% and 1- 64 0.009 63
Heptanal2%)
4 sV 14 (Heptyl heptanoate 13% and 48 0.007 53
1-Heptanal 1%)
SL 7 (Heptylheptanoate6% and1- 65 - -
Heptanal0.5%)
Table 5.9: Cycle study on benzyl alcohol catalysis with BP-1-Ru-PONOP (1) using the solid-
liquid (SL) and solid-vapor (SV) methods
Alcohol Reaction Catalyst/ | Reaction Temp Reaction | Total benzyl | Decrease in | Turnover
configuration | Alcohol (°C) Time alcohol benzyl frequency
ratio (Hours) conversion alcohol (Hour 1)
(mmol) (%) conversion
between two
cycles (%)
Benzyl SL 0.01/30 178 60 49 - 25
alcohol sV 0.01/30 | Passing alcohol 60 47 - 24
1%t Cycle vapor over
catalyst bed
Benzyl SL 0.01/30 178 60 28 43 14
alcohol SV 0.01/30 | Passing alcohol 60 35 26 18
2" Cycle vapor over
catalyst bed
Benzyl SL 0.01/30 178 60 16 43 8
3&:!cgholl SV 0.01/30 | Passing alcohol 60 24 30 12
ycle vapor over
catalyst bed
Benzyl SL 0.01/30 178 60 4 75
4%!(:8 h(c:)lle SV 0.01/30 | Passing alcohol 60 12 50
y vapor over
catalyst bed
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Table 5.10: Comparison between the decrease in benzyl alcohol conversions and the loading
of the complex remaining on BP-1 after catalysis with BP-1-Ru-PONOP (1) using
the solid-vapor (SV) and solid-liquid (SL) methods

Cycle Method Total conversion of benzyl Decrease in Amount of complex Decrease in
alcohol (%) conversions remaining (mmol/gm BP-1) loading of Ru-
between the after each cycle based on Ru PNN between
cycles (%) analysis the cycles (%)
1 Y 47 (Benzyl benzoate 37% and - 0.028 20
Benzaldehyde10%)
SL 49 (Benzyl benzoate 38% and - 0.023 34
Benzaldehyde11%)
3 )Y 24 (Benzylbenzoatel8 % and 49 0.013 52
Benzaldehyde 6%)
SL 16 (Benzylbenzoate13% and 67 0.008 65
Benzaldehyde 3%)
4 3\ 12 (Benzyl benzoate 10% and 50 0.007 46
Benzaldehyde2%)
SL 4 (Benzyl benzoate 4% and 75 - -
Benzaldehydel1%)

5.2.6 Experimental procedures for control experiments with immobilized
(PONOP)RuUH(CI)(CO) on BP-1 (1)

5.2.6.1 Experimental procedure for the control experiment between 1-hexanol and
BP-1-Ru-PONOP (1) in the absence of a base
400 mg of BP-1-Ru-PONOP (1) (0.014 mmol Ru-PONOP on BP-1) and 35 mmol of
1-hexanol were mixed in a small round-bottom flask. The mixture was degassed by an applied
vacuum. Then the reactions were conducted following steps 1 to 4 described in section 4.2.9.
Conversion of 1-hexanol to hexyl hexanoate in each of the steps was determined by using GC-

MS. Yields: Stepl: No conversion; Step 2: 25% ; Step 3: 4% and Step 4: 2%
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5.2.6.2 Experimental procedure for the control experiment with 1-hexanol and
BP-1-Ru-PONOP (1) in the presence of KOH

400 mg of Ru-PONOP-BP-1 (1) (0.014 mmol Ru-PONOP on BP-1) and 0.014 mmol of
KOH were mixed in a small round-bottom flask. 35 mmol of 1-Hexanol was added. The mixture
was degassed by an applied vacuum. Then the reactions were carried out following steps 1 to 4
described in section 4.2.9. Conversion of 1-hexanol to hexyl hexanoate in each of the steps was
determined by using GC-MS. Yields: Stepl: No conversion; Step 2: 29% ; Step 3: 6% and Step

4: 3%

5.3 Results and discussion

5.3.1 Dehydrogenative coupling of alcohols to esters and hydrogen catalyzed by
(PONOP)RuUH(CI)(CO) in solution

(PONOP)RuUH(CI)(CO) successfully catalyzed the dehydrogenative coupling reactions of
alcohols in solution and produced corresponding esters and hydrogen. The catalytic reactions were
carried out in 1-hexanol, 1-heptanol, benzyl alcohol, and 2-octanol systems in the absence of a
base as well as with KOH. The results of alcohol catalysis are presented in Table 5.1. No alcohol
conversion was realized without a base in the catalytic reactions irrespective of the alcohols used.
However, when the reactions were conducted in the presence of KOH equivalent to Ru-PONOP,
all alcohols produced corresponding esters and hydrogen, which suggested that a base is required
to generate active catalyst from (PONOP)RuH(CI)(CO) in alcohol dehydrogenation reactions. The
chemical reaction of 1-hexanol with 0.1 mol% Ru-PONOP for 36 hours at 157°C under the flow
of argon yielded 61% hexyl hexanoate (Scheme 5.2). Similarly 1-heptanol was catalyzed by 0.1
mol% Ru-PONOP for 24 hours at 176°C under argon and produced 67% heptyl heptanoate, 2%

1-heptanal, and hydrogen with a turnover frequency of 58 h™. Chemical treatment of benzyl
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alcohol with Ru-PONOP at 178°C under argon following similar alcohol-to-catalyst ratio resulted
in the formation of benzyl benzoate, benzaldehyde, and hydrogen with an overall conversion of
66%. The secondary alcohol, 2-octanol generated a ketone, 2-octanone with a 65% yield and
hydrogen by treatment with 0.1 mol% Ru-PONOP at 178°C for 24 hours under the flow of argon
(Scheme 5.5)

o)
|

gy PONOPRUHCICO) O S+
KOH, 157°C, 36 h
Yield: 61%

Scheme 5.2: Reaction of 1-hexanol with Ru-PONOP in the presence of KOH

(PONOP)RUHCI(CO)
KOH, 176°C , 24 h

O
N P /\\/\\,/\y: W W W
Yield: 67%
AN + H,
Yield: 2%

Scheme 5.3: Reaction of 1-heptanol with Ru-PONOP in the presence of KOH

ﬁ) o)
(PONOP)RUHCI(CO)
S C
OH +
Ph KOH, 178°C , 24 h P Yo ph pr H t+H
Yield: 62% 4%

Scheme 5.4: Reaction of benzyl alcohol with Ru-PONOP in the presence of KOH

OH (H)

V\/\)\ (PONOP)RUHCI(CO) C 4k
SN + H,

KOH, 178°C, 24 h

Yield: 65%

Scheme 5.5: Reaction of 2-octanol with Ru-PONORP in the presence of KOH
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5.3.2 Dehydrogenative coupling of alcohols to esters and hydrogen catalyzed by
(PONOP)RuUH(CI)(CO)-n-butyl amine (6) in solution

Our interesting catalytic results with Ru-PONOP in alcohol dehydrogenation reactions
encouraged us to further investigate the structure and reactivity of the complex, since there was no
prior record of catalytic reactivity of (PONOP)RuH(CI)(CO) complex. The goal of this catalytic
experiment was to see whether the presence of a substituent in the structure of Ru-PONOP affected
its catalytic reactivity in alcohol dehydrogenation reactions. It would also verify the reactivity of
(PONOP)RUH(CI)(CO) as a suitable catalyst in solution. Chemical reaction of 1-heptanol with
0.01 mol% Ru-PONOP-n-butylamine in the presence of KOH (equivalent to Ru) at 176°C under
argon yielded 42% conversion of 1-heptanol after 24 hours and continuation of the reaction up to
48 hours resulted in 54% 1-heptanol conversion (Scheme 5.6). This result further confirmed the
catalytic reactivity of Ru-PONOP in homogeneous systems. However, the introduction of alkyl
substituent in the structure of Ru-PONOP decreased its catalytic activity, which could be due to
the steric hindrance and orientation effect of the long alkyl chain. A similar reaction between Ru-
PONOP-n-butylamine (6) and 1-heptanol in the absence of KOH did not result in the formation of
any ester. This suggested that amine functionality in the n-butyl substituent was not involved in

the catalytic reaction.

'Bu\ CJ\ _/CO /,IH“
P—Ri—F
1Enu/é H"IJ‘ Cl) "ty
fNT
NS, Y (||] o
//\\/\\,/\V/OH > N PN II“‘C Eda Wt Wt W it S

KOH, 176°C , 48 h
Yield: 52%

f-/\\/\,/\\w//o + H,
Yield: 2%

Scheme 5.6: Reaction of 1-heptanol with Ru-PONOP-n-butylamine in the presence of KOH
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5.3.3 Dehydrogenative coupling of alcohols to esters and hydrogen catalyzed by
immobilized (PONOP)RuH(CI)(CO) on BP-1 (1)

The catalytic reactivity of immobilized (PONOP)RuH(CI)(CO) on BP-1 surface was
investigated in four alcohol systems: 1-hexanol, 1-heptanol, benzyl alcohol, and 2-octanol. The
reactions conditions and catalyst-to-alcohol ratios used were similar to that of the Ru-PNN-BP-1
(7) system. The catalytic reaction of 1-hexanol on BP-1 surfaces with immobilized 0.02 mol%
Ru-PONOP (1) at 157°C for 56 hours under an inert atmosphere of argon yielded only 26% of
hexyl hexanoate. When KOH (equivalent to Ru-PONOP) was used, 1-hexanol conversion
increased to 36%. Repetition of the reaction with more catalyst (0.04 mol% ) with same amount
of 1-hexanol following similar reaction conditions increased the alcohol conversion to 43%
without a base and 47% when KOH was applied (Scheme 5.7). Other alcohols reacted similarly
with BP-1-Ru-PONOP (1). Upon heating of 1-heptanol on the BP-1 with 0.03 mol% of loaded
catalyst at 176°C for 48 hours under argon, heptyl heptanoate, 1-heptanal, and H> were formed
with overall conversion of 55% with turnover frequency of 46 h™ (Scheme 5.8). With KOH (1

equivalent to Ru), 60% of total 1-heptanol conversion was observed.

(0]
[
/\/\/\OH (PONOP)RUHCKCO) on BP-1 /\/\/C\O/\/\/\ + H,
157°C, 56 h _
Yield: 43%

o
I
Ay (PONOPIRUHCICO)onBP-1 . G A~~~ + H

KOH, 157°C, 56 h
Yield: 47%

Scheme 5.7: Reaction of 1-hexanol with BP-1-Ru-PONOP (1): (a) in the absence of base and
(b) with KOH
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(PONOP)RUHCI(CO) on BP-1

//\‘\/\\/\J% /’O PR S VS G -+
176°C, 48 h

Yield: 52%

//‘ \\/\\/\/OH

SN \,//\\:/O + H,
Yield: 3%

(PONOP)RUHCI(CO) on BP-1
KOH, 176°C , 48 h

/\/\/\S/Ox/\/\/\ +
Yield: 56%
NN 4+ H,
Yield: 4%

//\\//\/\\/O H

Scheme 5.8: Reaction of 1-heptanol with BP-1-Ru-PONOP (1): (a) in the absence of base
and (b) with KOH

o)
(PONOP)RUHCI(CO) on BP-1 |
PrOH 178lj’C,60h - PR C\O/\Ph * pr  H * H
Yield: 38% 11%
(H) O
P OH (Poi(()):),?::fc!i?hon - PH C\O/\ph * P H +H
Yield: 42% 14%

Scheme 5.9: Reaction of benzyl alcohol with BP-1-Ru-PONOP (1): in the absence of base
and (b) with KOH

OH (H)
PONOP)RUHCI(CO) on BP-1
\/M ( Ru (o) on \/\/\/C\ + Hy
178°C, 48 h
Yield: 48%
OH (H)

V\/\)\ (PONOP)RUHCI(CO) on BP-1 c
NN N T H2

KOH,178°C, 48 h
Yield: 54%

Scheme 5.10: Reaction of 2-octanol with BP-1-Ru-PONOP (1): (a) in the absence of base
and (b) with KOH
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Benzyl alcohol reacted in a similar way, with BP-1-Ru-PONOP (1) following a 1: 30 mmol ratio
of catalyst with alcohol at 178°C under argon for 60 hours resulted in 49% conversion with 38%
benzyl benzoate, 11% benzaldehyde as well as H> (Scheme 5.9). As in the 1-heptanol catalysis,
an increase in reaction yield was realized upon the application of an equivalent amount of KOH in
the benzyl alcohol reaction system (Scheme 5.9). Secondary alcohol, 2-octanol, showed the
formation of a ketone, 2-Octanone and H> with total conversion 48% upon reaction on BP-1 by
0.03 mol% of Ru-PONOP at 175°C for 48 hours with a turnover frequency 33 h™t. Addition of
KOH (equivalent to Ru) increased the ketone yield to 54% (Scheme 5.10).

It has been a long time since (PONOP)RuH(CI)(CO) and trans-hydride ruthenium PONOP
pincer complexes were first reported in the literature.8” However, no record of catalysis with
(PONOP)RuUH(CIH(CO) in homogeneous reaction systems was found in recent literature, which
predicted that the complex might not be stable enough in catalytic reaction processes. In our study,
both in homogeneous and upon immobilization on BP-1 surfaces, the (PONOP)RuH(CI)(CO)
complex displayed interesting catalytic reactivity in the alcohol dehydrogenation reaction systems
with moderate to good reaction yields.%

We propose here a mechanism of alcohol dehydrogenation reactions by homogeneous
and immobilized (PONOP)RuH(CI)(CO) on BP-1, which is depicted in scheme 5.11. Alcohol
dehydrogenation to esters by Ru-PONOP might proceed by a mechanism similar to the Ru-PNN
system involving an aldehyde intermediate.** In the first step, dehydrohalogenation of
(PONOP)RUH(CIH(CO) occurs with a base and generates a Ru(0)PONOP complex which
functions as an active catalyst in the catalytic reaction. Alcohol molecules then combine with
Ru(0)PONOP in the second step and form Ru(Il)-hydride complex. The next step is the formation

of an aldehyde accompanied by ruthenium dihydride complex, which subsequently
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dehydrogenated to generate Ru(0) PONOP species again. On the other hand, the aldehyde
compound reacts with another alcohol molecule to yield hemiacetal intermediate, which, followed
by a second cycle, produces esters with the liberation of hydrogen. Both four-coordinate Ru(0)
PONOP and dihydride-Ru(I11)PONOP complexes were isolated and reported in the literature, but
with P("Pr)s instead of P(‘Bu)s.2” As with BP-1-Ru-PNN (7) system, we hypothesize that amine
functionality on the BP-1 surface is the base causing the dehydrohalogenation of

(PONOP)RuUH(CI)(CO) to generate the active catalytic complex Ru(0)PONOP on BP-1 (Scheme

5 11) 91,92
Active catalyst
co
By | “\\CI /1Bu ‘Eu\ TO /'Bu ‘Bu\ T%OCHzRLEu
P Ru- = R - ~
Bu l L / [\‘Bu lBu—\ F\}U . lBu_..t' /R}u— “t3y
N, O Base o} N. O RCH,0H o H N o
x 5 = — =
| -HCl | |
& _//' Lz
Ru (I)FONOP Ru (0)PONOP ),
-’/-\\\ . RCHO + RCH,0H
H, ” co
By H 'Bu
\ | &
tpy-F——Rui— ,{
$ N
Both the Ru(0) 4 coordinate complex x RCHOCH,R
and the dihydride have beenisolated, | w p OH
but with (‘Prop),P instead of (‘Bu),P / second cycle
(ﬁ AHz
RCOCH,R

Scheme 5.11: A plausible mechanism of alcohols dehydrogenation to esters on BP-1catalyzed
by immobilized(PONOP)RuH(CI)(CO)

It was not quite clear whether all immobilized (PONOP)RuH(CI)(CO) was converted
to active catalytic species, Ru(0)complex by the amines on the BP-1 surfaces during the loading

of the complex on BP-1. FT-IR data was not very informative in finding out the relative proportion
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of both original complex and Ru(0)species on BP-1, since only one VCO stretch was observed in

the spectra for the metal carbonyl group. The results of the model solution experiments indicated
that the carbonyl stretching frequencies for Ru-PONOP compound can be shifted significantly by
the attachment of a group to the pyridine ring moiety of the complex (Figure B2 in Appendix B).
In fact, upon immobilization of Ru-PONOP on BP-1, metal carbonyl stretching frequency was
found to be shifted by about 20 cm™ (Figures B1 & B3 in Appendix B). However, there might not
be considerable differences between the CO stretching frequencies of the original
(PONOP)RUH(CIH(CO) and dehydrohalogenated active catalyst-(PONOP)Ru(CO) on BP-1
surfaces based on our previous results with the BP-1-Ru-PNN (7) system. Solid state CPMAS **C
and 3P NMR data were not very helpful in figuring out the relative ratio of both species on BP-
1because of the low resolution. The chemical shifts for the expected resonances of the two form
of Ru-PONOP complex in the NMR spectra might be very close. Since the resonances in the solid-
state NMR spectra usually appeared as a broad band, two different resonances with a small
difference in chemical shifts could not be observed clearly in the corresponding spectra and they

could easily overlap with each other and could appear as a single resonance.

5.3.4 The effects of solvents in the catalysis of alcohols by immobilized
(PONOP)RuUH(CI)(CO) on BP-1 (1)

The chemical treatment of 1-hexanol with BP-1-Ru-PONOP (1) in toluene with refluxing
for 56 hours under argon did not produce any ester (Scheme 5.12). Repetition of the reaction with
0.014 mmol of KOH also showed no formation of product, which indicates that alcohol catalysis
on BP-1-Ru-PONOP system did not occur at a lower temperature as was noticed in the BP-1-Ru-
PNN catalyst. Conducting the catalysis reaction in dichlorobenzene with 1-heptanol and 0.03

mol% Ru-PONOP on BP-1 (1) at refluxing for 48 hours produced 29 % heptyl heptanoate with a
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trace amount of 1-heptanal (Scheme 5.13). Application of KOH (1 equivalent to Ru) in 1-heptanol
catalysis with dichlorobenzene system increased the reaction yield to 36%. Similar reactions
without using any solvent system at 176°C showed 1-heptanol conversion 55% without a base and
60% in KOH after 48 hours (Scheme 5.8). The presence of solvent decreased the alcohol catalysis
in the heterogeneous environment. This might probably be due to the decrease in selectivity in the

heterogeneous reaction system as well as for the effect of mass transfer kinetics.

(PONOP)RUHCI(CO) on BP-1 &
/\/\/\OH P G i N N %

Toluene, 115°C, 56 h
Yield: 0%

i

/\/\/\OH (PONOP)RUHCI(CO) on BP-1 /\/\/C\O/\/\/\ + H,
Toluene, KOH, 115°C | 56 h
Yield: 0%

Scheme 5.12: Reaction of 1-hexanol with BP-1-Ru-PONOP (1) in toluene: (a) in the absence
of base and (b) with KOH

/\/\/\E L L N W T

(PONOP)RUHCI{CO) on BP-1
//\\/\\/\/OH —
Dichlorobenzene
Reflux, 48 h Yield: 29%
A (@]
NSNS 4 H
Yield: 1%
PONOP)RUHCI(CO) on BP-1
A A OH JRUHCI(CO) NN - N N
Dichlorobenzene, KOH
Reflux, 48 h Yield: 33 %
(@]
e W N N + H,
Yield: 3%

Scheme 5.13: Reaction of 1-heptanol with BP-1-Ru-PONOP (1) in dichlorobenzene:
(@) in the absence of base and (b) with KOH
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5.3.5 Cycle study on dehydrogenative coupling of alcohols to esters and hydrogen by
immobilized (PONOP)RuH(CI)(CO) on BP-1 (1) by solid-liquid and

solid-vapor methods

The first attempt of homogeneous and heterogeneous catalysis  with
(PONOP)RuH(CI)(CO) in alcohol dehydrogenation reactions showed us the interesting results.®?
The appearance of moderate to good conversion of starting alcohols to corresponding esters and
H> inspired us to find out the catalytic reactivity of BP-1-Ru-PONOP (1) in multiple cycles of
catalytic reactions. However, surface confinement and amine functionality on the BP-1 surface
might allow the complex to function suitably as a catalyst in multiple catalytic cycles. In addition,
attaching of an alkyl chain or other functional group with the pyridine moiety in the structure of
the (PONOP)RuH(CI)(CO) complex could influence the electron density in the metal center and
might provide extra stability in the complex for functioning as a suitable catalyst in alcohol
dehydrogenation reactions.®? Very few examples have been reported in the literatures about how
the substituents in the pincer complex structures affect their catalytic reactivity.®” The main
objective of this project was to investigate the recyclability of BP-1-Ru-PONOP (1) in alcohol
dehydrogenation reactions. Another goal was to understand the stability of Ru-PONOP on the BP-
1 surface in multiple cycles of catalysis. As in the BP-1-Ru-PNN (7) systems, in this case all the
cycles reactions were also carried out by using both the old and the new methods. Catalyst-to-
alcohol ratios and reaction conditions were similar to those of BP-1-Ru-PNN (7). In this study the
recyclability of BP-1-Ru-PONOP (1) was evaluated up to the 4" cycle of alcohol catalysis. Cycle
study was carried out in the 1-hexanol, 1-heptanol, and benzyl alcohol reaction systems. No base
was used in the cycle study. After catalysis, the resulting composites were characterized by solid

state NMR, FT-IR, elemental analysis, and metal digestion study.
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5.3.5.1 Cycle study on 1-hexanol catalysis by immobilized (PONOP)RuH(CI)(CO) on BP-1
1-hexanol when heated with 0.04 mol% of immobilized Ru-PONOP on BP-1 at 157°C for
56 hours under argon yielded 43% hexyl hexanoate accompanied by the liberation of Hz in the first
cycle using the solid-liquid method. With the solid-vapor method similar conversion of 1-hexanol
was observed with a turnover frequency of 18 h. The catalyst-to- alcohol ratio used in both
methods was 0.014:35 in mmol. Table 5.5 shows the results of 1-hexanol catalysis with BP-1-Ru-
PONORP (1) in multiple cycles. The comparison of the alcohol conversions with the corresponding
decrease of the loading of the complex on BP-1 for cycles 1, 3 and 4 is also presented in Table 5.6.
In the second cycle, the solid-vapor method showed an ester yield of 35% which was 15 % decrease
from cycle 1, and the solid-liquid method provided similar conversion of 32%, which was 26%
less than in cycle 1 (Table 5.5). As the catalytic reaction was repeated for cycle 3, 1-hexanol
conversion decreased to 20% with solid-liquid method and 26% with the solid-vapor method,
which was 26% less than cycle 2 in the solid-vapor method but 37% lower than the same cycle
with the solid-liquid method. Further reduction of hexyl hexanoate yield was observed with both
the solid-liquid and solid-vapor methods when the reaction was repeated in a 4™ cycle. From cycles
1to 3, the overall decrease of 1-hexanol conversion was 53% with the solid-liquid method whereas
in the solid-vapor method it was 36% which showed a good agreement with corresponding
reduction of the loadings of the complex observed on the resulting composite, 37% and 56%
respectively (Table 5.6). The reduction of hexyl hexanoate yields in cycles 1 to 4 was due to the
leaching off the catalyst Ru-PONOP from the BP-1 surfaces which was evidenced from the
decrease of loading of Ru-PONOP- on BP-1observed in the resulting composite BP-1-Ru-PONOP
(1) after catalysis (Table 5.6). In both methods, the decrease of 1-hexanol conversions was highly

consistent with the relative loss of the catalyst in between two successive cycles. Turnover
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frequencies for all four reaction cycles were relatively lower and varied from 4 h* to 19 h, as

one could expect because of low yields of products in the catalytic reactions.

5.3.5.2 Cycle study on 1-heptanol catalysis by immobilized (PONOP)RuH(CI)(CO) on BP-1

1-heptanol catalysis with 0.03 mol% immaobilized Ru-PONOP on BP-1 (1) at 176°C under
argon resulted in 55% conversion of alcohol to 52% heptyl heptanoate, and 3% 1-heptanal in the
first cycle with the solid-liquid method, whereas 51% conversion was realized in the solid-vapor
method with a similar ratio of ester to aldehyde. Ester yields dropped to 42% with solid-vapor
method and 37% using solid-liquid method when the reaction was conducted for the second run
with recycled BP-1-Ru-PONOP (1) (Table 5.7). Ru analysis data on the resulting composite
showed that 17% of the catalyst leached off in cycle 1 which explains the reduction of 1-heptanol
conversion from cycles 1 to 2 by 18% using the solid-vapor method (Table 5.7 & 5.8). Similarly,
further decrease in heptyl heptanoate yields was observed from cycle 2 to 3 with both methods
(Table 5.7). However, the decrease was higher than in the previous cycles. Cycle 4 provided 14 %
yield with the solid-vapor method and only 7% using the solid-liquid method. The overall decrease
of 1-heptanol conversion from cycles 1 to 4 was 72% with solid-vapor method and 88 % decrease
was noticed in the solid-liquid method, which indicated that most of the catalyst was leached off
at the end of the 4™ cycle of catalysis. This was supported by the corresponding loss of the complex
from the resulting composite BP-1 (Table 5.8), which was about 76 % from cycle 1 to 4 with the
solid-vapor method. There was no Ru-PONOP remaining on the BP-1 surface after the 4™ catalytic
cycle as evidenced from Ru analysis (Table 5.7). Turnover frequencies were more or less similar
to the 1-hexanol system, with a maximum of 34 h observed in the first cycle and lower TOF as

the reaction cycles increased because of lower reaction yields.
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5.3.5.3 Cycle study on benzyl alcohol catalysis by immobilized (PONOP)RuH(CI)(CO) on
BP-1 (1)

The first cycle of benzyl alcohol catalysis with BP-1-Ru-PONOP (1) (0.03 mol% Ru-
PONOP on BP-1) at 178°C produced 39% of benzyl benzoate and 10% of benzaldehyde by the
solid-liquid method. Almost similar conversion of benzyl alcohol (total 47%) was observed in that
cycle with the solid-vapor method as well (Table 5.9). The repetition of the reaction with recycled
BP-1-Ru-PONOP (1) reduced benzyl alcohol conversion to 28% by the solid-liquid method and
by 35 % using the solid-vapor method in the second cycle (Table 5.9). From cycles 2 to 3, the
reaction yields decreased by 30% with the solid-vapor method. However, the decrease was 43%
when the solid-liquid method was applied (Table 5.9). The loading of the complex in cycle 3 was
found to be 0.013 mmol complex/gm BP-1 after cycle 3 which was a decrease of 52% from cycle
1 and was consistent with the decrease of alcohol conversion in the corresponding reaction cycles
1 to 3 by the solid-vapor method (Table 5.10). A similar correlation was also observed in cycles
1 to 3 with the solid-liquid method. However, the decrease of benzyl alcohol conversions and the
corresponding loss of catalyst from the BP-1 surface were much higher in this case (Table 5.10).
12% Benzyl alcohol conversion was observed in cycle 4 with the solid-vapor method, while the
solid-liquid method provided only 4%, indicating that almost all the catalyst had leached off.

Turnover frequencies were in the range of 3 hto25h™.

5.3.5.4 Comparison of cycle study on the catalysis of three alcohol systems by
BP-1-Ru-PONOP (1) using the solid-liquid and solid-vapor methods

Out of three alcohols used in the catalytic cycle study with the BP-1-Ru-PONOP (1)
system, 1-hexanol displayed better conversion in the repeated reaction cycles with both methods.

On the other hand, in the first cycle of catalysis, 1-heptanol showed the highest conversion in
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comparison to the other two alcohols. The percent of decrease of reaction yields in between the
two successive cycles was also comparatively lower in the case of 1-hexanol catalysis, but it was
found to be relatively higher in the 1-heptanol and benzyl alcohol reaction systems. There was no
particular trend observed in the reduction of alcohol conversions in between the two consecutive
cycles. In all cases, the highest decrease of ester yield was realized in cycle 4 and the lowest was
in cycle 1, as one would predict. The decrease of alcohol conversions from cycle to cycle using
both methods was due to the leaching of the catalyst Ru-PONOP from BP-1 surface during the
reactions, which was evidenced by the reduction of the loading of the complex observed on the
resulting composite after catalysis by both metal digestion and elemental analysis study (Table
5.4,5.6,5.8 &5.10). There was very good agreement between the percent of decrease of alcohol
conversions and the percentage of loss of loading of Ru-PONOP on BP-1 surface in the successive
cycles of reactions in 1-hexanol, 1-heptanol, and benzyl alcohol reaction systems. This provides
further evidence the loss of the Ru-PONOP from the BP-1 surface, which caused the respective
decrease of alcohol conversions from cycles 1 to 4.

In all cases, application of the solid-vapor method in the alcohol catalytic systems
favored the formation of more esters irrespective of the alcohols and the reaction cycle. Leaching
of the catalyst from BP-1 surface was relatively higher with the solid-liquid method in comparison
to that observed with the solid-vapor method. The mechanical stirring of the BP-1-Ru-PONOP (1)
composite with alcohols for a longer reaction period might cause the degradation of some BP-1
particles and thus enhance the leaching of the catalyst and cause the decrease of the reaction yields
more in the solid-liquid method. Higher reaction temperatures could also influence the
decomposition of the loaded Ru-PONOP from BP-1 surfaces, evidenced by the relatively higher

loss of the ester yields in the benzyl alcohol as well as in the 1-heptanol reaction systems in
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comparison to the 1-hexanol reaction system. In comparison to the BP-1-Ru-PNN-BP-1 system,
the differences in alcohol conversions between solid-liquid and solid-vapor methods from cycle 1
to 4 were relatively lower with BP-1-Ru-PONOP catalyst. This indicates that
(PONOP)RUH(CI)(CO) complex is comparatively less stable than (PNN)RuH(CI)(CO) in the
catalytic reactions and might have decomposed faster than Ru-PNN after catalysis. The results of
the cycle study on both immobilized systems also supported this. Immobilized Ru-PNN on BP-1
showed catalytic activity up to fifth cycles in alcohol dehydrogenation reactions whereas the
immobilized Ru-PONOP survived up to fourth catalytic cycles.

FT-IR spectra of Ru-PONOP on BP-1 (1) after catalysis showed an expected metal
carbonyl stretching frequency at 1956 cm™ (Figure B4 in Appendix B), which was similar to that
observed before catalysis, confirming the presence of the complex on BP-1 after catalysis.®

However, after cycles 3 and 4, FT-IR spectra were not very informative since the vCO stretch was

too weak because of the low abundances of the complex on the resulting composites. There was
no Ru content found on the resulting composite with the solid-liquid method after the 4™ catalytic
cycle which showed that the loaded Ru-PONOP completely decomposed/ leached off with the
repeated catalytic cycles. The elemental analysis data of BP-1-Ru-PONOP (1) after cycle 3 showed
slightly higher percentage of carbon and hydrogen than those of cycle 1 which could be due to the
remaining alcohol or product in the composite after repeated washing. Solid-state CPMAS C
NMR spectra of BP-1-Ru-PONOP (1) after catalysis showed the expected resonances for pyridine
carbons at 6 163.3 and the resonance for tert-butyl carbons appeared at & 25.3, which were very
similar to those observed for the immobilized Ru-PONOP before catalysis (Figures A3 & Al2 in
Appendix A).% This suggests that the complex retained its structure on BP-1 even after catalysis.

In addition, solid state CPMAS 3P NMR spectra displayed resonance at § 50.3 ppm which was
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similar to that observed for BP-1-Ru-PONOP (1) (6 58 ppm) before catalysis (Figures A4 & All).
This further confirmed the presence of Ru-PONOP on BP-1 after catalysis. In addition, a second
31p resonance was observed at § 72 ppm and suggested the presence of Ru(0)PONOP complex on
BP-1. However, the intensity of the resonances in the solid-state CPMAS *C NMR was found to
have decreased from cycles 1 to cycle 3, which can be attributed to the leaching of the Ru-PONOP
from the BP-1 surfaces as the composite catalyst was recycled for multiple runs of the reactions

(Figures A12-A14 in Appendix A).

5.3.6 Control experiments with 1-hexanol and BP-1-Ru-PONOP (1)

The procedures of the control experiments with BP-1-Ru-PONOP (1) system were similar
to those conducted on BP-1-Ru-PNN (7). The experiments were carried out with 1-hexanol and
BP-1-Ru-PONOP (1) in the absence of base and in the presence of KOH involving four steps
reactions. Slow stirring of the mixture of 1-hexanol with 0.04 mol% of Ru-PONOP on BP-1 at
room temperature under argon for 4-5 hours did not produce any ester in step 1, indicating that no
alcohol catalysis occurred on BP-1-Ru-PONOP (1) at room temperature. Heating of the mixture
of alcohol and the catalyst BP-1-Ru-PONOP (1) at 157°C for about15 hours under argon in step 2
resulted in 25% vyield of hexyl hexanoate. These results suggested that alcohol catalysis on BP-1
by immobilized Ru-PONOP occurred at higher reaction temperature. Step 3 showed 4%
conversion of 1-hexanol when the resultant mixture of BP-1-Ru-PONOP (1) and 1-hexanol from
step 2 was further heated at 157°C under argon for another 3-4 hours which demonstrated that the
reaction was not completed at 15 hours, and the catalyst remained on the BP-1 surface and did not
fall off during the catalysis. Also, a longer reaction period was required to complete the catalysis.
In step 4 the resulting liquid mixture was separated from BP-1-Ru-PONOP (1), and was heated

without any catalyst at 157°C for 15 hours under argon which yielded very little ester (2%). The
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results of step 4 indicate that the immobilized Ru-PONOP remained on the BP-1 surface during
alcohol catalysis and didn’t leach off at the beginning of the reaction. It confirmed that alcohol
catalysis occurred by immobilized Ru-PONOP on BP-1 and the catalytic process was truly
heterogeneous in nature. As in the Ru-PNN-BP-1 system, we believe that alcohol catalysis on BP-
1 also proceeds by the immobilized Ru-PONOP complex. The complex performs the alcohol
catalysis on BP-1 surfaces and then might decompose. The very little alcohol conversion observed
in step 4 also suggested that there was no significant loss of the catalyst at the beginning of the
catalytic reactions. The control experiment of 1-hexanol with BP-1-Ru-PONOP (1) in the presence
of KOH (1 equivalent to Ru) showed similar results in all four steps which further strengthened

the evidence for the heterogeneity of alcohol catalysis on BP-1-Ru-PONOP- system.
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Chapter 6
Formation of imines from primary amines on the silica polyamine composite,
BP-1, by immobilized (PNN)RuH(CI)(CO) and (PONOP)RuH(CI)(CO)

6.1 Introduction

The interesting catalytic results with BP-1-Ru-PNN (7) and BP-1-Ru-PONOP (1) systems
in the dehydrogenation of alcohol reactions motivated us to extend the applications of these
catalytic systems to other chemical transformations. The objective of this project was to
investigate the amide formation reactions from amines and alcohols. In 2007, David Milstein
reported the synthesis of amides from amines and alcohols catalyzed by (PNN)RuH(CI)(CO)

(Scheme 6.1).%*

(PNN-)RuH(CO)
VAN

RNH, + RCH,OH RCONHR + 2H, R = Alkyl/Aryl

Scheme 6.1: General reaction- amide formation from alcohols and amines catalyzed
by dearomatized (PNN-)RuH(CO).*®

We thought that it would be interesting to study the amide formation reactions on our
immobilized systems. We conducted the reactions by using different amines: hexyl amines,
benzyl amines and alcohols: 1-hexanol, 1-heptanol and benzyl alcohol. No amide formations
was found, irrespective of the types of alcohols and amines used in the reaction systems.
Surprisingly, instead of amide, we found the formation of imines by the coupling of the
respective amine compounds in each case. These interesting observations led us to investigate
the imine formation reactions on BP-1 by the immobilized Ru-PNN and Ru-PONOP complexes

using primary amines.
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Imines are important compounds in organic chemistry because they contain C=N bonds
which show diverse reactivity to various types of chemical transformations.'!#!13 They function as
electrophilic reagents in many organic syntheses such as additions, condensations, asymmetric
organo-catalysis, cross-dehydrogenative coupling and cycloadditions.!'#%> Imines are highly
reactive and can be widely used as nitrogen sources in the laboratory, biological, pharmaceutical,
and industrial synthetic processes.!'®!” The conventional method for the synthesis of imines
involves the reaction of ketones or aldehydes with amines in the presence of an acid catalyst.t°
Many other methods have also been reported in the literature for synthesis of imines which include
oxidation of secondary amines,'!8 direct reaction of nitroarenes and primary alcohols,'*° the aza-
Wittig reaction,'?° and coupling of nitriles with amines.'?! Metal pincer complexes have also been
applied in imines synthesis reactions.!*>116122 David Milstein reported the direct synthesis of
imines from alcohols and amines with the liberation of H> using a dearomatized (PNP-)RuH(CO)
pincer complex.!® A ruthenium(I1)NNN-pincer complex catalyzed alcohol and amine conversion
to imines.!*> Ruthenium N-Heterocyclic carbene complex has also been used to synthesize imines
from alcohols and amines.'?® Nano-ordered mesoporous silicas (MCM-41) with an anchored
sulfonic acid was used as heterogeneous catalyst for the synthesis of imines from aldehydes and
amines.’?* Imines can also be synthesized from primary amines by oxidative condensation
reactions.’?® Zhang et al. reported the direct iron catalyzed synthesis of imines from amines via
aerobic oxidation reactions under air.1?® VVapor-phase selective aerobic oxidation of benzyl amine
led to the formation of dibenzylimine over a silica supported vanadium-substituted
tungstophosphoric acid catalyst.*?” The objective of this project was to investigate the primary

amines catalysis on BP-1 using immobilized Ru-PNN and Ru-PONOP.
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6.2 Experimental

6.2.1 Experimental procedure for the reaction between primary alcohols and primary amines
with BP-1-Ru-PNN (7)

100 mg of BP-1-Ru-PNN (7) (0.0036 mmol Ru-PNN on BP-1) was added into a mixture of
11 mmol of primary amine and 11 mmol of alcohol in a small round-bottom flask equipped with
a water condenser. The mixture was degassed by an applied vacuum. The mixture was then heated
with slow stirring under an inert atmosphere of argon. The reaction mixture was then cooled to
room temperature. The liquid product mixture and catalyst were separated by filtration and then
settle at 12 hours. No amide precipitation was observed. The formation of imine in the product
mixture was determined by GC with using an HP 5 column on an Agilent 6890N GC-MS system.

The reaction conditions and corresponding yields are summarized in Table 6.1

6.2.2 Experimental procedure for the primary amine catalysis by BP-1-Ru-PNN (7)

100 mg of BP-1-Ru-PNN (7) (0.0036 mmol Ru-PNN on BP-1) was added into 11 mmol
of primary amines in a small round-bottom flask equipped with a water condenser. The mixture
was degassed by an applied vacuum. The mixture was then heated with slow stirring under an
inert atmosphere of argon. The reaction mixture was then cooled to room temperature. The liquid
product mixture and catalyst were separated by filtration. The formation of imine in the product
mixture was determined by GC using an HP 5 column on an Agilent 6890N GC-MS system. The

reaction conditions and corresponding yields are summarized in Table 6.1
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Table 6.1: Primary amine catalysis on BP-1 by immobilized Ru-PNN and Ru-PONOP

Catalyst Reactant Catalyst/ | Reaction | Reaction Imine Amide
Amine Temp Time (%) (%)
ratio (mmol) (°C) (Hours)
1-Hexanol and 0.01/30 150 96 31 0
benzyl amine (dibenzylimine)
Range: 30-32
1-Heptanol and 0.01/30 175 84 28 0
benzyl amine (dibenzylimine)
Range: 27-30
BP-1-Ru- Heptyl 0.01/30 156 84 24 0
PNN (7) amine and (diheptylimine)
benzyl alcohol Range: 23-25
Benzyl alcohol 0.01/30 178 90 36 0
and benzyl (dibenzylimine)
amine Range: 35-36
Hexylamine 0.01/30 132 96 38
(dihexylimine)
Range: 36-38
Heptyl amine 0.01/30 156 84 46
(diheptylimine)
Range: 45-46
Benzyl amine 0.01/30 180 90 42
(dibenzylimine)
Range: 41-42
1-Hexanol and 0.01/30 150 96 23 0
benzyl amine Range: 22-24
BP-1-Ru- Hexylamine 0.01/30 132 96 33 -
PONORP (1) (dihexylimine)
Range: 32-33
Heptyl amine 0.01/30 156 84 47 -
(diheptylimine)
Range: 46-48
Benzyl amine 0.01/30 180 90 41 -
(dibenzylimine)
Range: 40-42

6.2.3 Experimental procedure for the reaction of 1-hexylamine with BP-1

100 mg of BP-1 (containing 1.6 mmol of N/g) was placed in a small round-bottom flask
equipped with a water condenser. 10 mmol of hexylamine was added. The mixture was degassed
by an applied vacuum. The mixture was then heated at 132°C with slow stirring under an inert

atmosphere of argon for 96 hours. The reaction mixture was then cooled to room temperature. The
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liquid product mixture and BP-1 were separated by filtration. The formation of imine was
determined by GC using an HP 5column on an Agilent 6890N GC-MS system. Yield

(dihexylimine): 14 %.

6.2.4 Experimental procedure for the control experiment between heptylamine and BP-1

100 mg of BP-1 (containing 1.6 mmol of N/g) was placed in a small round-bottom flask.
10 mmol of heptylamine was added. The mixture was degassed by an applied vacuum. The
mixture was heated at 156°C with slow stirring under an inert atmosphere of argon for 84 hours.
The reaction mixture was then cooled to room temperature. The liquid product mixture and BP-1
were separated by filtration. The formation of imine product mixture was analyzed by GC using

an HP 5 column on an Agilent 6890N GC-MS system. Yield (diheptylimine): 32%.

6.2.5 Experimental procedure for the control experiment of heptylamine with BP-1in air

100 mg of BP-1 (containing 1.6 mmol of N/g) was placed in a small round-bottom flask.
10 mmol of heptylamine was added. The flask was equipped with a water condenser and sealed
under air. The mixture was heated at 156°C with slow stirring under air for 84 hours. The reaction
mixture was then cooled to room temperature. The liquid product mixture and BP-1 were
separated by filtration. The formation of imine in the liquid product mixture was determined by

GC using an HP 5 column on an Agilent 6890N GC-MS system. Yield (diheptylimine): 46%.

6.2.6 Experimental procedure for the control experiment between benzyl amine and BP-1

100 mg of BP-1 (containing 1.6 mmol of N/g) was placed in a small round-bottom flask.
10 mmol of benzyl amine was added. The mixture was degassed by an applied vacuum. The
mixture was then heated at 180°C with slow stirring under an inert atmosphere of argon for 90

hours. The reaction mixture was then cooled to room temperature. The liquid product mixture and
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BP-1 were separated by filtration. The formation of imine in the product mixture was determined

by GC using an HP 5 on an Agilent 6890N GC-MS system. Yield (dibenzylimine): 27%.

6.2.7 Experimental procedure for the control experiment of with hexylamine and silica gel

200 mg of silica gel (10 nm average pore diameter, 250—600 um particle size, 450 m?/g
surface area was obtained from Qing Dao Mei Gow, Qing Dao, China) was placed in a small
round-bottom flask. 10 mmol of Hexylamine was added to it. The mixture was degassed by an
applied vacuum. The mixture was then heated at 132°C with slow stirring under argon for 96 hours.
The reaction mixture was then cooled to room temperature. The liquid product mixture and silica
gel were separated by filtration. The formation of imine in the product mixture was determined by

GC using an HP 5 column on an Agilent 6890N GC-MS system. Yield: 0 %.

6.2.8 Experimental procedure for the control experiment between heptylamine and

silica gel

200 mg of silica gel (10 nm average pore diameter, 250—600 um particle size, 450 m?/g
surface area was obtained from Qing Dao Mei Gow, Qing Dao, China) was placed in a small
round-bottom flask. 10 mmol of heptylamine was added. The mixture was degassed by an applied
vacuum. The mixture was then heated at 156°C with slow stirring under argon for 84 hours. The
reaction mixture was then cooled to room temperature. The liquid product mixture and silica gel
were separated by filtration. The formation of imine in the product mixture was determined by GC
using an HP 5 column on an Agilent 6890N GC-MS system. Yield: 0 %.

6.2.9 Experimental procedure for the control experiment of heptyl amine with
humidified BP-1

100 mg of BP-1 (containing 1.6 mmol of N/g) was placed in a small round-bottom flask.

Humidification of the BP-1 was done by bubbling N2 gas through H20 in a 25 mL Erlenmeyer
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flask with a rubber septum. Using plastic tubing, N2 with H,O vapor was allowed to pass through
the BP-1. 10 mmol of heptylamine was added to humidified BP-1 in the round-bottom flask. The
flask was equipped with a condenser. The mixture was heated at 156°C with slow stirring under
the flow of argon for 84 hours. The reaction mixture was then cooled to room temperature. The
liquid product mixture and silica gel were separated by filtration. The formation of imine in the
liquid product mixture was determined by GC using an HP 5 column on an Agilent 6890N GC-
MS system. Yield(diheptylimine): 35%.
6.2.10 Experimental procedure for the controlled experiment between benzyl alcohol and

silica gel

100 mg of silica gel (10 nm average pore diameter, 250—600 um particle size, 450 m?/g
surface area was obtained from Qing Dao Mei Gow, Qing Dao, China) was placed in a small
round-bottom flask. 10 mmol of benzylamine was added. The mixture was degassed by an applied
vacuum. The mixture was then heated at 180°C with slow stirring under argon for 96 hours. The
reaction mixture was then cooled to room temperature. The liquid product mixture and silica gel
were separated by filtration. The product mixture was analyzed by GC using an HP 5 column on

an Agilent 6890N GC-MS system. Yield: 0 %.

6.3 Results and discussion

6.3.1 Investigation of amide formation on BP-1 by immobilized Ru-PNN (7) and
Ru-PONORP (1)

The reaction of 1-hexanol with benzyl amine using 0.03 mol% of BP-1-Ru-PNN (7) at
150°C for 96 hours under argon did not result in any amide formation. When the mixture of benzyl
amine and 1-heptanol was heated with BP-1-Ru-PNN (7) at 175°C under argon for 84 hours, no

amide formation was realized. A similar reaction between heptylamine and benzyl alcohol with
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0.03 mol% Ru-PNN on BP-1 at 156°C for 84 hours under argon yielded no amide. Further reaction
between benzylamine and benzyl alcohol with BP-1-Ru-PNN (7) resulted in no amide formation.
Again, when the reaction was carried out between 1-hexanol and benzyl amine with 0.03 mol%
immobilized Ru-PONORP (1) similar results were observed. However, in all cases, imine formation
was to be found instead of amide production (Table 6.1). The analysis of the liquid product
mixtures by GC-MS revealed the generation of imines from the coupling of the respective amine
molecules. The homogeneous reaction between 1-hexanol and benzyl amine with 0.1 mol%
dearomatized pincer complex, (PNN-)RuH(CO) provided 96% amide as reported by David
Milstein et al.*> Similar reactions between other alcohols and amines with (PNN-)RuH(CO) also
produced corresponding amides with very good yields in the homogeneous systems.* In our
heterogeneous reaction systems with BP-1-Ru-PONOP (1) & BP-1-Ru-PNN (7), the amines were
observed to react between themselves which led to the formation of corresponding imines. These
interesting catalytic results inspired us to investigate the primary amine catalysis on BP-1-Ru-PNN

(7) and BP-1-Ru-PONOP (1).

6.3.2 Study of the primary amine catalysis on BP-1 by immobilized Ru-PNN (7) and
Ru-PONORP (1)

The catalysis of 1-hexyl amine with 0.03 mol% of Ru-PNN on BP-1 (7) at 132°C for 96
hours under argon resulted in the formation of 38% dihexylimine (Scheme 6.2). Heptylamine
catalysis with BP-1-Ru-PNN (7) in a similar catalyst-to-amine ratio at 156°C for 84 hours yielded
46% diheptylimine. Benzyl amine reacted in a similar way. Chemical treatment of benzyl amine
with 0.03 mol% Ru-PNN on BP-1 at 180°C for 90 hours showed the formation of 42%
dibenzylimine (Scheme 6.4). In all three cases, imines formation was accompanied by the

liberation of ammonia.
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Catalytic reactions of primary amines with BP-1-Ru-PONOP (1) produced results similar
to those with the BP-1-Ru-PNN (7) system. The chemical reaction of hexylamine with 0.03 mol%
of Ru-PONOP on BP-1 at 132°C for 96 hours under argon produced 33% dihexylimine (Scheme
6.5). Other primary amines react similarly with BP-1-Ru-PONOP (1) following similar catalyst-
to-amine ratio. Heptylamine catalyzed by BP-1-Ru-PONOP (1) at 156°C under argon for 84 hours
generated 47% diheptylimine. The reaction of benzylamine on BP-1 by 0.03% of Ru-PONOP at
180°C for 90 hours yielded 41% dibenzylimine. As in the BP-1-Ru-PNN system (7), in all three
cases ammonia was produced as a byproduct. The formation of imines was confirmed by GC-MS
analysis of the product mixture. The results were checked and verified by running the standard
solutions of the respective imines in the GC-MS. Among three primary amines, heptylamine
catalysis showed the highest (46-47%) imine formation with both BP-1-Ru-PNN (7) and BP-1-
Ru-PONOP (1) systems. The homogeneous reaction system with 0.2 mol% of dearomatized
(PNP-)RUH(CO) complex reported 67% imine formation from the reaction between hexyl amine

and 1-hexanol.!1®

PN (PNN)RUHCI(CO) on BP-1 ~
NH NN N NN +
2 132°C, 96 h N NH,

Yield: 38%

Scheme 6.2: Reaction of hexylamine with BP-1-Ru-PNN (7)

NN (PNN)RUHCI(CO) on BP-1 ~
SN TN X P Ul
N 156°C, 84 h N T NH,
Yield: 46%

Scheme 6.3: Reaction of heptylamine with BP-1-Ru-PNN (7)
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PNN)RUHCI(CO) on BP-1

HN" pp —NIRUACHCO) on ph” SN P+ NH
180°C, 90 h _

Yield: 42%

Scheme 6.4: Reaction of benzyl amine with BP-1-Ru-PNN (7)

o~ (PONOP)RUHCI(CO) on BP-1 .
P Py
Nz 132°C, 96 h N + NH,
Yield: 33%

Scheme 6.5: Reaction of hexyl amine with BP-1-Ru-PONOP (1)

NN (PONOP)RUHCI(CO) on BP-1
NH I N W e s
2 156°C, 84 h N NH,

Yield: 47%

Scheme 6.6: Reaction of heptyl amine with BP-1-Ru-PONOP (1)

(PONOP)RUHCI(CO) on BP-1
H,N" ph o SN Sph + NH,
180°C, 90 h
Yield: 41%

Scheme 6.7: Reaction of benzyl amine with BP-1-Ru-PONOP (1)

The imine yields observed from our study were considerably lower than those reported in the
homogeneous systems.'® This could be due to the use of a smaller amount of catalyst, 0.03 mol%
in comparison to 0.2 mol% used in the homogeneous systems*® as well as the heterogeneity of
the reactions. As an initial investigation we decided to start amine reactions using a lower amount
of catalyst to see whether catalysis would occur on the BP-1 surface with the immobilized
complexes. The imine formation reactions catalyzed by pincer metal complexes needed an amine
and an alcohol, as reported in the recent literature.*'5116122  |mine synthesis on nano-ordered

MCM-41-SOzH heterogeneous catalyst also required use of an aldehyde and an amine and found
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imine yields 66% to 87%.2* However, Fe-catalyzed homogeneous synthesis of imines directly
from amines was also noted in the literature, which showed 45 to 91% yields of imine irrespective
of the primary amine used.'?® Vapor-phase selective aerobic oxidation of benzylamine on silica
supported vanadium-substituted tungstophosphoric acid catalyst produced 50 to 90%
dibenzylimines reported by Rao et. al.1?” They reported a plausible mechanism for imine formation
from primary amines where the first step was the oxidative dehydrogenation of benzyl amine by a
vanadium-substituted tungstophosphoric acid catalyst which formed benzonitrile (imine). Then
the nucleophilic attack of the amine at C=N bond of benzonitrile (imine) generated an aminal
intermediate which lost ammonia to form dibenzylimine (Scheme 6.8). 12

NH;

HaPW14Y'V Y0y BAN
Hz0 Hz”b
CHO ~
- NH; & -H0
J NH route 2 BA
7 HN C
HoPW oWV, Y 0405 B NH, SN =
e | L///
route 1 -NH3 =
DoBl

150,

Scheme 6.8: Plausible mechanism for the formation of dibenzylimine from benzyl amine
catalyzed by silica-supported vanadium-substituted tungstophosphoric acid.?

6.3.3 Control experiments of primary amines with BP-1 and silica gel
Control experiments were carried out between amines and BP-1as well as amines and
silica gels to see the effects of support surfaces on amine catalytic reactions. The reaction of BP-1
with hexylamine at 132°C for 96 hours surprisingly resulted in the formation of 14% dihexylimine,

indicating that the functionality on the composite surface actively participated in the catalytic
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reactions. To verify this, a similar reaction was carried out with heptyl amine. Heating of the
mixture of heptylamine and BP-1 at 156°C for 84 hours resulted in 32 % diheptylimine formation
(Scheme 6.10). Similarly, benzylamine catalysis with BP-1also yielded 27% dibenzylimine after
conducting the reaction at 180°C for 96 hours under argon. These results suggest that the BP-1
surface could also act as a catalyst in imine formation reactions. However, similar control
experiments with silica gels and the corresponding primary amines did not produce any imines,
indicating that the basic silica structure in the BP-1 composite did not have any influence on the
amine catalytic reaction. This is evidence that amine functionality on the BP-1 surface caused the
imine formation on BP-1 and acted as a catalyst in amine catalysis reactions. Previous research
from our lab has also shown the catalytic reactivity of amine functionality on BP-1 in Knoevenagel
reactions.”’

We conducted primary amine catalysis on BP-1 in an air atmosphere as well, to see the
effect of oxygen in the imine formation reactions. Catalysis of heptylamine with BP-1 in air
resulted in the formation of 46% imines whereas a similar reaction under an inert atmosphere of
argon showed an imine yield only 32%, which revealed that oxygen also plays a significant role
in primary amines reaction systems (Scheme 6.10). The presence of moisture or H.O does not
have a significant impact in primary amine catalysis. This was confirmed from the reaction
between heptylamine and humidified BP-1 which yielded almost the same amount of imines (35%)

in comparison to that (32%) obtained with dried BP-1 following similar reaction conditions.

/\/\/\ + 132°C
N e A Y NP Wy
NH, BP-1 %h \N + NH,
Yield: 14%

NS + Silica gel o wre | No Reaction
NH, g 96 h

Scheme 6.9: Reaction of hexyl amine with: (a) BP-1 and (b) silica gel
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NN 156°C

- \/\/\/\ PG\
NH, + BP-1 —— = N\ + NH,
Yield: 32%
SN + BP- Air
- NS NS P
NH 156°C, 84 h N + NH,
Yield: 46%
SN~ 156°C
N Bt 84h D N
Humidified .
Yield: 35%

- 156°C
\/\/\/\NHZ + Silica gel B

No Reaction
84 h

Scheme 6.10: Reaction of heptyl amine with: (a) BP-1, (b) BP-1 in air,
(c) humidified BP-1, and (d) silica gel

180°C
Ph~~ SNH, + BP-1 on Ph™ SN 4 NH,
Yield: 27%
180°C .
Ph~~ “NH, + Silica gel ——oon~ No Reaction

Scheme 6.11: Reaction of benzyl amine with: (a) BP-1 and (b) silica gel

We anticipated a mechanism for imine formation reactions with immobilized BP-1-Ru-
PNN (7) and BP-1-Ru-PONOP (1) systems similar to those reported by Rao et al.'?” We believe
that amines on BP-1 surfaces or the immobilized Ru-PNN and Ru-PONOP caused the initial

oxidative dehydrogenation of primary amines and formed an alkyl/arylimine compounds. In the
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next step, the nucleophilic attack by the amine from another molecule of primary amines at the
C=N bond produced an aminal intermediate compound which then loses ammonia to form
dialkyl/diarylamine compounds. The proposed mechanism for the imine formation reaction from

primary amines is shown in the scheme 6.12.

}NH2

or Ru-PNN or Ru-PONOP
@NHQ AN N

* Z

/\@ * NH
—NH,

NH,

e

Scheme 6.12: Proposed reaction mechanism for the formation of imines from primary amines

by BP-1, immobilized Ru-PNN (7), and Ru-PONOP on BP-1 (1)
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Chapter 7

Conclusions and Future Work
7.1 Conclusions

7.1.1 Investigation of the methods for loading and synthesizing pincer ligands and metal

pincer complexes on silica polyamine composite, BP-1

The initial focus of this project was to investigate and determine an efficient method for
synthesizing and loading catalytically important pincer metal complexes on silica polyamine
composites. Immobilization of catalytically active transition metal complexes on silica polyamine
composite (SPC) surfaces offers many advantages for applications in catalysis, particularly for
catalyst recovery and reuse. Three different methods have been investigated for synthesizing and
loading metal pincer complexes on the silica polyamine composite, BP-1. The PONOP pincer
ligand and its metal complexes have been chosen for the immobilization study. PONOP pincer
complexes of Ru, Rh, Ni and Pd were synthesized and immobilized on the poly(allylamine)SPC,
BP-1 using the Mannich reaction. Three methods were introduced and developed for synthesizing
the PONOP pincer transition metal complexes on BP-1: 1) direct reaction of the preformed pincer
complexes using a two-step Mannich reaction; 2) immobilization of the PONOP ligand using the
Mannich reaction followed by the addition of a transition metal compound of a given metal; and
3) the stepwise construction of PONOP on BP-1 followed by the addition of a transition metal
compound. The immobilized complexes on BP-1 were characterized by FT-IR, solid-state CPMAS
13C and 3P NMR, as well as elemental analysis. Anchoring of the complexes on BP-1 was also
evaluated by the metal loading data obtained from the digestion of the loaded composites followed
by Atomic Absorption Spectroscopy (AAS) or Inductively Coupled Plasma Atomic Emission

Spectroscopy (ICPAES). The results showed that method 1 worked better for the loading of pincer
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complexes on the SPC than methods 2 and 3. In the case of the Ru and Ni pincer complexes,
reasonable agreement between metal and phosphorous analysis was realized, while for the Pd
complex, the values were high relative to the loading predicted from the phosphorus analysis,
indicating the formation of the Pd nanoparticles on the surface during immobilization. For the Rh
and Ru immobilized complexes with methods 2 & 3, metal loading was lower than the
phosphorous analysis, and this is attributed to entrained triphenyl phosphine from the starting
rhodium and ruthenium complexes based on the 3C and 3P CPMAS NMR data. Solution
experiments using the PONOP pincer ligand and the Ru(PONOP) complex with n-butyl amine
were conducted to model the site of electrophilic aromatic substitution on the pyridine ring. It was
found that substitution of both meta- and para-positions relative to the nitrogen takes place, and

this helped in the interpretation of the solid-state data.

7.1.2 Immobilization of (PNN)RuH(CI)(CO) on BP-1

(PNN)RuH(CI)(CO) was covalently immobilized on BP-1 by method 1. The presence of
the complex on BP-1 was confirmed by characterization with the standard spectroscopic
techniques, FT-IR, solid-state NMR, elemental analysis, and metal digestion study. The model
solution experiment between (PNN)RuH(CI)(CO) and n-butyl amine showed the formation of both
meta- and para- isomers, indicating the position of the electrophilic substitution at the pyridine
ring of the (PNN)RuH(CI)(CO) complex during loading on BP-1. It also helped to explain the
large shift in the carbonyl frequency of the complex observed upon immobilization on BP-1. The
product of the solution experiment was deprotonated by KO'Bu to generate dearomatized-Ru-
PNN-n-butylamine active catalyst complex. Alcohol catalysis with this complex showed less

alcohol conversion in comparison to the original deprotonated catalyst (PNN-)RuH(CO)
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demonstrating the effects of the substituent in the catalytic performance of the Ru-PNN pincer
complex.

7.1.3 Heterogeneous catalysis on BP-1 by immobilized (PNN)RuH(CI)(CO) (7)

The main focus of the project was to perform heterogeneous catalysis on BP-1 with
immobilized pincer complexes and to apply this platform to a range of catalytic reaction systems
which require using a base to generate active catalytic species or complexes. Dehydrogenative
coupling of alcohols to esters and hydrogen reactions were carried out on BP-1 by the immobilized
(PNN)RuUH(CI)(CO). Four alcohols were used in the heterogeneous catalytic reactions: 1-hexanol,
1-heptanol, benzyl alcohol, and 2-octanol. Primary alcohols produced corresponding esters and H»
with aldehydes in some cases, whereas the secondary alcohol produced ketone (2-octanone) and
H>. The catalyst to alcohol ratio was 0.007: 21 (0.01:30) in mmol except in 1-hexanol where a
higher amount of catalyst (0.02 mmol) was used. Moderate to good yields of esters were observed
without the application of an external base in the BP-1-Ru-PNN system. Homogeneous reactions
require using a base for catalysis of alcohols. Amine functionality on BP-1 functions as a base to
generate active pincer catalytic complex on the BP-1 surface. However, the addition of KOH in
the heterogeneous reaction systems has been shown to increase alcohol conversions in all four
alcohol systems. A longer reaction period was required and overall alcohol conversion was
relatively lower with the BP-1-Ru-PNN (1) system in comparison to the homogeneous analogs.
This could be due to the use of lower amounts of catalyst (0.03%) and excess alcohols. In the
homogeneous systems, 0.1 mol% catalyst was used. Application of a solvent in the catalytic
reactions has been shown to decrease the alcohol conversion, whereas the solvent in the
homogeneous reactions was found to increase the reaction yields. Alcohol catalysis did not occur
on BP-1 at lower temperatures which was evidenced by the reactions in refluxing toluene. The

catalysis of alcohol with dearomatized Ru-PNN-n-butyl amine (9) showed less conversion of
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alcohol in comparison to that observed with the dearomatized active pincer complex
(PNN-)RuH(CO) indicating the effect of the substituent in the catalytic performance of the pincer
catalyst complex. It was difficult to figure out the exact percentage of the dearomatized and
original form of the immobilized Ru-PNN on BP-1 from the spectroscopic data, which might be

due to poor resolution as well as small differences in the resonances of the two complexes.

7.1.4 Catalytic reactivity of (PONOP)RuH(CI)(CO) in homogeneous and heterogeneous

systems

Though (PONOP)RuUH(CI)(CO) has been reported for a long time, there was no prior
record of catalytic activity of this complex in the literature.?®¢71% In our study,
(PONOP)RuUH(CI(CO) showed interesting catalytic reactivity in dehydrogenative coupling of
alcohols to esters both in homogeneous and heterogeneous systems. Chemical treatment of 1-
hexanol with 0.1 mol% Ru-PONOP at 157°C yielded 61% hexyl hexanoate and hydrogen. 1-
heptanol catalyzed by 0.1 mol% Ru-PONOP resulted in 68% conversion with a turnover frequency
of 28 h'L. Similarly, benzyl alcohol produced benzyl benzoate, benzaldehyde, and hydrogen with
an overall conversion of 66% when treated with Ru-PONOP following a similar catalyst-to-
alcohol ratio. The secondary alcohol, 2-octanol was catalyzed by 0.1 mol% Ru-PONOP and
generated 65% ketone and hydrogen. Catalytic studies with immobilized Ru-PONOP on BP-1 (1)
in the dehydrogenative coupling of alcohols reactions also revealed the formation of esters with
the liberation of hydrogen. The reactions were conducted with 1-heptanol, benzyl alcohol, and 2-
octanol separately with 0.03 mol% of immobilized Ru-PONOP on BP-1. 1-hexanol catalysis was
carried out with 0.04 mol% of Ru-PONOP on BP-1. All alcohol reacted similarly with BP-1-Ru-
PONOP (1) and produced corresponding esters, H> and in some cases aldehyde formation was

observed, except in the case of 2-octanol, which yielded only 2-octanone and H». The addition of
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KOH (equivalent to Ru) resulted in the increase of alcohol conversion in all four alcohol systems
with BP-1-Ru-PONOP. No ester formation was observed when the reaction was conducted in
toluene, indicating the higher temperature requirement for catalysis by BP-1-Ru-PONOP as well
as for immobilized Ru-PNN on BP-1. Application of a solvent (1,2-dichlorobenzene) in alcohol
catalysis with the immobilized Ru-PONOP system also decreased the ester yield in comparison to
the net alcohol systems. A mechanism was proposed for alcohol dehydrogenation reactions by Ru-
PONOP-BP-1 which involved the generation of Ru(0) complex which reacted with alcohol and
then catalysis proceeded with the formation of a ruthenium dihydride complex. Overall, the
(PONOP)RuUH(CI)(CO) complex did not perform as well as the (PNN)RuH(CI)(CO) complex in

alcohol dehydrogenation reactions.

7.1.5 Cycle study on alcohol dehydrogenation reactions by BP-1-Ru-PNN (7) and BP-1-
Ru-PONOP (1) with the solid-liquid and solid-vapor methods

Both immobilized Ru-PNN (7) and Ru-PONOP on BP-1 (1) catalysts were studied for
multiple catalytic cycles. BP-1-Ru-PNN (7) showed catalytic reactivity for up to five catalytic
cycles, whereas BP-1-Ru-PONOP (1) survived up to the fourth cycle of catalysis. The cycle studies
were carried out using two reaction configurations: heating the mixture of alcohol and catalyst
with slow stirring (solid-liquid) and passing the alcohol vapor over the catalyst bed (solid-vapor
method). The catalyst-to-alcohol ratio (0.01:30) was the same in both methods. No apparent
differences in alcohol conversion were found between the two methods in cycle 1 irrespective of
the alcohols and the catalysts used. The conversion of alcohol was considerably decreased after
cycle 1 using both methods and catalysts. Characterization of the resulting BP-1-Ru-PNN (7)
and BP-1-Ru-PONOP (1) by solid-state NMR, FT-IR, elemental analysis, and metal digestion

study revealed that both immobilized complexes remained intact on BP-1 after alcohol catalysis.
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However, the decrease of intensity in the resonances of solid state CPMAS 3C spectra as well as
the loading of the complexes on the resulting composite BP-1-Ru-PONOP (1) & BP-1-Ru-PNN
(7) demonstrated that catalysts were leached off and decomposed during catalysis, which caused
the reductions of alcohol conversions in both methods. Elevated reaction temperatures and longer
reaction periods resulted in the leaching and decomposition of Ru-PNN and Ru-PONOP from the
BP-1 surface. In both BP-1-Ru-PNN (7) and BP-1-Ru-PONOP (1) systems, the solid-vapor
method showed better conversions of alcohols in the successive cycles because it saved the catalyst
from mechanical degradation by slow stirring. The reduction of the alcohol conversions in between
two successive cycles was relatively more in the catalysis with BP-1-Ru-PONOP (1) in
comparison to those with the BP-1-Ru-PNN (7) system, which implies that Ru-PONOP leached
off or decomposed faster than Ru-PNN in the catalytic processes. There was good agreement
between the reduction of reaction yields and the corresponding loss of the catalysts from BP-1
surfaces from cycle to cycle in both immobilized systems.
7.1.6 Heterogeneity of alcohol catalysis on BP-1-Ru-PNN (7) and BP-1-Ru-PONOP (1)
Four-step control experiments were carried out with BP-1-Ru-PNN and BP-1-Ru-PONOP
systems separately using 1-hexanol to determine if catalysis with BP-1-Ru-PONOP (1) and BP-1-
Ru-PNN (7) was truly heterogeneous and took place on the composite. The results revealed that
catalysis which occurred on BP-1 by means of the immobilized Ru-PNN as well as Ru-PONOP
proceeded in a heterogeneous manner. The immobilized catalysts might have survived on BP-1
during catalysis and then leached off or decomposed at the terminal point of the reaction. We
assumed two pathways existed for alcohol catalysis on BP-1 by immobilized Ru-PNN and Ru-

PONOP.
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Ru-PNN / Ru-PONOP
on BP-1

Path 2 was less likely to occur based on the results of the control experiments. We are convinced
that immobilized Ru-PNN and Ru-PONOP stayed on the BP-1 surfaces during catalysis and
eventually leached off the composite surface during longer reaction periods with elevated reaction
temperatures, then finally decomposed.

The results of all alcohol conversions were checked and verified by running the appropriate
standard solutions of corresponding alcohols in GC-MS. The results were also cross checked by

running the standard solutions of the corresponding esters as well.

7.1.7 Primary amines catalysis on BP-1 by immobilized (PNN)RuH(CI)(CO) (7)
and (PONOP)RuUH(CI)(CO) (1)

The catalytic reactivity of BP-1-Ru-PNN (7) and BP-1-Ru-PONOP (1) was also
investigated in amide formation reactions from amines and alcohols. No amide formation was
realized. Instead, imines were formed by coupling of primary amines which revealed that primary
amines could be catalyzed by BP-1-Ru-PNN (7) and BP-1-Ru-PONOP (1) to form imines. The
catalysis of hexylamine and heptylamine on the immobilized catalysts BP-1-Ru-PONOP (1) &

BP-1-Ru-PNN (7) yielded corresponding dialkylimines with the liberation of ammonia, whereas
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in the case of benzyl amine, dibenzylimine and ammonia were formed. The control experiments
with BP-1 showed that amine functionality also catalyzed imine formation but with lower
conversions. A mechanism was proposed for imine formation reactions which involved the
formation of a Schiff base with the oxidation of primary amines by BP-1 and/or supported pincer
complexes, and the corresponding nucleophilic attack on imine carbon led to the formation of

coupled imines.

7.2 Future Work
7.2.1 Optimization of loading

Though the low loading of the catalyst on BP-1 from our study provided interesting catalytic
results, better reaction yields could be achieved with higher loading of the pincer complexes on
BP-1. We chose the current method, the Mannich reaction, because of our prior successes with
this method for loading aromatic molecules on SPC to prove the concept with a previously proven
catalyst.”"® A pathway that may be much more efficient is the immobilization of pincer complexes
by simple halide displacement. Our previous studies with a chloroacetic acid ligand provided much
better loading on SPC, which was about 1.0 mmol per gm of SPC. Of course, the pincer ligands
and their complexes are much larger than the chloroacetic acid ligand, but higher loading of the
pincers can also be anticipated with halide displacement. This study can be done by introducing
alkyl halide functionality in the pyridine moiety of the pincer complexes. Synthesis of substituted
pincer complexes might not be easy and will involve multi-step synthetic and separation
procedures. However, it can be accomplished by careful selection of suitable starting materials.
One approach could be to synthesize p-bromomethyl-(PNN)RuH(CI)(CO) pincer complex starting

from 2,4,6-trimethyl pyridine, which is commercially available. NBS bromination would give two
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possible bromination products that would require chromatographic separation. The desired alkyl
halide substituted pincer complexes could then be synthesized following the steps used for
unsubstituted pincer complexes.*! However, in each of the steps, the formation of isomeric product
mixtures may be expected, which may require extensive chromatographic separation. Binding of
the p-bromomethyl Ru-PNN to BP-1 should take place under relatively mild conditions in the

presence of a scavenging base such as ethyl-di-isopropyl amine.

7.2.2 Heterogeneous catalysis on BP-1 with higher loading of pincer complexes

Catalytic study on BP-1 with more highly loaded pincer complexes might give better
reaction yields in alcohol dehydrogenation and other chemical transformations. Increasing the
density of the pincer catalyst on the BP-1 surface might have significant influence on the
corresponding catalytic reaction processes. However, the effects of the substituent might be an
issue in the catalytic performances of the resulting pincer complexes. We observed relatively lower
alcohol conversions in our catalytic study with deprotonated Ru-PNN-n-butyl amine (9) in
comparison to those observed with unsubstituted Ru-PNN. The presence of a substituent in the
basic ligand moiety of the pincer structures could influence the electron density in metal centers
and thus might affect the catalytic reactivity of the resulting pincer complexes. It could also inhibit

the catalytic reactivity due to the orientation effects of substituents during catalytic reactions.

7.2.3 Immobilization of other metal pincer complexes on BP-1 and extending heterogeneous

catalytic study to other chemical transformations

A large number of pincer complexes which have shown interesting catalytic reactivity in
various chemical reactions do require a base to function as efficient catalysts in their respective
reactions. It would be interesting to apply the SPC-BP-1 surface as a platform for heterogeneous

catalysis in other chemical transformations as well. Amine functionality on SPC-BP-1 surfaces
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has already been proven as an efficient base and acted as a co-catalyst in alcohol dehydrogenation
reactions. The immobilization and subsequent catalytic study of other important pincer complexes
on SPC-BP-1 could be an interesting area of research which might eliminate the application of
bases in those catalytic reactions. It could also save some relatively expensive pincer catalyst and
might reduce the cost in the case of large scale commercial applications in the future.

Another important aspect could be to extend the heterogeneous catalysis on BP-1 to other
reaction systems which do not have a high temperature requirement for catalysis, which might
decrease the catalyst leaching from the composite surface in multiple cycles. Our catalytic studies
on BP-1 with immobilized Ru-PNN and Ru-PONOP systems were carried out at relatively high
temperatures. We tried to perform catalysis on BP-1 at a lower temperature (115°C). However, it
did not work. This could be due to the nature and type of reactions (dehydrogenative coupling of
alcohol to esters and hydrogen) we conducted on BP-1. The higher temperature requirement in
alcohol dehydrogenation reactions might have resulted in significant leaching of the catalyst in
multiple cycles of reactions. However, it provided a favorable environment for the deprotonation
of pincer complexes on BP-1 by amine functionality on the surface, though the amine is a weak
base. It would be worthwhile to try the catalytic reactions on BP-1 by immobilized Ru-PNN and
Ru-PONOP, which do not need higher temperature requirements and that might reduce the loss of

catalyst in the cycle study.

7.2.4 Optimization of reaction yields in primary amine catalysis and extending catalysis

to other amines
Our initial catalytic investigation in primary amine catalysis by immobilized Ru-PNN and
Ru-PONOP on BP-1 systems showed interesting results in imine formations. Further study is

required to optimize the imine yields and to get a better understanding of the mechanism of amine
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catalysis on BP-1 with immobilized pincer complexes. We must address two key issues here which
are the relatively lower yields, as well as the participation of the BP-1 surface in the catalytic
reactions.

Imine yields could be improved by using a higher catalyst-to-amine ratio. In addition, the
role of air or oxygen in the amine catalytic process needs to be determined, since the conduction
of amine reactions in air have been shown to increase imine yields. The involvement of amine
functionality on BP-1 in the catalytic processes may complicate the optimization of reaction yields.
Another important aspect could be to apply this heterogeneous catalytic study in other primary
amines and secondary amines. Once the optimization is performed, the next step would be to study
the recyclability of BP-1-Ru-PNN and BP-1-Ru-PONOP in corresponding amine catalytic
reactions. Hexyl amine and heptyl amine catalysis on BP-1 by both immobilized Ru-PNN and Ru-
PONOP occurred at relatively lower temperatures in comparison to the 1-heptanol and benzyl
alcohol reaction systems. The catalysts’ stability on BP-1 might be better in the amine catalysis
reactions, particularly with amines with lower boiling points, and cycle study might provide better
amine conversions to imines. The catalyst may display reactivity in a greater number of cycles in

this case, in comparison to those observed in alcohol dehydrogenation reactions.
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Figure A21: H NMR spectrum of the isomers (5) formed from n-butyl amine reaféig?F\)Nith PONOP
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Figure A22: 3P NMR spectrum of the isomers (6) formed from n-butylamine reaction with
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Figure A23: *H NMR spectrum of the isomers (6) formed from n-butylamine reaction with
(PONOP)RUH(CI)(CO). [The additional resonances might be due to the presence
of a trace amount of impurities such as unreacted amine, formaldehyde, imine,
and remaining starting complex after separation and purification of the product]
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Figure A24: 3P NMR spectrum of the isomers (8) formed from n-butylamine reaction with

(PNN)RUH(CI)(CO)
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Figure A25: H NMR spectrum of the isomers (8) formed from n-butylamine reaction with

(PNN)RuUH(CI)(CO). [The additional resonances might be due to the presence
of a trace amount of impurities such as unreacted amine, formaldehyde, imine,
and remaining starting complex after separation and purification of the product]
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Figure A26: 3P NMR spectrum of t he isomers (9) formed from n-butylamine reaction with

(PNN)RUH(CI)(CO)
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Figure A27: 'H NMR spectrum of the isomers (9) formed from n-butylamine reaction with
(PNN)RuH(CI)(CO)
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Figure B1: FT-IR spectrum of (PONOP)RuH(CI)(CO)
+ Y f‘\\
% /V\f’f
il i fwf
t /)
: 7 [
w- NN | ! ‘
1 TR |
| e n ! \
- g I\l‘ ‘ ,JJ\‘ ~ I \' ‘
:/w 4 g f ‘
‘ ‘ B S b
5 % E / 3 B || P‘a /
o |/ RN A .
" || co \{ \' . ‘|
N | B I
. | [ | | /.
| | % || { ‘ | H
“ \[ 8 | 2 |
; \ I =h b
Y |
0- I I f L
; b IO
| ? : | | ®
» ; L]
1 \
ﬁ '
D T T ™ T T A T A " T ™ T T T |
Waenumbers cm-1)

Figure B2: FT-IR spectrum of (PONOP)RuH(CI)(CO)-n-butyl amine (6)

161|Page



%Transmittance

2366177
1951.67,

292927

@

55.0

(@)
1658.29
138333="
,———‘</
801.05—

3431.92/

35.0 ‘ J
’f

30.0
|

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200
Wavenumbers (cm-1)

—

469.03

1000 800 600

Figure B3: FT-IR spectrum of BP-1-Ru-PONOP (1)
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Figure B4: FT-IR spectrum of BP-1-Ru-PONOP (1) after catalysis
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Figure B5: FT-IR spectra of the complex, (PNN)RuH(CI)(CO)
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Figure B6: FT-IR spectra of RuH(CI)(CO)(PNN)-n-butyl amine (8)
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Figure B7: FT-IR spectra of dearomatized Ru-PNN-n-butyl amine (9)
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Figure B8: FT-IR spectra of BP-1-Ru-PNN (7)
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Figure B9: FT-IR spectra of BP-1-Ru-PNN (7) after catalysis
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Figure B10: FT-IR spectra of the imine intermediate
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