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Non-Edible Biomass Residue to High Value-Added Chemicals: A Lignin-Derived Catalyst

Design for Production of Chlorine Dioxide & Preparation of Sustainable Polar Aprotic

Solvents From Cellulose

Tayyebeh Bakhshi Champ

The global production of plant biomass waste is in the order of 140 Gt per year which

offers a promising alternative to petroleum and a sustainable resource to produce fuels and

chemicals. Inspired by innovative advancement in biomass valorization, two catalytic

processes have been developed to produce chlorine dioxide and polar aprotic solvents from

non-edible biomass residues.

The application of chlorine dioxide (ClO2) in water treatment is growing because of its

superior antimicrobial properties and lower tendency to generate harmful chlorinated

organic by-products. Most of the previously investigated catalysts for the one electron

oxidation of chlorite to ClO2 are based on manganese or iron porphyrin complexes which

suffer from expensive ligand and catalyst syntheses as well as the catalyst instability in

oxidative environment. Chlorine dioxide chemistry and its catalytic production are

explained in depth in chapter 1.

Second chapter describes a novel catalyst design based on molecules that can be derived

from lignin for catalytic production of ClO2 in water. A lignin-derived ligand bis(2-

hydroxy-3-methoxy-5-propylbenzyl) glycine, (DHEG) was synthesized from 2-methoxy-

4-propylphenol (dihydroeugenol (DHE)) and the amino acid glycine. Two mononuclear
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iron and manganese complexes of DHEG were prepared, characterized, and employed for

the oxidation of chlorite to chlorine dioxide in aqueous solution. Peroxyacetic acid (PAA)

was used as a ‘green’ oxidant in the redox reactions for the catalyst activation generating

high valent Fe and Mn(IV)-OH intermediates. EPR studies verified the formation of a high

valent MnIV species. Both Fe and Mn activated complexes catalyzed chlorite oxidation

with bimolecular rate constants of 32 and 144 M-1 s-1, respectively, at pH 4.0 and 25 °C.

The Mn complex was found to be more efficient for chlorite oxidation with a turnover

frequency of 17 h-1 and remained active during subsequent additions of PAA. The rate of

ClO2 formation with PAA/Mn-DHEG was first-order in PAA and showed acidic pH

dependence. A mechanism that accounts for all observations is presented.

Chapter 3 highlights the need of more environmentally benign polar aprotic solvents (PAS)

from sustainable resources. Of particular interest for this work is the catalytic conversion

of cellulose to short chain polyols and the coupling of these polyols with N,N-

dimethylurea (DMU) to produce cyclic PAS. Detailed chemistry background for this

transformation are presented within this chapter.

In the final chapter, a green and catalytic process is described for the synthesis of N,N'-

dimethylimidazolidinone (DMI) and 1,3,4-trimethylimidazolidin-2-one (TMI) from
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cellulose, the most abundant and non-edible component of biomass. The physical and

chemical properties of DMI and TMI including high boiling point, remarkable chemical

stability, and being more eco-friendly than DMF make them appealing for use in the

pharmaceutical industry. Cellulose depolymerization and reaction of intermediate products

with N,N-dimethylurea (DMU) to produce PAS have been investigated in a one-pot, two-

step process at elevated temperature. Ru/C is an effective multifunctional catalyst for both

C-C bond cleavage of cellulose and subsequent hydrogenation of the unsaturated products

in the second step; the catalyst also promotes the condensation hydroxy ketone

intermediates with DMU to create cyclic PAS concurrently. Such tandem reactions are

challenging to achieve particularly when incompatible conditions are required for each

step. Solvent selection is also challenging with the low solubility of cellulose in most

common organic solvents. Herein, the overall 85% selectivity for PAS was achieved from

the reactions of cellulose or sugar with DMU over Ru/C in DMI (the product) as a solvent.

The optimized conditions for coupling of 1,2-propylene glycol with DMU was used in a

mechanistic study for the production of PAS with both homogeneous and heterogenous Ru

catalysts. Catalytic oxidation of 1,2-PG to hydroxy acetone is the key step to produce TMI

with a higher yield obtained using electron-donating phosphine ligands on Ru.
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CHAPTER 1

1

1.1 Introduction

Modern chemistry plays a crucial role in the improvement of quality of life around the

world. However, these advances frequently came with an increase in contamination of the

environment by toxic substances. Nowadays steps are being taken to reform the industrial

processes to protect the environment mainly due to the rapid environmental degradation

and massive extinction of species over last decades. In this context, catalysis has and will

continue to impact the discovery and development of environmentally attractive

technologies and products. Over last century, catalysis used in several industrial processes

such as polymer production, oil refinery, ammonia synthesis and ... that would hardly

possible without active and selective catalysts. In other technologies, the stochiometric

reactions often applied which is inevitably associated with waste formation.1, 2

Water disinfection process, mainly chlorination, has been established by decades to

eliminate the pathogens that are responsible for waterborne diseases from water supplies.

Pathogens are generally considered a higher health risk than chemicals.3-5 Chlorination has

been so successful that freedom from epidemics of waterborne diseases is now virtually

taken for granted. Chlorine gas and sodium hypochlorite are the two major chemicals used

for water disinfection. Poor biocidal activities of these compounds have been well

documented which consequently result in bacterial resistance. Microbial resistance adds

nearly $1,400 to the bill for treating a bacterial infection and costs the nation more than $2
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billion annually, according to a study in Health Affairs. It is also documented that

halogenated organic byproducts formed during the water treatment are linked to cancer and

endocrine disruption.6 Of the disinfection by-products, there are over 400 potential

chemical species.7 Chlorate and chlorite ions are also formed during the slow

decomposition of sodium hypochlorite solutions; reaching the concentration of these

chemicals above the EPA standards in our water system. The growing concern about the

release of these materials into the environment is well understood.8 The negative health

effects of water disinfection chemicals and the lack of its efficacy against certain

pathogens have promoted the reexamination of available disinfection methodology to

determine alternative agents or procedures. For these reasons, chlorine dioxide, ozone, and

hydrogen peroxide are considered the alternatives where their production must be

improved. Chlorine dioxide, ClO2 has largely replaced chlorine in the pulp and paper

bleaching8 which allows the higher strength/quality bleached pulp and generates much less

amounts of chlorinated organics. Global chlorine dioxide market reports forecast its major

growth in water and wastewater treatment by 2028.

The primary commercial use of chlorine dioxide is as an oxidizing agent for pulp bleaching

and water disinfection/treatment.9 Chlorine dioxide is quite toxic and thus requires great

care when handling. Chlorine dioxide is preferred over chlorine gas (Cl2) for water

treatment as it exhibits superior antimicrobial activity and generates trace amount of

harmful chlorinated by-products.7 One major drawback; however, is the instability of ClO2

at high pressure, a fact that effectively prohibits its transport as a gas. Hence, on-site

production of ClO2 is a prerequisite to any practical application.
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The current industrial production of ClO2 uses stochiometric reagents which is inevitably

associated with formation of waste and halogenated byproducts.1 The majority of these

industrial methods apply highly corrosive and acidic conditions, which raise health,

environmental, and safety concerns. Clearly, developing a simpler and greener process to

produce ClO2 will have a significant positive impact on the environment and human

health. To this context, catalytic generation of chlorine dioxide is considered an alternative

path for the development of environmentally attractive disinfection process for water

treatment. In this study, we describe a simpler catalyst design with the use of an earth-

abundant metal and readily available ligand that offers a convenient route to ClO2

production under reasonably mild and noncorrosive conditions. This system also

remediates ClO2 at lower rate than ClO2 production which is of interest from an

environmental standpoint.

1.2 Chlorine dioxide: applications and industrial production

The chlorine dioxide radical is a yellowish-green gas with an odd number of electrons

making it a paramagnetic radical. ClO2 is considered a powerful one electron oxidant (E° =

0.936 V).10 It is highly soluble in water, 8 g/mL at 20 °C, that remains a gas in solution.11

Chlorine dioxide condenses to form an unstable liquid. Both the gas and liquid are

sensitive to temperature, pressure, and light. At concentrations above 10% in air, chlorine

dioxide may be explosive.9 As a result, the preparation and distribution of chlorine dioxide

in bulk have not been deemed practical. It has been generated and used on site.
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The primary commercial use of chlorine dioxide is as an oxidizing agent for pulp bleaching

and water disinfection/treatment.9 Chlorine dioxide is quite toxic and thus requires great

care when handling. Chlorine dioxide is preferred over chlorine gas (Cl2) for water

treatment as it exhibits superior antimicrobial activity and generates trace amount of

harmful chlorinated by-products.7 Microorganisms cannot build up any resistance against

Chlorine dioxide because it reacts directly with amino acids and RNA in the cell causing

several cellular processes to be interrupted. Chlorine dioxide is one of disinfectants that are

effective against Giardia Lambia and Cryptosporidium parasites which are found in

drinking water.

Industrially, there are several methods for the production of chlorine dioxide (Scheme 1.1).

Chlorine oxyanions (ClOn
-, n = 1- 4) are the prevalent source of ClO2 in every method.

The reduction of sodium chlorate is the more efficient process and is generally used when

large volumes and high concentrations of chlorine dioxide are needed.

Scheme 1.1 Industrial methods for producing chlorine dioxide from sodium chlorate.

From these reactions, several by-products are formed: chlorine gas, sodium sulfate, oxygen

and water. The benefit of using sulfuric acid as the strong acid over hydrochloric acid is

the trace amount chlorine gas as the byproduct generated. Furthermore, at higher

concentration of sulfuric acid, sodium sesquisulfate (Na3H(SO4)2) can be isolated as a



CHAPTER 1

5

precipitate and converted into sodium sulfate and sulfuric acid.11 The recovered sulfuric

acid is then returned to the chlorine dioxide reactor making sulfuric acid a very cost-

effective reagent for chlorine dioxide production.

As the reaction chemistry is much faster when using hydrogen peroxide, hydrogen

peroxide can be used to replace sulfur dioxide, and chloride. Changing to hydrogen

peroxide brings a number of advantages: higher capacity for the existing reactor, less

dangerous reducing agent, and purer chlorine dioxide.11

The majority of chlorine dioxide is stoichiometrically produced using these reactants for

cost effectiveness and reliability reasons. Consequently, high concentration of chlorate and

extremely acidic conditions; sulfuric acid (pH ~ 1), are required to maintain the production

of chlorine dioxide at certain rate. The one-electron electrochemical oxidation (Eq. 1.14) of

chlorite offers an alternative route to ClO2 but requires a substantial energy input and

regular maintenance of equipment. Therefore, a catalytic process is of interest from an

environmental standpoint and merits exploration which will be discussed in the remaining

of this chapter.

1.3 Catalytic oxidation of chlorite into chlorine dioxide.

Although chlorite oxidation to chlorine dioxide seems simply electron transfer away from

chlorite; mechanistically, this process contains the oxidation of the metal center and proton

transfer. Enzymes such as chlorite dismutase (Cld), horseradish peroxidase (HRP), and

chloroperoxidase (CPO) are known to catalyze the conversion of chlorite.12-16 Chlorite

dismutase converts chlorite ion efficiently to dioxygen gas and Cl- ion with hypochlorous
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acid (HOCl) as proposed reaction intermediate. Unlike Cld, horseradish peroxidase yields

only chlorine dioxide and chloride.15

The cytochromes P450 are a family of iron-containing enzymes that catalyze the transfer

of an oxygen atom from O2 to organic substrates, producing water as a by-product.17

Thousands of P450 enzymes are known and have been found in a range of organisms

including bacteria, fungi, plants, insects, and mammals.17 Although the various members

of the P450 family share some structural similarities, by far the most important conserved

feature in P450 is a cysteine-ligated heme (iron protoporphyrin IX, Figure 1.1).18, 19 This

heme prosthetic group is the active site of oxygen activation and O-atom transfer by P450.

P450s are remarkable because they catalyze the monooxygenation of a variety of substrates

using O2 as an oxidant. It is important, however, to note that when one oxygen atom from

O2 is passed to a substrate, the remaining oxygen atom is reduced to water by two protons

and two electrons. The two electrons needed in order to carry out this reduction are

provided to P450 by a system of electron transport proteins and ultimately come from

common NAD(P)H reducing equivalents.18 In most cases, this electron transport system

consists of a flavoprotein (plus an iron-sulfur protein for mitochondrial and bacterial

P450s) that shuttles electrons from NAD(P)H to P450.20 However, self-sufficient P450

enzymes are known (such as P450-BM3 from Bacillus mageterium) which contain both

the heme active site as well as an electron-shuttling flavin system in20, 21 the same subunit.
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Figure 1.1 Left) Iron protoporphyrin IX, the active site of Cytochrome P450; Right) Compound I
in Cytochrome P450

The catalytic mechanism of oxygen activation and substrate oxidation by Cytochrome

P450 was an area of much active debate for many years.22 However, it has been confirmed

by Rittle and Green that the reactive, hydroxylating intermediate in P450 catalysis is an

oxoiron(IV) porphyrin cation radical23 (Compound I, Figure 1.1). This interesting species

is not unique to P450 but can be found as an active intermediate in other heme enzymes

including CPO24 and HRP25.

The mechanism where P450 activates O2 to generate Compound I is given in Scheme

1.2.19 The hexa-coordinate aquairon (III), 1, was found as being a low-spin, d5 doublet.19, 25

Binding of a substrate displaces the aqua ligand resulting in high spin iron III complex and

rising the reduction potential of the heme iron by as much as +300 mV.17 The O2/ferrous

heme complex (4) can be written as a pair of redox tautomers (O2-Fe II or O2-FeIII). This

complex is diamagnetic and EPR-silent, although Mössbauer spectroscopy and the

weakened O-O stretching frequency suggest that the iron (III) complex more properly

describes the intermediate.26, 27 The oxyheme complex is then further reduced by a second

electron to afford a peroxoiron(III) complex. In addition to being an intermediate on the

pathway of oxygen activation to generate Compound I, this peroxoiron(III) species has



CHAPTER 1

8

also been implicated as a nucleophilic oxidant that is active in some P450s.28 Protonation

of the peroxoion(III) intermediate affords a hydroperoxoiron(III) species (5) that was for a

long time the last observable and isolable intermediate in the P450 mechanism.6 This

species can also be generated from activation of hydrogen peroxide by the ferric enzyme

via the peroxide shunt pathway (Scheme 1.2). Heterolytic O-O bond cleavage of this

hydroperoxoiron(III) is understood to proceed via the “push-pull” mechanism, proposed by

Dawson, et al.18

Heterolytic cleavage of the hydroperoxy O-O bond affords an oxoiron species formally at

the oxidation state of FeV 23-25, 29, 30. Numerous studies have shown that this oxoiron species

is more properly an oxoiron(IV) antiferromagnetically coupled to a porphyrin cation

radical (6, Compound I20, 31-34). Compound I has been long known and observed in CPO24

and HRP25 and recently isolated and characterized in P450.23
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Scheme 1.2 Mechanism of oxygen activation and O-atom transfer to substrate in Cytochrome
P450.19

The history of synthetic manganese porphyrins as biomimetic catalysts has evolved almost

simultaneously along with analogous iron porphyrins. Manganese porphyrins have

performed better than iron porphyrins as catalysts, particularly being less sensitive to

bleaching during turnover. Synthetic manganese porphyrin (MnTPP) could catalyze a

variety of hydrocarbon oxidations, including epoxidation, hydroxylation, and

chlorination.35, 36 The existence of oxomanganese (IV and V) porphyrins was confirmed

and proven that the oxo-MnV will be more stable with better electron withdrawing

substituents. The rate of this reaction was found to be highly dependent on pH, resulting

in the speculation that protons were required to activate a stable oxomanganese species.37,

38
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Synthetic iron and manganese porphyrin analogues of Cyochrome P450 have been shown

to catalyze dismutation of chlorite to give O2 and Cl- ion. Under physiological pH and

aqueous conditions, some of these porphyrin analogues produce water-soluble ClO2 gas

from ClO2
-. Preparations of water-soluble Fe and Mn porphyrins were accomplished using

cationic porphyrins (Figure 1.2). Clearly, the charge and electronic characters of the

porphyrin ligand have a dramatic effect on the reactivity of these Compound I analogues.

Highly electron-deficient of water-soluble manganese and iron porphyrin analogues

catalyze the oxidation of chlorite generating ClO2 rapidly and efficiently with high turn-

over frequency under physiological conditions.39-43

Abu Omar and co-workers has reported on the dismutation of chlorite under physiological

pH using water-soluble ferric porphyrins.42-44 In these model systems, the reaction

proceeds for the most part to the disproportionation products, chloride and chlorate, in 1:2

stoichiometry. One exception was the fluorinated [Fe III(TF4TMAP)]+ complex (1.2),

which afforded moderate O2 yields. More recently, a computational study on the [Fe

III(TF4TMAP)]+ complex supports the formation of FeIV(O) and chlorine monoxide

intermediates via homolytic bond cleavage.42-44

Unlike the fluorinated ferric porphyrin, the manganese analogue favors the formation of

ClO2 as opposed O2. The conversion of chlorite to chlorine dioxide in good yields

catalyzed by [Fe III(TF4TMAP)]+ under physiological pH at room temperature (Figure

1.2) has been reported in the literature.39, 40 Groves and co-workers have also

independently shown that [MnIII(TDMImP)]+ among other manganese porphyrin catalysts

also convert chlorite to chlorine dioxide. Initial turnover frequencies at 25 ̊ C for 2 mM
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ClO2
- and catalyst [MnIII(TDMImP)]+ (10 µM) were 1.00, 1.03, and 0.47 s-1 at pH 4.7, 5.7,

and 6.8 respectively (Figure 1.2).45 Chlorite can oxidize the transition metals as both a 1

and 2-electron oxidant. The oxidation state of the Mn(III)-porphyrin remained unchanged

during turnover which was rationalized by the fast regeneration of Mn(III) compared to

any changes in the oxidation state of Mn at the initial steps. Therefore the oxidation of

Mn(III) by chlorite must be the rate-determining steps of overall catalytic cycle. Extremely

high activity (32 TO/s) was reported for Mn (III) porphyrazine, [MnIII(TM2PyP)]+.41

The use of non-heme ligands as opposed to heme ligands, [MnII(N4Py)]2+ and [MnII(Bn-

TPEN)]2+, has also been shown to catalyze the conversion of chlorite to ClO2.39

Figure 1.2 Manganese porphyrins and porphyrazine investigated as catalysts.

1.4 High-spin Mn–oxo complexes

Many first-row d-block elements, V, Mn, Fe, Co, Ni, Cu and Zn, except Ti and Cr were

used in biology.46 As we move across the 3d row, the ionization energies (IEs) increase on

the metal as each electron removed. The highest accessible oxidation states as well as the

number of accessible oxidation states increase up to Mn then decrease to Zn where only

the 2+ state is observed.46, 47 Nature choose Mn for oxidation of water into dioxygen
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producing 21% of our atmosphere. Oxidation of water via S-cycle is a four-electron

process where electrons and protons must be removed and transferred away rapidly and

efficiently. Various oxidation states must exist that permit rapid binding of substrates, and

the whole structure must be sufficiently robust to survive tens of thousands of turnovers. In

addition to a various oxidation states of Mn, more than the other 3d metals, the reduction

potentials of all the higher states, from Mn(III) upwards, hydroxo- or oxo-species are in the

range of the O-transformation reactions. Dioxygen production occurs at the active site of

the enzyme photosystem II (PSII), referred to as the oxygen-evolving complex (OEC),

which contains a unique Mn4CaO cluster.48, 49 This embedded tetra manganese-calcium

cluster in PSII catalyzes water oxidation to O2 with a high turnover number (106) and a

maximal turnover frequency (TOF) of ≈500 s−1.50, 51 There is agreement that formation of

the O–O bond occurs in the higher oxidized state of manganese. Quantum chemical studies

have provided insight into this process with two various mechanisms.50-53 Most

computational reports suggest a high valent Mn center with a terminal oxido ligand (Mn–

oxo), which is a MnIV-oxyl radical (Mn–O•) rather than the isoelectronic MnV–oxo

species.50-53

Complexes containing ancillary porphyrin,54, 55 corrole,56 corrolazine56 or salen ligand,57

have been previously investigated to develop synthetic systems with Mn–oxo species and

to investigate spectroscopically whether they support either a MnV–oxo state or a MnIV–

oxyl state.58-61 These catalytic systems were producing species that are tetragonal d2 low-

spin with S=0 spin ground states (scheme 1.3). Hence, they will be diamagnetic resulting

in a triple bond between the metal center and the terminal oxo ligand, Mn≡O.62, 63 The
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strength of multiple metal-oxygen bonding is indicated by short M-O distances and high

M-O stretching frequencies (900- 1000 cm-1).63 In some cases, these oxo complexes cannot

be protonated even in concentrated acid solution. Results from oxygen-17 labeling studies

showed that the Mn–oxo unit becomes more electrophilic as the manganese center is

oxidized, which would enhance its reactivity toward a nucleophile.

Mayer and Thorn were the first to suggest that metal-oxo complexes that adopt a trigonal

structure will form two degenerate orbitals accommodating two electrons for d2 metal-oxo

complexes and producing S=1 spin ground state.64, 65 The metal-oxo interactions in such

complexes are weaker than those with tetragonal symmetry, making the former a more

reactive species. Results from a few reports on high spin MnV-oxo complexes (S=1) are

indicative of paramagnetic properties with trigonal geometry.14, 35, 44 Paramagnetic MnV-

oxo porphyrin35 and MnV-imido corrole44 species have been observed for hydrocarbon

oxidation and hydrogen atom transfer without studying details on the geometry of these

complexes. A series of [MnnH3buea(O)]m (n = 3+ to 5+; m= 2- to 0) complexes have been

designed to impose local trigonal geometry within the complex by Borovik and his co-

workers to investigate the electron distribution within the Mn–oxo unit and the spin density

on the oxido ligand. It is established that the density on oxyl radical is less than what is

expected and a high-spin MnV-oxo center should be considered a viable candidate for the

high valent site in the formation of the O-O bond.14, 61
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Scheme 1.3 (A, B) Qualitative orbital splitting diagrams for oxo-metal complexes with (A)
tetragonal and (B) trigonal symmetries. (C) Structure of the oxomanganese (III) precursor.

1.5 Molecular orbital theory of terminal metal-oxo complexes

A number of ligands including oxo (O2-) not only forms σ bonds to a metal center but also

have additional lone pairs that can be involved in bonding. The additional lone pairs are of

π symmetry, so these ligands are termed π donors. π bonding will be important when the

ligand lone pairs both overlap well and have a good energy match with the metal orbitals

of π symmetry (dπ orbitals). Productive π interactions that stabilize the metal-ligand bond,

requires that the metal dπ orbital(s) be empty. If the metal dπ orbitals are filled, however; it

will result in destabilizing antibonding interactions.

In a molecular orbital picture, overlap of two orbitals generates both bonding and

antibonding orbitals, our focus being π and π* orbitals. The determination of a simple bond

order assumes that the destabilization of π* is equal to the stabilization of π. But even

at the simplest level of molecular orbital theory the antibonding interaction is greater than

the bonding: for the overlap of two identical orbitals, π is stabilized by an energy β/(l + S)

while π* is destabilized by β/(1 - S) where S is the overlap integral.63, 66



CHAPTER 1

15

The theory reinforces our qualitative understanding that the overlap of two filled orbitals is

an unfavorable interaction. There are no examples of stable terminal oxo complexes in the

cobalt, nickel, or copper triads. The oxo ligand in the stable oxides and oxo complexes of

the late transition metals always bridges two or more metal centers. This is because in most

late-metal terminal oxo complexes metal-oxygen antibonding orbitals would have to be

occupied.

The molecular orbital description of octahedral mono-oxo complexes (Scheme 1.4) is well

established from spectroscopic, theoretical, and chemical studies.63 The ligand field

splitting resembles the octahedral "two above three" pattern except that two of the t2g

orbitals (dxz, dxy) are involved in π bonding with the oxo; they are the π antibonding

components of the M-O bond. Note that the two π bonds are degenerate in C4v symmetry

and therefore the M-O bond should be described as a triple bond. The splitting betweenthe

nonbonding dxy and the π* dxz, dxy is large enough that all known d2 mono-oxo complexes

are diamagnetic, with the electrons paired in the dxy orbital.14

Scheme 1.4 Qualitative crystal field splitting for octahedral metal-oxo complexes.
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In this picture up to two d electrons can be accommodated without population of π* levels.

This explains why the vast majority of terminal oxo complexes have d0, d1, or d2

configurations.

Reactive d4 iron-oxo analogues to cytochrome P450 have been shown low stretching

frequencies [υ(Fe-O) = 800-850 cm-1] and long Fe-O distances.67 Low metal-oxo

stretching frequencies are also observed for excited states of metal oxo complexes in which

π* orbitals are populated. The d4 iron-oxo complexes are stable only when very bulky

ancillary ligands (e.g. tetramesitylporphyrin) are used to prevent dimerization to µ -oxo

species. The conversion of terminal oxo ligands to bridging groups is a common way to

decrease π antibonding. The π -symmetry lone pair(s) on a bridging oxygen are less

available for bonding and metal-oxygen overlap is less at the longer distances found for µ-

oxo species.

1.6 Chlorine dioxide decomposition

The decay of the ClO2 in various condition has been investigated previously by several

research groups (Scheme 1.5). Kinetic evidence shows three concurrent pathways

exhibiting a first order dependence in [OH-] but variable order in [ClO2]. Pathway 1 is the

disproportionation reaction and first order in chlorite anion concentration. The

(HOCl(O)O)- intermediate proposed in pathway 1 is the adduct of OH- with Cl atom of

ClO2 where is observed similarly in reaction of ClO2 with hydrogen peroxide (HO2
-),68 and

thiosulfate (S2O3
2-)69. Computational studies of this adduct (HOCl(O)O)- revealed that a

significant amount of negative charge from OH- is transferred to ClO2.70 The kinetics and
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the ab initio calculation support that nucleophile, in this case OH-, and ClO2 must come

together in the transition state assisting the electron-transfer process from the outer sphere.

The proposed intermediate in pathway 2 (OClOOH)- is the adduct of OH- with the oxygen

atom of ClO2.71 Computational studies are indicative of this intermediate as the most

favorable intermediate where OCl is weakly bound to an OOH fragment. A rapid electron

transfer with a second ClO2 will produce ClO2
- and OClOOH making the latter species

undergo reaction with OH- favorably to generate HOClO and HOO-.  The reaction of ClO2

and HOO- is known to give ClO2
- and O2.71 The second-order reaction rate constant for the

ClO2 decay by hydrogen peroxide (HO2
-) is calculated to be 1.3*105 M-1s-1 and the low

lying plateau value at pH lower than 6 is indicative of the unreactive nature of non-

dissociated H2O2 (k<0.1 M-1s-1).71 Pathway 2 is first order in chlorine dioxide but forms

chlorite anion as the only chlorine containing product.

Pathway 3 is considered second order in chlorine dioxide and generates equal amounts of

ClO2
- and ClO3

-. A Cl2O4 intermediate is proposed in this path which was proposed by

Halperin and Taube.72 Similar intermediate Br2O4 was proposed for BrO2
-.73 At high

concentrations of ClO2, pathway 3 causes the overall ClO3
- yield to approach the overall

yield of ClO2
- attack on an oxygen atom of ClO2 that leads to peroxide intermediates and

yields ClO2
- . Considering all the chlorinated products formed, pathway 3 is not sufficient

enough and combination of two pathways should be present to produce all in the

decomposition of ClO2. Pathway 2 is attributed to OH- and O2 as products.
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Scheme 1.5 Proposed Mechanisms for the Decomposition of Chlorine Dioxide.

1.7 Environmental concerns: accumulation and toxicity

The oxyanion of chlorine (ClOx
-, x = 1-4) have found numerous industrial applications as

bleaching agents, explosives, herbicides, and disinfectant. The wide range of applications

and high solubility in water has led to severe contamination of water sources by these toxic
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anthropogenic pollutants. Despite thermodynamic properties of these oxyanion as strong

oxidizing reagents, slow kinetics generally limits their reactivity. Perchlorates, the most

unstable class of these oxyanions, require a decomposition temperature as high as 150 °C

for ammonium perchlorate or 492 °C for sodium perchlorate.74 The lack of reactivity

results from high strength of chlorine-oxygen bonds, and the requirement that reduction

proceed by removal of an oxygen atom, rather than by direct interaction of a reducing

agent with a chlorine atom.74, 75 This capacity as a strong oxidant and the limited reactivity

nature allow these oxyanions to persist in the environment and they are hard to treat by

chemical reduction, while catalytically and biologically mediated reactions can effectively

degrade them. Due to highly solubility and stability nature of these oxyanions; they

mobilize through the water-soil system and accumulate in the water supplies or even in

edible plant species of high human consumption which has attracted recent attention. The

ingestion of food products containing these oxyanions represents a potential health risk to

people due to their adverse effects on thyroid, hormone, and neuronal development, mainly

in infants and fetuses.

1.8 Summary

This introduction has described the latest hygienic concerns of the 21st century and an

innovative way to resolve these via chemical catalysis. Chlorine Dioxide is a superior

biocide that serves as the best alternative to chlorination in multiple industries such as

water/wastewater treatment, hospitals, food, and agriculture industries. We have seen also

how biomimetic model compounds based on iron and manganese porphyrins have not only
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assisted in understanding P450 reactivity but have also provided new insights that are of

much use for the future of biomimetic and practical catalysis.

The previously investigated catalysts for one electron oxidation of chlorite to ClO2 are

based on the manganese or iron porphyrin complexes.40-42 In these systems, the chlorite

dismutation initiates through the electron transfer (ET) followed by oxygen atom transfer

to afford high valent manganese and iron-oxo. Both oxidation sates (IV and V) of these

oxo complexes will oxidize chlorite directly to ClO2.40-42 Although the full conversion of

chlorite to ClO2 was achieved under physiological pH using water soluble Fe or Mn

porphyrins, they suffer from a few drawbacks such as the instability of the catalysts in

oxidative environment, and poor atom economy in the synthesis of these catalysts. Interest

in developing a simpler catalyst design, enhancing the stability of the catalyst in oxidative

environment, and obtaining materials from renewable resources inspired us to design a

class of catalysts derived from the lignin precursors. Lignin has an outstanding

characteristic of being highly resistant/recalcitrant towards both chemical and biological

degradation, resistant to oxidative transformation in particular.76 In next chapter, we will

describe a simpler catalyst design with the use of an earth-abundant metal and readily

available ligand that offers a convenient route to ClO2 production under mild and

noncorrosive conditions. This system clearly reaffirms the production of high valent Mn

and Fe-oxo intermediate. ClO2 remediation occurs at lower rate than ClO2 production

which is of interest from an environmental standpoint.
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2.1 Introduction

The application of chlorine dioxide (ClO2) in water treatment is growing because of its

superior antimicrobial properties and lower tendency to generate harmful chlorinated

organic by-products.1-5 Chlorine dioxide is a radical species that represents the oxidation

number +4 for the central chlorine atom. It exists as a monomer but is explosive as a

compressed gas. As a result, it must be manufactured at the point of use. However, ClO2

is readily soluble in water, does not hydrolyze, and is quite stable in neutral or acidic

solutions. In its reactions with contaminants, ClO2 electron-transfer reactions have been

compared to those of singlet oxygen.6, 7 Because bromide is not oxidized by chlorine

dioxide, water treatment with chlorine dioxide, unlike ozone or chlorine, avoids

formation of bromoform.8

Most of the previously investigated catalysts for the one electron oxidation of chlorite to

ClO2 are based on manganese or iron porphyrin complexes.4, 5, 9, 10 In these systems, the

chlorite dismutation initiates through oxidation of Mn (II or III) or Fe (III) by chlorite

ions to afford high valent Mn and Fe (IV or V) and hypochlorite ions. Both oxidation

states IV and V oxidize chlorite directly to ClO2.4, 5, 9, 10 Although the full conversion of

chlorite to ClO2 was achieved in water using water soluble Fe or Mn porphyrins, these

systems suffer from expensive ligand and catalyst syntheses. Interest in developing a

simpler catalyst design, enhancing the stability of the catalyst in an oxidative
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environment, and obtaining materials from renewable resources inspired us to design a

class of catalysts based on molecules that can be derived from lignin.

Lignin has an outstanding characteristic of being highly resistant towards both chemical

and biological degradation, and resistant to oxidative transformation in particular.11

Catalytic depolymerization of lignin results in monomeric product distribution where 2-

methoxy-4-propylphenol (dihydroeugenol, DHE, 1) was reported as one of the main

products of lignin valorization.12, 13 In this paper, we describe a simple catalyst design

based on a readily available ligand that offers a convenient route to ClO2 production in

water. This system proceeds through high valent Mn and Fe (IV and V) intermediates

with rates of ClO2 production that are higher than its subsequent degradation, which

makes these catalysts of interest for environmental applications.

Mannich condensation reaction of DHE with formaldehyde and amino acids (glycine in

this study) affords a class of ligands similar to the salan type ligands known to be

versatile and resistant to oxidative damage14-16 (Scheme 1). This class of ligands is

readily synthesized, can be easily modified, and they are suitable for binding iron and

manganese with a large formation constant.17-19 Here we provide the synthesis and

characterization of two lignin derived non-heme Fe-DHEG 2 [FeIII(DHEG-3H)(H2O)2]

and Mn-DHEG 3 [MnIII(DHEG-3H)(H2O)2] complexes and their catalytic generation of

chlorine dioxide from the oxyanion chlorite under mild conditions. In contrast to

porphyrin complexes, peroxyacetic acid (PAA) is required to initiate catalysis and

generates the putative high-valent Mn and Fe complexes. This step is the rate

determining step. The reaction proceeds efficiently reaching completion within 15
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minutes in the presence of 2 mol% catalyst loading at 25 °C. Kinetics of ClO2 further

reaction with 3/PAA is studied and its mechanism illuminated.

Scheme 2.1. Synthesis of ligand 1 and its Fe and Mn complexes 2 and 3. ML3.YH2O represents
FeCl3.6H2O or Mn(CH3COO)3.2H2O. Isolated yields are reported in parentheses.

2.2 Experimental

2.2.1 Materials

2-Methoxy-4-propylphenol (dihydroeugenol, DHE), glycine, iron(III)chloride

hexahydrate (FeCl3.6H2O), manganese (III) acetate dihydrate (Mn(CH3COO)3.2H2O),

triethylamine, hydrogen peroxide (30 wt % in water), peracetic acid solution (32 wt % in

dilute acetic acid), potassium iodide, sodium thiosulfate, and thyodene were purchased

from Sigma-Aldrich. Formaldehyde (37 wt.% solution in water, methanol-stabilized)

was obtained from Spectrum Chemicals. Sodium chlorite (NaClO2, 80%) was purchased

from Acros Organics Chemicals.

Reactions were mainly carried out under air unless otherwise indicated where using

standard Schlenk techniques with an atmosphere of either purified nitrogen or argon.

Solvents were purchased from Scientific Fisher and were used without further

purification. Commercial chemicals were used as received without further purification



CHAPTER 2

30

except sodium chlorite. Deionized (DI) water was obtained from a Millipore Milli-Q

Academic TC water purification system. Acetate buffers (50.0 mM) were prepared by

dissolving sodium acetate (2.47 g) in 1-liter deionized water and adding acetic acid to

the desired pH. Phosphate buffers (50.0 mM) were prepared by dissolving mono sodium

phosphate (27.6 g) and dibasic sodium phosphate (53.7 g) into 1-liter water separately.

A mixture of 195 mL of monobasic and 305 mL of dibasic sodium phosphate was

prepared in 1-liter volumetric flask and filled with DI water up to the mark line reaching

the desired pH.

2.2.2 Instrumentation

1H-NMR and 13C-NMR spectra were recorded on a Varian 400 MHz spectrometer at

298 K and referenced against residual solvent signal. ESI mass spectra were obtained

using a Finnigan LTQ Linear Ion Trap Mass spectrometer in positive ion mode. UV-vis

and kinetic measurements were carried out at 25.0 ± 0.1 °C in a quartz cuvette (3.5 mL

total volume, path length = 1.00 cm) fitted with a septum. Rate constants for chlorite

oxidation by PAA in the presence of a catalytic 2 or 3 were determined by monitoring

the appearance of the absorption bands at 360 nm due to the formation of chlorine

dioxide. Typically, chlorite concentration was in excess and much larger than that of

PAA. Yields of ClO2 were calculated based on the extinction coefficient of ClO2 at 360

nm and based on a stoichiometry of 2:1 for ClO2
- : PAA.

Fast reactions (less than one minute) were performed on a KinetAsystTM SF-61SX2

Stopped Flow spectrometer using traditional UV-vis and rapid mixing techniques.

Solutions of catalyst were prepared in acetate buffer (pH 4.0) /methanol mixed 1:1 ratio
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by volume. PAA solution was prepared in acetate buffer at pH 4.0. All reactions and rate

calculation are based on final concentrations resulting from 1:1 mixing mode of the two

reactants solutions. The catalyst signals were monitored by the decay of absorption

bands at 330 and 490 nm. Analysis was an average of 5 experiments and fitting

employed the KinetAsyst software package.

X-ray Data Collection, Structure Solution and Refinement; the crystal was mounted on a

cryo-loop and transferred to a Bruker Kappa APEX II diffractometer. The APEX2

program was used to determine the unite cell parameters and data collection (30 sec /

frame, 0.5 deg. /frame Omega scan). The data were collected at 100k with Oxford cryo-

system. The raw frame data were processed using SAINT program. The absorption

correction was applied using program SADABS. Subsequent calculations were carried

out using SHELXTL program. The structure was solved by direct methods and refined

on F2 by full-matrix least-squares techniques.

2.3 Purification of sodium chlorite

Sodium chlorite was purified by dissolving 10.0 g (111 mmol) of sodium chlorite in

minimal water (~20.0 mL) resulting in a homogeneous solution of faint yellow color.

Approximately 0.10 g (0.48 mmol) of barium chloride (BaCl2) was then added to the

solution and stirred to give a white precipitate, Ba(ClO3)2. The precipitate was removed

by filtration. The resulting solution was then subjected to heat and reduced pressure

resulting in a white solid. The resulting solid was then dissolved in a minimal amount of

water (~20 mL) and ethanol (200 proof, ~ 8 mL) was added dropwise until a white

precipitate was observed. If ethanol is added in very large excess (>500 mL), sodium
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chloride will also precipitate. The resulting precipitate was isolated by vacuum filtration

and dried under vacuum for 2 hours resulting in 4 g of white solid. The purity (99.4%)

was confirmed by UV-vis spectroscopy. Chlorite has an absorbance at 260 nm, ɛ = 154

M-1 cm-1.

2.4 Ligand Synthesis

The ligand 1 (DHEG, bis(2-hydroxy-3-methoxy-5-propylbenzyl) glycine) was

synthesized using previously reported literature.20 DHE (6.6 g, 40 mmol) was added into

a mixture of glycine (1.5 g, 20 mmol) and 37 % aqueous formaldehyde (3.3 g, 40 mmol)

at ambient temperature. Overall, 60 mL methanol/water (2:1 ratio) were used in this

reaction. The mixture was stirred at reflux for 24 hours. A white solid precipitated upon

removing 50% of methanol by a rotary evaporator and collected by vacuum filtration.

Further purification was achieved by dissolving the white solid in minimal amount of

methanol (~10 mL) at 60 °C and adding hot water until a precipitate was observed. The

resulting solution was left in a refrigerator (5 °C) overnight, filtered the white

precipitate, and then dried under vacuum. Yield: 6.1 g, 14 mmol (70 %, white solid), 1H-

NMR (CDCl3-400 MHz): δ (ppm) 6.42 (s, Ar-H, 2H), 6.27 (s, Ar-H, 2H), 3.52 (s, O-

CH3, 6H), 3.43 (s, CH2, 4H), 3.00 (s, CH2, 2H), 2.38 (t, CH2, 4H, J=8 Hz),  1.52 (m,

CH2, 4H), 0.89 (t, CH3, 6H, J=8 Hz). 13C-NMR (CDCl3-125 MHz): δ (ppm) 177.2,

147.6, 143.7, 133.0, 122.0, 121.7, 111.3, 56.5, 56.3, 55.5, 37.8, 25.0, 14.1. ESI-MS

(positive mode, MeOH solution): m/z calcd for C24H33NO6 Na 454.23, found 454.2 [M+

Na]+; elemental analysis calculated for C24H32NO6Na.2H2O: C 58.88, H 7.41, N 2.86;

Found: C 58.2, H 6.9, N 3.0.
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Single crystals of the sodium salt of DHEG ligand was obtained either from acetone or

dichloromethane by slow evaporation at ambient temperature, indicative of bonds

forming between formaldehyde -CH2 and the ortho position on the phenol ring.

2.5 Synthesis of Fe and Mn Complexes

Fe-DHEG, 2: Triethylamine (Et3N, 1 mL, 0.73 g, 7.2 mmol) was added into a solution

of 1 DHEG (0.50 g, 1.16 mmol) in 10 mL methanol in air, stirred at room temperature

for an hour deprotonating the hydroxyl groups on the ligand 1. Upon addition of the

solution of FeCl3.6H2O (0.31 g, 1.16 mmol) in 10 mL methanol to the ligand / Et3N

mixture, the color of the solution turned purple. The reaction mixture was refluxed in air

overnight. After the reaction cooled to room temperature, the solvent was removed by

rotary evaporator. Upon addition of 10 mL acetone/Et2O (1:1 v/v) to this mixture, a

white precipitate, triethylammonium chloride, was formed which then filtered from a

solution and washed with Et2O. The Fe complex was obtained from the filtrate after

removing the solvent using rotary evaporator. Single crystal was obtained in

acetone/water (1:1 ratio). Yield: 0.376 g, 0.78 mmol (67%, purple solid), elemental

analysis calculated for C24H30FeNO6.H2O: C 57.4, H 6.4, N 2.79; Found: C 57.7, H 6.9,

N 2.6; ESI-MS (positive mode, MeOH solution): m/z calcd for C24H30FeNO6 484.35,

found 539.1 [M+ Na + CH3OH] +;   UV/Vis [MeOH]: λmax, nm (ɛ, M-1 cm-1): 286

(8920), 320 (5310), 540 (2470). X-band, perpendicular-mode EPR (MeOH, 90 K) g =

8.4, 4.3. Mӧssbauer (MeOH, 77 K) δ = 0.32 mm/s; ΔEQ = 0.44 mm/s. Evans’ method

(CD3OD, 298 K, 400 MHz), μeff = 5.7 μB.
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Mn-DHEG, 3: A solution of Mn(CH3COO)3.2H2O (0.31 g, 1.16 mmol) in 10 mL

methanol was added to a mixture of DHEG (0.50 g, 1.16 mmol), Et3N (1 mL, 0.73 g, 7.2

mmol ), and methanol (15 mL) under ambient atmosphere, immediately resulting in a

red-brown solution. The solution was refluxed in air for 6 h. Subsequently, the solvent

was removed under vacuum. Following the same work up procedure as Fe complex, the

desired Mn-complex was obtained from the filtrate after removing the solvent under

vacuum. Yield: 0.092 g, 0.19 mmol (73%, brown solid), elemental analysis calculated

for C24H30MnNO6.2H2O: C 55.49, H 6.60, N 2.70; Found: C 55.5, H 6.4, N 3.1; ESI-MS

(positive mode, MeOH solution): m/z calcd for C24H30MnNO6 483.44, found 506.2

[M+Na]+, and 538.2 [M+ Na + CH3OH]+; UV/Vis [MeOH]: λmax, nm (ɛ, M-1 cm-1):

248 (15218), 280 (8331), 370 (3613), 490 (2789). Evans’ method (CD3OD, 298 K, 400

MHz), μeff = 4.2 μB.

Figure 2.1: ESI-MS spectra of Fe-DHEG and Mn-DHEG complexes, both are consistent of the
mononuclear compounds and the absence of chlorine coordination.

ESI-MS spectra of the complexes do not show any halogen pattern indicating that no

chlorine is retained as a ligand or an anion in the resulting complexes (Figure 2.1). Only
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two major peaks appeared on the ESI-MS (positive mode, in methanol) spectra which

were assigned to M+Na+CH3OH (the base peak) and M + Na where M represents the

molar mass of the corresponding mononuclear Fe or Mn complex.

These complexes are well soluble in MeOH, acetonitrile, THF, DCM, less soluble in

CHCl3 and acetone, and insoluble in less polar solvents such as Et2O and hexane.

2.6 Elemental analysis

Elemental analysis of the complexes (2-3) fits with two molecules of water coordinated

to the metal center (Table 2.1). Higher ratio of C/N was obtained which can be attributed

to the presence of small triethyl amine coordination.

Table 2.1 Elemental analysis of the DHEG ligand and the corresponding Fe/Mn complexes.
Weight % C H N C/N ratio

Experimental DHEG 58.22 6.859 2.926 19.90

Theoretical Na Salt, 2H2O 58.88 7.41 2.86 20.58

Experimental Fe-DHEG 55.74 6.91 2.548 21.88

Theoretical Fe-DHEG, 2H2O 55.39 6.59 2.69 20.59

Experimental Mn-DHEG 55.53 6.399 3.079 18.04

Theoretical Mn-DHEG, 2H2O 55.49 6.60 2.70 20.55

2.7 X-ray Structure of 2, Fe-DHEG

Single crystal of 2 was obtained in acetone/water (1:1 ratio) by slow evaporation at

ambient temperature. An ORTEP diagram of 2 is shown in Figure 2.2. The X-ray crystal
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structure of 2 indicates mononuclear FeIII-DHEG complex where Fe is coordinated by

three O anions of OH groups on the ligand 1, one N atom as well as two solvent (water)

molecules of crystallization to complete the octahedral geometry. This structure agrees

well with the elemental analysis data and mass spectrum. Clearly, the conformation of n-

propyl substituent on the phenol ring is captured in two various crystalline packings.

Carbon atoms of n-propyl group can rotate in various angles which might create

problems with respect to growing a single crystal suitable for X-ray.

Figure 2.2 X-ray crystal structure of 2 Fe-DHEG (hydrogens are omitted for clarity).

Attempts to get the molecular structure of 3 Mn-DHEG by X-ray diffraction analysis

were unsuccessful even though crystalline solids were obtained several times. Crystal

structure of similar complexes indicate a wide diversity of conformations due to the

flexibility of the tetradentate ligand. In this study, the n-propyl group on the ligands may

also increase the number of degrees of freedom and the number of possible crystal

packing variations.

The association constant of 3 is also determined using Benesi-Hildebrand equation

(Figure 2.3). Even though, ESI mass spectroscopy and the elemental analysis verified
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the mononuclearity of 3, the titration experiment fits nicely a 1:1 (metal:ligand) binding

model as suggested by the Job’s plot diagram (Figure 2.4).

2.8 General procedure for drawing Job plot by UV–vis method:

Stock solution of Mn(CH3COO)3.2H2O (20ml, 3.0×10-4 M) and DHEG (20ml, 3.0×10-4

M) were prepared in methanol. Triethylamine (NEt3, 0.36 g, 1.4×10-2 M) were added to

the solution of DHEG before the solvent reaches to the line marked on the volumetric

flask. PH of the solution was 9.8 and stayed constant during the titration. Various

volume of the Mn(CH3COO)3.2H2O solution were titrated into DHEG solution. The

UV-vis absorbance in each case were measured after 0.5 hour stirring at room

temperature. Benesi-Hildebrand equation was used to determine the binding constant

value of Mn3+ with DHEG.21-23

1− = 1( − )[ ] + 1−
Where A is the absorbance of Mn-DHEG complex during the titration, A0 is the

absorbance at the beginning (before addition Mn3+ into the DHEG solution). Amax is the

maximum absorbance in this titration. Kf is the association constant (M-1) and [Mn3+]

represents the concentration of Mn3+ added. Kf values can be determined from the slop

of the plot, 1/(A-A0) vs 1/[Mn3+].
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Figure 2.3 (a) UV-vis absorption titration spectra of Mn(CH3COO)3.2H2O (20ml, 3.0×10-4 M) and
DHEG (20ml, 3.0×10-4 M) and triethylamine (NEt3, 0.36 g, 1.4×10-2 M) in methanol. (b) Benesi-
Hildebrand plot of DHEG with Mn3+ at pH 9.8.

The association constant of 3 was also determined using the Benesi-Hildebrand equation

(Figure 2.3) and found to be 6.62 × 103 M-1 in water at pH 9.8 and 25 °C.21-23 Although,

ESI mass spectroscopy and elemental analysis verified the mononuclearity of 3, the

method of continuous variation was performed to determine the stoichiometry of ligand

to metal binding in complex 3. The titration results fit well for a 1:1 DHEG/Mn (L is

the mole ratio of DHEG/Mn) binding model as suggested by Job’s plot (Figure 2.4).

Thus, we conclude that complex 3 is a mononuclear Mn(III) complex in solution.
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Figure 2.4 (a) UV-vis absorption spectra of [DHEG] (3.0 × 10-4 M) in the presence of Mn3+ (b)
Job’s plot diagram of a DHEG –Mn complex determined at 490 nm and pH 9.8 (L is the mole
fraction of DHEG / Mn).

2.9 Oxidation State of 2, Fe-DHEG

The electronic absorption spectra of complex 2 has been recorded in methanol solution

(Figure 2.5).  The UV-vis spectra of Fe-DHEG contains three main absorption bands at

286 nm (8920 cm-1 M-1), 320 nm (5310 cm-1 M-1), and 540 nm (2470 cm-1 M-1).

Figure 2.5 (a) UV-vis of various concentration of 2 in methanol; (b) Extinction coefficient (ɛ) of
the absorption bands is calculated.
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EPR of complex 2 in perpendicular mode at 10 K showed peaks with g values at 8.1, 5.4

and 4.3 that are consistent with a rhombic mononuclear high spin Fe (III) (S=5/2)

(Figure 2.6). This oxidation state (+3) for 2 was further supported by the magnetic

susceptibility determined in CD3OD solution (Evan’s method) at ambient temperature

which gave eff = 5.7 µB (associated with 5 unpaired electrons). The Mossbauer

spectrum of 2 (Figure 2.6) showed a well resolved doublet with the isomer shift IS =

0.32 mm/s and quadrupole splitting QS=0.44 mm/s indicative of the high spin (HS) Fe3+

(S=5/2).

Figure 2.6 left) EPR spectrum of 2 Fe-DHEG in DMF/THF at 10 K; right) Mossbauer Spectra of
2 Fe-DHEG

2.10 Oxidation State of 3, Mn-DHEG

The electronic absorption spectra of red-green manganese complexes have been

recorded in methanol solution confirming the oxidation state of +3 for Mn compound 3

(Figure 2.7). Mn (III) (3d4, S = 2) is considered one of the transition-metal ion that

commonly forms octahedral high-spin (HS) complexes.24 The ground state of the high-

spin 3d4 ion is 5D which splits into 5Eg and 5T2g components in an octahedral field.25 An
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unpaired electron in the dz
2 HOMO orbital of a high spin d4 octahedral transition metal

compound exhibits elongation (z-out) Jahn-Teller distortion (JTD).26-28 If this distortion

is static in nature and sufficiently large, one might expect to see up to four “visible”

bands arising from transitions to the three components of 5T2g (splits in 5B2g and 5Eg) and

the other component of 5Eg (splits in 5B1g and 5A1g) in low symmetry. These four bands

were observed on the absorption spectra of Mn-DHEG at 280, 370, 490, and 800nm,

where the three former bands overlapped with charge transfer (CT) transitions. The band

at 800 nm is only observed for the Mn(III) HS complexes.26 The most intense absorption

was centered at 250 nm (15218 cm-1 M-1) indicative of π → π* transitions in the

phenolates. The shoulder at 280 nm (8331 cm-1 M-1) is due to overlapping of spin

forbidden d-d transition with ligand absorption. Similarly to what was observed for

manganese complexes of tetradentate diphenolate-amino ligands,27, 29 analysis of

transitions shows that the band centered at 370 nm (3613 cm-1 M-1) and 490 nm (2789

cm-1 M-1) with a wide excitation range was tentatively assigned these as metal-to-ligand

charge-transfer (MLCT) from Mn-O π orbitals to Mn-DHEG δ* molecular orbitals.

MLCTs are very broad in character, hence it is attributed to mask any weak band due to

d-d transition centered on the Mn(III) metal.
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Figure 2.7 (a) UV-vis Spectra of DHEG ligand (67µM, dashed line), Mn-DHEG (94 µM, solid
line) in MeOH; (b) UV-vis of various concentration of 3 Mn-DHEG in methanol; (c) Extinction
coefficient (ɛ) of the absorption bands is calculated.

Jahn-Teller distortion is not expected in 3d3, and 3d5 HS electron configurations in

transition metals because of the high symmetry of Eg orbitals (Eg orbitals are not

occupied in d3 or evenly occupied in d5).30 Thus neither Mn (II) or Mn(IV) high spin

complexes, nor Fe(III) would be expected to experience JTD. Martina and co-worker

have reported a series of Mn(II) ligands with two types of donor atoms, mainly NHC

and phenolate donors.30 In each case, only two bands were observed, one near 250 nm,

and the other between 300-500 nm. Similarly, Fe-DHEG (HS, 3d5) display two peaks at

285 nm (6,745 M-1 cm-1) and 520 nm (M-1 cm-1) with intensities indicative of charge-

transfer transitions.

Magnetic susceptibilities were determined using the Evans NMR method at ambient

temperature in CD3OD and resulted in the expected values of high-spin Mn(III) (4

unpaired electrons for 3, µeff = 4.2 µB).

EPR spectra of 3, Mn complex was obtained at 77 K and 10 K, in perpendicular (ꓕ) and

parallel (‖) modes (Figure 2.8). The features are much more resolved at 10 °K than at 77
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°K but both are in agreement with each other. Mn-DHEG, in II-mode at 10 K, has

features at g = 4.9, 3.1, 2.1 in addition to a characteristic EPR peak at g=10 in ‖-mode

consistent with a high spin mononuclear Mn(III) center (S=2). It agrees well with the

magnetic susceptibilities determined by Evan’s method. The large hyperfine constant of

525 MHz for a Mn(III) center, indicating the unpaired electrons are localized on the Mn.

Figure 2.8 EPR spectrum of 3, Mn-DHEG in DMF/THF at 10 °K.

2.11 Catalytic oxidation of Chlorite (ClO2-) to chlorine dioxide (ClO2)

2.11.1 Fe-DHEG and Formation of ClO2

Catalytic oxidation of chlorite to chlorine dioxide ClO2 by non-heme iron/manganese

complexes, 2 and 3 has been studied at ambient temperature at pH 5.0. Figure 2.9 shows

the typical spectral change observed in the presence of catalyst 2. The UV-visible

spectrum of the Fe-DHEG in the presence of chlorite anion shows a small blue shift

from 540 to 520 nm and does not change further over 40 minutes (Figure 2.9, blue

spectrum), demonstrating the resistance of catalyst 2 to chlorite solution. This is in sharp

contrast to what has been observed previously with Fe/Mn porphyrins where chlorite
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oxidizes the catalyst to higher oxidation states (IV or V). These catalysts revealed high

stability of the oxidation state of +3 on the metal. Addition of 1.3 mM PAA to a mixture

of chlorite (6.2 mM) and catalytic amount of Fe-DHEG (0.04 mM) in acetate buffer (pH

5.0) results in spectral changes as shown in Figure 2.9. Chlorite is consumed as seen at

260 nm (ɛ = 154 M-1 cm-1), formation of chlorine dioxide is observed at 360 nm (ɛ =

1200 M-1 cm-1), and the Fe-DHEG characteristic absorption band at 520 nm is vanished.

These results suggest that the oxidation of 2 to Fe (IV or V) is the rate determining step

in the catalytic reaction. A stronger oxidant such as PAA will facilitate this step which is

further studied by stopped flow spectroscopy.

Figure 2.9 UV-vis spectral changes of the chlorite oxidation with 2 Fe-DHEG at pH 5.0.
Conditions: [ClO2

-] (6.2 mM, dashed black), initial catalyst [Fe-DHEG] (0.04 mM, green),
mixture of chlorite and Fe-DHEG (blue, stays the same over 40 minutes), after addition of PAA
(1.3 mM, dashed red), change in concentration of ClO2 versus time after addition of PAA.

2.11.2 Mn-DHEG and Formation of ClO2

Catalytic oxidation of chlorite ClO2
- to chlorine dioxide ClO2 by non-heme manganese

complex 3 (Mn-DHEG) has been studied using peracetic acid, PAA; as a secondary
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oxidant at 25.0 °C at pH 4.0 and 5.0 Figure 2.10 shows the typical spectral change

observed in the presence of the catalyst. The absorbance increase at 360 nm is primarily

attributed to chlorine dioxide formation. Around 260 nm region, the net effect of the

disappearance of chlorite ion and the formation of ClO2 is observed. Good yields of

ClO2 (80%) were observed in less than 10 minutes in the presence of 30 µM Mn-DHEG

and various ratio of peroxyacetic acid at pH 4.0. The yields of ClO2 drops to 55% at pH

5.0.

Oxidation of chlorite was not obtained using other oxidants such as hydrogen peroxide

(H2O2) and ammonium persulfate (APS), as shown in Figure 2.10. Uncatalyzed reaction

was performed with no manganese present in the solution at pH 4.0 and 5.0. The rate of

oxidation is insignificant compared to the corresponding catalyzed reaction indicating

that negligible amount is attributed to the uncatalyzed reaction (Figure 2.10).

Figure 2.10 Left) Absorption spectral changes of [ClO2
-] (5.1 mM, blue line) upon addition of Mn-

DHEG (30.0 µM) and PAA (1.27 mM) (gray and red lines) at pH 5.0 b) The effect of using other
oxidants such as H2O2, (2.5 mM) or APS (2.7 mM) on one electron oxidation of chlorite and
uncatalyzed reaction with PAA (2.5 mM); Right) The effect of using other oxidants such as
hydrogen peroxide (H2O2, 2.5 mM) or ammonium persulfate (APS, 2.7 mM) on one electron
oxidation of chlorite; and the uncatalyzed reaction of chlorite with PAA (2.5 mM).
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2.12 Catalyst activation

2.12.1 Oxidation of Fe-DHEG by PAA

The time profiles of the reaction of 2 with PAA were obtained by a stopped flow

spectrometer. Upon addition of PAA, 2 is fully consumed giving rise to higher oxidation

states of the iron complex as evident by UV-Vis (Figure 2.11a). UV-vis spectra of the

activated catalysts exhibit a band at 330 nm and two isosbestic points (407 and 344 nm)

during this reaction. The presence of the isosbestic points indicates that only two species

contributing to the UV-vis absorbance without any intermediates involved in the

reaction.

Figure 2.11 (a) UV-Vis spectral changes for the reaction of 2 with PAA, Fe-DHEG (0.14 mM,
black line), added PAA (0.22 mM). (b) Time-resolved of absorbance at 540 nm due to formation
of MnIV complex, the reaction of 0.14 mM of Mn with various concentration of PAA (solid lines),
first order kinetic modeling fits (dotted lines). (c) Plot of pseudo-first order rate constant (kobs) of
the decay of FeIII(OOR) versus initial [PAA]. The observed second-rate constant (kobs) is (306 ±
20) M-1s-1.

The time profile of the activation of 2 obeys the first-order kinetics and allows us to fit it

into a modeled exponential curve to obtain the observed pseudo-first order rate constant

(kobs) (Figure 2.11b). The observed second order rate constant (kobs) calculated from the
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slope of kobs vs [PAA] is 306 ± 20 M-1s-1. During the catalyst activation, at the first

stage, heterolytic peroxide bond cleavage will result in formation of [Fe(IV)=O]

species.31

2.12.2 Oxidation of Mn-DHEG by PAA

The time profiles of the reaction of 3 with PAA were acquired by a stopped flow

spectrometer. Upon addition of PAA, 3 is fully consumed giving rise to higher oxidation

states of the manganese complex as evident by UV-Vis and EPR spectroscopy (Figure

2.12a). UV-vis spectra of the activated catalysts exhibit a band at 330 nm that can be

assigned to Mn(IV) species as reported in previous literatures.32, 33 The sixteen-line

hyperfine pattern of EPR spectrum is clearly indicative of manganese (IV) which is in

agreement with previously reported of these type of Mn(IV) species.31, 34

Figure 2.12 (a) Formation of MnIV species supported by UV-vis spectroscopy when Mn-DHEG is
reacted with PAA. Mn-DHEG (0.14 mM, black line), added PAA (0.84 mM, dashed line), (b)
Time-resolved absorbance at 490 nm, the reaction of 0.14 mM of Mn with various concentration
of PAA (solid lines), first-order kinetic fits (dashed lines). (c) Plot of pseudo-first order rate
constant (kobs) of the decay of MnIII versus [PAA]. The second-order rate constant (k3, PAA) is (175
± 8) M-1s-1.

The time profile of the formation of Mn(IV) obeys the first-order kinetics at lower

concentration of PAA (< 8 [Mn]) allows us to fit it into a modeled exponential curve to
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obtain the observed pseudo-first order rate constant (kobs) (Figure 2.12b). The observed

second order rate constant (kobs) calculated from the slope of kobs vs [PAA] is 175 ± 8 M-

1s-1. This agrees with kinetic study at 330 nm under steady-state conditions with k3, PAA

=151 ± 6 M-1S-1 (Figure 2.13). During the reaction of 3 (pre-catalyst) with PAA, catalyst

activation, an acylperoxo [MnIII-(OOR)] intermediate is likely formed, followed by

conversion to Mn(IV)-OH.31

Figure 2.13 (b) Time-resolved of absorbance at 330 nm due to formation of MnIV complex, the
reaction of 0.14 mM of Mn with various concentration of PAA (solid lines), first order kinetic
modeling fits (dashed lines). (c) Plot of pseudo-first order rate constant (kobs) of the decay of
MnIII(OOR) versus initial [PAA]. The observed second-rate constant (kobs) is (151 ± 6) M-1s-1

The chemistry after application of PAA is more complex because it is added as a

mixture of PAAH, CH3COOH, H2O2 (Scheme 2.2). UV-vis spectra of the catalysts

remained unchanged in the presence of H2O2 (Figure 2.14), nor chlorite oxidation taken

place using a mixture of 3 Mn-DHEG and H2O2. At lower concentration of PAA, it

takes longer than 60 seconds for 3 to get fully activated.

CH3COOH + H2O2 CH3C(O)OOH + H2O 2.2

Scheme 2.2 Equilibrium reaction of PAA with hydrogen peroxide
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Figure 2.14 Activation of Mn-DHEG with H2O2, H2O2 and acetic acid, and PAA

2.13 Electron Paramagnetic Resonance (EPR)

EPR spectroscopy was used to identify the change in oxidation state of the manganese

catalyst. The spectra from the frozen Mn-DHEG (10 mM) and PAA (20 mM) in

methanol shows a six-line hyperfine pattern at g = 2 with a broad resonance at g = 4

consistent with a high spin S= 3/2 mononuclear Mn(IV) center (Figure 2.15). This is a

typical EPR spectrum for a d3 Mn(IV) ion with relatively small axial zero field splitting

parameter (D).31, 34-36 When D is small (2D << h), a strong signal at g~2 and a weaker

one at g~4 is predicted. The EPR spectrum of higher concentration of PAA is identical

with that obtained at lower concentration of PAA.
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Figure 2.15 EPR spectrum of the resulting complex from reaction of 3 with PAA. Conditions: Mn-
DHEG (10 mM) is reacted with PAA (20 mM) in methanol. The EPR spectrum is taken 20
minutes after the addition of PAA in perpendicular mode at 90 K.

2.14 The Effect of pH on the yield of chlorine dioxide by Mn-DHEG/PAA

The kinetics of the catalytic oxidation of ClO2
- was studied following the formation of

chlorine dioxide (ClO2) at 360 nm because of the minimal contribution of the catalyst

absorption in this region and its low extinction coefficients. Kinetics of ClO2 formation

at pH 5.0 or higher showed an induction period prior to ClO2 formation (Figure 2.16 and

2.17). While time profiles at 360 nm fit a single exponential equation to a first

approximation, the time profiles exhibit features of more complex kinetics (see Figure

2.17 and 2.18). The yield of ClO2 at pH 5.0 was lower than expected by the

stoichiometry of equation 1. Although, PAA is fully consumed over 30 minutes, the

yield of the reaction depends upon pH of the reaction, around 50-60 % at pH 5.0 (Table

2.2) and 80% at pH 4.0 (Table 2.3). The sensitivity of chlorine dioxide yield indicates

product inhibition or further decomposition of chlorine dioxide at higher concentration

of PAA. To explain these phenomena, the reaction of chlorine dioxide with PAA in the
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presence of catalysts was studied. Decomposition of ClO2 was observed which will be

discussed later in this chapter.

Figure 2.16 The effect of pH on the formation of ClO2. Time profile of absorbance at 360 nm due
to formation of ClO2 in the one-electron oxidation of NaClO2 (6.5 mM) by addition Mn-DHEG
(30 µM) and PAA (1.27 mM) at various pH.
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Figure 2.17 Time dependent concentration of chlorine dioxide at 360 nm, pH 5.0, and 25 °C, [Mn-
DHEG] (30 µM), [ClO2
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Table 2.2 Results for the catalytic conversion of chlorite to chlorine dioxide in 50.0 mM acetate
buffer at pH = 5.0. a

[PAA], mM [ClO2], mM Yield%

0.2 0.19 48

0.43 0.47 54

0.62 0.68 55

0.85 0.92 54

1.06 1.3 59

1.16 1.4 59

1.27 1.5 59

a Chlorine dioxide concentrations were obtained from the experiments on Figure 2.16. Yields are
calculated by using the final concentration of chlorine dioxide divided by twice the concentration
of PAA.

Table 2.3: Results for the catalytic
conversion of chlorite to chlorine
dioxide in 50.0 mM acetate buffer
(pH = 4.0). a

[PAA], mM [ClO2], mM Yield%

0.32 0.53 82

0.59 0.94 80

0.95 1.50 79

1.27 2.02 80

1.45 2.28 78

1.66 2.60 78

1.87 2.93 78
a Chlorine dioxide concentrations
were quantified by using UV-vis
spectroscopy at 360 nm and
obtained from experiments on
Figure 2.18.
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The presence of an induction period in the kinetic profiles at pH 5.0 indicates that the

catalyst is not fully activated at the onset of the reaction. Giving more time for the

catalyst activation enhanced the reaction yield up to 60% at pH 5.0. Furthermore, the

catalyst activation is assisted by the higher acid concentration where the disappearance

of the induction period was observed at pH 4.0. Under these experimental conditions

(pH > 4), chlorite was present almost exclusively in the unprotonated form (pKa

(chlorous acid, HClO2) = 2 at 25 °C).37 The UV-vis spectra of chlorite stay the same

over the reaction period of time as an evidence of chlorite being unprotonated. The yield

dependence on pH must originate from a catalytic phenomenon. The stoichiometry of

the reaction is 1:2 PAA:ClO2
- as shown in equation 1.

2.15 Kinetic analysis for catalytic oxidation of chlorite

2.15.1 Catalysis by Mn-DHEG

The kinetics for ClO2 formation by 3, Mn-DHEG were investigated in 50.0 mM acetate

buffer at pH 5.0 and 4.0. When a solution of chlorite (19.5 mM) was monitored in the

presence of 3, an induction period was observed before the first order appearance of

chlorine dioxide at pH 5.0 (Figure 2.16). The kinetics of ClO2 formation catalyzed by

complex 3 at pH 4.0 did not exhibit an induction period. The induction period is

approximately 100 – 200 s depending upon the pH of the solution as well as the initial

concentration of PAA. Under limiting PAA and excess ClO2
- (chlorite = 19.5 mM) the

time profiles followed first order kinetics (Figure 2.19a). The experimentally determined
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rate law showed first-order in [PAA] (Figure 2.19a & c), zero-order in [ClO2
-] (Figure

2.19b), and first-order in catalyst [3] (Figure 2.19d). The rate law is shown in equation 2.

Control experiments in the absence of catalyst 3 afford minimal chlorine dioxide (Figure

2.10). The second-order rate constant k3 was determined to be 144 ± 2 M-1 s-1. This value

is in excellent agreement with the rate constant (175 ± 8 M-1 s-1) determined for the

reaction of Mn-DHEG (3) with PAA by stopped-flow measurements (vide supra). This

confirms that under steady-state catalysis the oxidation of 3 by PAA is the rate

determining step.

d [ClO2] / dt = k3 [3] [PAA]                        (2)

In the pH range 3.7-4.3, kobs of the catalytic reaction does not increase linearly with

increase in acid concentration. The observed rate constant value increased by only 20%

whereas [H+] is doubled. The pH dependence of the catalyst activation, reaction of 3

with PAA, was investigated in the pH range 3.7 to 5.0 by stopped-flow spectrometry.

The reaction kinetics (k3) did not show dependence on proton concentration. As a result,

the pH influences subsequent reactions of the product ClO2 rather than the reaction of 3

with PAA.
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Figure 2.19 Time dependent concentration of chlorine dioxide at pH 4.0 and 25 °C (a) [Mn-
DHEG] (30 µM), [ClO2

-] (19.5 mM), and various concentration of PAA; (b) [Mn-DHEG] (30
µM), [PAA] (1.27) mM), and various concentration of chlorite (ClO2

-); (c) and (d) plot of kobs vs
[PAA], and [Mn-DHEG] respectively.

2.15.2 Catalysis by Fe-DHEG

In similar investigations, the kinetics for the catalytic formation of ClO2 by 2 (Fe-

DHEG) have been studied under steady-state conditions in 50.0 mM acetate buffer at pH

4.0 leading to a second-order rate equation as that observed for the manganese complex

3 (Figure 2.20). The second-order rate constant k2 was determined to be 32 ± 3 M-1s-1
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(Figure 2.20c & d). The steady-state rate constant for the iron system is significantly

lower than the observed rate constant for the reaction of 2 with PAA (k2,PAA = 306 ± 20

M-1 s-1) determined by stopped flow (see Figure 2.11). One plausible explanation is that

further reactions of ClO2 in the presence of catalyst 2 become significant and interfere in

the kinetic study under steady-state conditions lowering the observed k value and yield

of ClO2. The observed yield of ClO2 for catalyst 2 is 40%, which is lower than that of 3,

even though the reaction rate for 2 with PAA is higher. This agrees with what has been

previously reported on the water-soluble iron10 and manganese9 porphyrin systems.
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Figure 2.20 Time dependent concentration of chlorine dioxide at pH 4.0 and 25 °C. (a) [Fe-
DHEG] (70 µM), [ClO2

-] (19.5 mM), and various concentration of PAA; (c) [ClO2
-] (19.5 mM),

[PAA] (1.27 mM), and various concentration of Mn-DHEG; (e) [Fe-DHEG] (70 µM), [PAA]
(1.27) mM), and various concentration of chlorite; (b), (d), (f) plot of kobs vs [PAA], [Fe-DHEG],
and [NaClO2] respectively for the one-electron oxidation of chlorite.
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2.16 Catalytic decomposition of chlorine dioxide

2.16.1 ClO2 decay by catalyst 3, Mn-DHEG

In an attempt to probe whether the product affects the reaction, chlorine dioxide was

collected in 50.0 mM acetate buffer (pH 4.0) as described previously in Ref. 38 and the

reactivity of the catalyst 3, Mn-DHEG with chlorine dioxide was examined. Aqueous

solutions of ClO2 were prepared by mixing NaClO2 (6.5 g) and K2S2O8 (10.5 g) in

sulfuric acid solution (0.2 mL H2SO4 into 20 mL DI water) and bubbling the gas into a

solution with the desired pH.38 The first set of experiment was conducted to determine if

chlorine dioxide would be able to activate the catalyst in the absence of PAA. This was

achieved by reacting Mn-DHEG (0.036 mM) with ClO2 (2.0 mM) in the presence of

sodium chlorite (19.5 mM) at pH 4.0 shown in Figure 2.21, black line. No change in

absorbance indicates that ClO2 cannot activate the catalyst to initiate the catalytic

reaction. The same result was obtained giving a longer activation time (0.5 hour) for the

mixture of ClO2 and Mn-DHEG and then introduce the chlorite solution into the

mixture. Addition of PAA to this solution with black line results in the ClO2 decay

(Figure 2.21, blue line). It is worth mentioning that the catalyst 3 is required for the

decomposition of ClO2 with PAA. In the absence of the catalyst 3, the ClO2 decay was

not observed at pH 4.0.
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Figure 2.21 . Black line) Activation of 3 Mn-DHEG (0.036 mM) with ClO2 (2.0 mM) at pH 4.0.
Chlorite oxidation was not occurred; blue line) change in concentration of ClO2 versus time after
PAA (1.07 mM) added to the solution at 1500 s, the end of the black line.

The second set of the experiments was conducted to confirm these data in the presence

of chlorite upon multiple addition of PAA and the catalyst 3 at pH 5.0 (Figure 2.22).

Upon completion of the reaction (black line), Mn-DHEG (0.036 mM) was injected into

the UV-vis cuvette with excess amount of chlorite. No change in absorbance is observed

verifying that ClO2 could not activate the catalyst (blue line) for further oxidation of

chlorite. Multiple addition of PAA (the second and third addition) was examined after

1500 second and the completion of the reaction (at the end of the black line) shown as

the green and the orange line in Figure 2.22. The result from the second addition of PAA

verified the ClO2 decomposition which is consistent with previous data obtained at pH

4.0. Therefore, the presence of Mn (IV) or Mn (V) is required to initiate the ClO2

decomposition. The catalyst is deactivated at the end of this process (at the end of green

line) as no change in absorbance was observed on the orange line.
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Figure 2.22 Multiple addition of PAA; Black line) Time profile of chlorite (19.5 mM) oxidation
with Mn-DHEG (0.036 mM) and PAA (1.27 mM) at pH 5.0; Blue line) addition of Mn-DHEG
(0.036 mM) at 1500 s to the reaction mixture at the end of the black line; Green line) Second
addition of PAA (1.27 mM) at 1500 s to the black line mixture; Orange line) addition of PAA
(1.27 mM) after 1500 s to the green line mixture.

The similar results were obtained at lower concentration of chlorite anion (6.5 mM) at

pH 5.0. The reaction of ClO2 with 3 in the presence of PAA was investigated at pH 5.0.

This was achieved by reacting Mn-DHEG (36 M) with ClO2 (2.0 mM) in the presence

and absence of sodium chlorite (19.5 mM) and PAA at pH 4.0 (Figure 2.23). ClO2

decayed over hundreds of seconds reaching a concentration [ClO2] = 1.2 mM in 20 min.

Similar behavior was observed at pH 5.0 (Figures 2.22 and 2.23). Both catalyst 3 and

PAA are required for decomposition of the ClO2 product. It is notable that the kinetics of

the ClO2 reaction is significantly faster at pH 5.0 than 4.0. ClO2 is entirely gone in 20

min (Figure 2.23) and furthermore, by the end of this reaction the catalyst is no longer

active for generating ClO2 from chlorite. These results are consistent with a competing

reaction of the active catalyst from 3/PAA that consumes ClO2. This reaction is pH

sensitive and degrades the catalyst.
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Second addition of Mn-DHEG (0.036) and PAA (1.27 mM); where the overall

concentration of PAA is doubled, represents a kinetics resemblance to the consecutive

first-order reactions (Figure 19, red line). Chlorine dioxide, the product of the first

reaction, is consumed on the subsequent steps.

Scheme 2.3: Consecutive first-order reactions of the chlorite oxidation and the ClO2 decay.
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Figure 2.23 (Black line) Time profile of chlorite (6.5 mM) oxidation with Mn-DHEG (0.036 mM)
and PAA (1.27 mM) at pH 5.0; (blue line) addition of PAA (1.27 mM) at 1500 s to the black line
mixture; (red line) addition of PAA (1.27 mM) at the end of blue line at 3000 s.

To account for the observed decay of ClO2 (Figure 2.24), the kinetics for the

decomposition of ClO2 with 3/PAA was investigated in 50.0 mM acetate buffer at pH

4.0 and 5.0. The ClO2 absorbance at 360 nm disappeared faster at pH 5.0 than pH 4.0

upon addition of a mixture of PAA and Mn-DHEG. The time profiles for ClO2 decay

followed first-order in the limiting reagent, ClO2 (Figure 2.24a & b), first-order in

catalyst [3], first-order in [PAA] (Figure 2.24c), and inverse dependence on [H3O+]

(Figure 2.24c). High excess in concentration of PAA at pH 4.0 was necessary to achieve

comparable reaction times as a result of its slower ClO2 decomposition compared to pH
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5.0. Based on the experimental rate-law in equation 3, the rate constant for ClO2 decay

with catalyst 3 is kd,ClO2 = 0.56 M-1 s-1. This value is significantly smaller than k3 = 144

M-1 s-1 for ClO2 formation at pH 4.0 from chlorite (Figure 7).

Figure 2.24 (a) Time profile of chlorine dioxide (1.2 mM) decomposition with Mn-DHEG (0.036
mM) and various concentration of PAA at pH 5.0 (black solid lines) and their first order kinetic
fits (red dashed lines); (b) Time profile chlorine dioxide (1.5 mM) decomposition with Mn-DHEG
(0.036 mM) and various concentration of PAA at pH 4.0 (solid lines) and their first order kinetic
fits (dashed lines); (c) Plot of pseudo-first order rate constant (kobs) of the ClO2 decay versus
[PAA] at pH 4.0 and pH 5.0.

2.16.2 ClO2 decay by catalyst 2, Fe-DHEG

In similar investigations, the kinetics for the catalytic decomposition of ClO2 by 2 (Fe-

DHEG) were also investigated under steady-state conditions in 50.0 mM acetate buffer

at pH 4.0 leading to the same experimental rate-law observed for catalyst 3. The second-

order rate constant for the iron complex 2 k2, ClO2 = 7.6 M-1 s-1, which is significantly

higher than the rate constant for ClO2 decay with catalyst 3 (Figure 2.25).

0 400 800 1200 1600
0.0

0.3

0.6

0.9

1.2

[C
lO

2]
, m

M

Time, s

0.4
0.8
1.3

[PAA], mM(a)

0 400 800 1200
0.0

0.4

0.8

1.2

1.6
[C

lO
2],

 m
M

Time, s

0.65
5.4
16.1

31.8

[PAA], mM(b)

0 10 20 30
0

2

4

6
pH 4.0
pH 5.0

10
3  k

ob
s ,

 s
-1

103 [PAA], M

(c)



CHAPTER 2

63

Figure 2.25 (a) Time profile of chlorine dioxide (1.2 mM) decomposition with Fe-DHEG (0.070
mM) and various concentration of PAA at pH 4.0; (b) Plot of pseudo-first order rate constant (kobs)
of the ClO2 decay versus [PAA] at pH 4.0 (k2,PAA = 7.6 ± 0.2).

2.17 Iodometric method to determine the concentration of chlorite and chlorate

ions

During the catalytic decomposition of chlorine dioxide, the band at 260 nm increases,

which is indicative of chlorite ion formation. 1:3 equivalence of chlorite to the initial

concentration of chlorine dioxide is produced. Furthermore, chlorate ion is identified via

iodometric titration (Table 2.4) and produced in 2:3 ratio of the initial concentration of

ClO2.

The iodometric method has been reported as a reliable analytical technique to measure

the concentration of chlorine dioxide, chlorite and chlorate ions at milligram per liter

level with high precision and accuracy.39, 40

Under mildly basic conditions (pH 7-8.5) chlorine dioxide reacts with iodide ion to form

iodine and chlorite ion:

2ClO2 + 2I- →   I2 +  2 ClO2
-
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Under rather acidic conditions ( pH 2) chlorite ion reacts with iodide ion to form iodine

and the chlorite ion is reduced to chloride ion:

ClO2
- +  4I- +  4H+ →   2I2 +  Cl- +   2H2O

The reaction of chlorate and iodide ions under these conditions is very slow39, and

requires severely acidic conditions (6M HCl) for the reaction to be of use analytically.

ClO3
- +  6I- +  6H+ →    3I2 +  Cl- +   3H2O

The selective determination of each species, chlorite and chlorate ions can be achieved

by controlling the pH of the solution as described above for the iodometric chemistry.

In the presence of excess amount of KI, I2 reacts with iodide I- producing triiodide, I3
- a

red-yellow solution which can be titrated with sodium thiosulfate (Na2S2O3) reducing I3
-

to iodide (clear solution). Thyodene (starch) can be used as an indicator for a reliable

method of end point detection taking advantage of deep blue color of the starch complex

with triiodide.

The chlorite and chlorate ion concentration were determined sequentially by using the

procedure described here. The catalytic decomposition of chlorine dioxide (10ml, 1.6

mM) in the presence of PAA (1.3 mM) by 3, Mn-DHEG (0.036 mM) was repeated in

acetic buffer at pH 5.0 in order to measure the concentration of chlorite and chlorate ions

at 3000 s. The reaction was undergone to completion according to the time profile UV-

vis absorption spectral changes of chlorine dioxide decomposition. The reaction mixture

was also purged with N2 gas to remove the trace amount of the remaining chlorine

dioxide from the solution. 2ml of this solution is transferred to a 20 ml vial with
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potassium iodide (2 ml, 0.3 M, excess). Concentrated hydrochloric acid was added to the

sample solution to adjust the pH ≈ 2. After the reaction is complete (about 20 minutes),

the triiodide ion was titrated with standard sodium thiosulfate solution (3.0*10-4 M).

Close to the end point, Thyodene (2-3 drops) is added which will form a deep blue

solution. The iodometric end point can be easily detected visually turning the blue

solution to colorless.

To the 2ml of this solution, concentrated HCl was added to the sample solution to adjust

it to 6M in acid where chlorate ions get reduced by excess amount of KI turning the

solution into red. The triiodide ion solution is titrated using standard sodium thiosulfate

(3.0*10-4 M) and Thyodene as an indicator. The above procedure is repeated three times.

The results agree with the anticipated amount of chlorite and chlorate ions as shown in

Table below.

Table 2.4 Iodometric method to determine the concentration of chlorite and chlorate ions for the
catalytic decomposition of ClO2 by Mn-DHEG 3 at pH 5.0.a

[ClO2], mM [ClO2
-], mM

theoreticalb
[ClO2

-], mM
experimental

[ClO3
-], mM

theoretical
[ClO3

-], mM
experimental

1.6 0.53 0.65 ± 0.02 0.8 0.79 ± 0.04

1.6 0.53 0.64 ± 0.02 0.8 0.85 ± 0.04

1.6 0.53 0.62 ± 0.02 0.8 0.86 ± 0.04

aChlorine dioxide (1.6 mM) was undergone disproportionation in the presence of PAA (1.3 mM)
by 3, Mn-DHEG (0.036 mM) in acetic buffer at pH 5.0. bTheoretical amount of chlorite and
chlorate ions were calculated according to the proposed stochiometric equation for the catalytic
decomposition of ClO2.
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2.18 Results and discussion

A new ligand motif denoted as 1 (DHEG) was prepared in good yield from a lignin

derived precursor, 2-methoxy-4-propylphenol (dihydroeugenol, DHE), glycine and

formaldehyde under mild conditions. Synthesis of a similar ligand has been reported

using various bases (NEt3
41 or NaOH42) or without the use of a base.20 Initial attempts to

prepare 1 using NaOH resulted in numerous products and lower yields with complicated

purification steps. In an optimized procedure, the reactions were performed in methanol

without added base. A clean product 1 was obtained by addition of water into the

reaction mixture followed by filtration of the white precipitate. Various temperatures

were investigated, and the best yield was achieved at 50 °C. Ligand 1 was characterized

by 1H-NMR, 13C-NMR, and elemental analysis.

Addition of 1 to a methanol slurry of Fe(III) or Mn(III) salts in the presence of an amine

base led to the formation of 2 [FeIII(DHEG-3H)(H2O)2] or 3 [MnIII(DHEG-3H)(H2O)2]

using a slight variation of literature protocols (Section 1.5).20 Methanolic solutions of

ligand 1 were treated with Fe or Mn salts and Et3N in equimolar amounts and the

solutions were heated to reflux in air for 2 hours to yield complexes 2 and 3 in good

isolated yields (Scheme 2.1). ESI-MS in the positive ionization mode of these

complexes are indicative of mononuclear compounds. The elemental analysis data of 2

and 3 are consistent with the calculated results from the empirical formula of each

compound.

Structure of Fe/Mn-DHEG complexes. Single crystals of 2 suitable for X-ray diffraction

were obtained in acetone/water (1:1 ratio) by slow evaporation at ambient temperature.
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An ORTEP diagram of 2 is shown in Figure 2.2. The X-ray single-crystal structure of 2

indicates a mononuclear FeIII-DHEG complex where Fe is coordinated by three oxygens

of ligand 1, one N atom as well as two solvent (water) molecules to complete the

octahedral geometry. This structure agrees with elemental analysis data and the mass

spectrum. The conformation of the n-propyl substituents on the phenol rings is captured

in two various crystalline packings. Rotation about the carbon-carbon sigma bonds in

the n-propyl group results in two configurations.

Electron paramagnetic resonance (EPR) spectroscopy of 2, in perpendicular mode at 10

K, shows peaks with g values at 8.4 and 4.3 that are consistent with a rhombic

mononuclear high spin Fe(III) (S = 5/2). This oxidation state (3+) for 2 was further

supported by magnetic susceptibility measurements determined in CD3OD solution

(Evan’s method) at ambient temperature, µ eff = 5.7 µB. The calculated magnetic moment

for 5 unpaired electrons is 5.92 µB. The Mössbauer spectrum of 2 (Figure 2.6) showed a

well resolved doublet with isomer shift of 0.32 mm/s and quadrupole splitting of 0.44

mm/s indicative of a high spin Fe3+ (S = 5/2).

Attempts to obtain a molecular structure of 3 (Mn-DHEG) were unsuccessful even

though crystalline solids were obtained several times. Crystal structures of similar

complexes indicate a wide diversity of conformations due to the flexibility of the

tetradentate ligand. In this study, the n-propyl groups on the ligand may also increase the

number of degrees of freedom and the number of possible crystal packing alternatives.

However, magnetic susceptibility of 3 was determined in CD3OD solution (Evan’s
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method) at ambient temperature giving µ eff = 4.2 µB, which is consistent with Mn(III)

high spin S = 2. The calculated magnetic moment for 4 unpaired electrons is 4.9 µB.

Several manganese (III) porphyrin complexes have been previously examined for the

catalytic formation of chlorine dioxide independently by our group and the Groves

group.5, 31 High valent Mn (IV and V) has been identified as the reactive species in

catalytic oxidation of chlorite with Mn porphyrin.5, 31 Mn(IV)=O has been proposed as

the active species in catalysis with non-heme Mn(N4Py) (where N4PY is N,N-bis(2-

pyridylmethyl)bis(2-pyridyl)methylamine).31 The initial step for the heme complexes is

oxygen atom transfer from chlorite to [MnIII] via either heterolytic or homolytic Cl−O

bond cleavage of chlorite. Homolytic Cl−O bond cleavage results in a MnIV(O)

complex. In contrast to the previously described manganese systems, the catalysts

studied here showed that neither Fe nor Mn gets oxidized by chlorite. The catalytic

oxidation of chlorite with catalysts 2 and 3 requires an oxidant such as PAA. These

observations are consistent with the activation of catalyst, 3 Mn-DHEG, with PAA.

ClO2 production is proportional to the concentration of PAA and consistent with the

stoichiometry of equation 1. The yield of ClO2 production is reduced at higher pH 5.0.

This lowered yield at pH 5.0 corresponds to faster decomposition of the ClO2 product at

higher pH per the rate law in equation 3.

For the formation of chlorine dioxide the kinetics show no dependence on [ClO2
-]. The

reaction of PAA with 3 to make the proposed Mn(IV) is the rate-determining step.

Steady-state kinetics provide a rate constant that agrees with what we measure

independently by stopped-flow for the reaction of 3 with PAA. The situation is a little
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different for iron complex 2. While the rate law for ClO2 production is first-order in [2]

and [PAA], the rate constant from steady-state kinetics (k2 = 32 M-1 s-1) is markedly

lower than the rate constant measured directly by stopped-flow for the stoichiometric

reaction of 2 and PAA (k2,PAA = 306 M-1 s-1). This discrepancy is attributed to higher rate

of ClO2 degradation for catalyst 2 resulting in lower observed rate constant. In this

regard the Mn catalyst 3 shows longevity more than iron, complex 2.

The reaction between 3 and PAA is postulated to produce a Mn(IV)-OH intermediate.

The UV-vis spectrum from stopped-flow experiments and the EPR spectrum of frozen

aliquots support Mn(IV) formation. Reaction of PAA with Mn(III) can proceed via

oxygen atom transfer to give a Mn(V)=O, which reacts readily with Mn(III) to afford

Mn(IV). Alternatively, PAA is known to undergo homolytic cleavage which would

provide Mn(IV) directly.43, 44 While these two mechanisms are not kinetically

distinguishable, the reaction with PAA initiates via a manganese peroxo [Mn-OOR]

intermediate followed by O-O bond cleavage. The resulting Mn(IV)-OH oxidizes ClO2
-

via electron transfer to produce ClO2 (Scheme 2.4). A similar mechanism can be

envisaged for the iron catalyst complex 2, although detection of Fe(IV) in this system

has been difficult (EPR and Mössbauer show only Fe(III)). The catalyst activation 3 by

PAA did not show pH dependance in the range pH 3.7-4.3. Whereas the observed rate

constant value for the catalytic oxidation of chlorite increased by 20% in the same pH

range. As a result, the pH influences subsequent reactions rather than the reaction of 3

with PAA.
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As the ClO2 product accumulates it reacts further with the catalyst system 3/PAA.

According to the kinetics rate law (equation 3), we suggest reaction of [Mn(IV)-O]-,

resulting from the deprotonation of Mn(IV)-OH, with ClO2 giving a Mn(V)=O, a highly

oxidizing transient species. This Mn(V)=O oxidizes ClO2 to chlorate31 or undergoes the

catalyst decomposition. In the case of the iron complex 2 this degradation pathway is

more significant than manganese leading to lower yields and rates under steady-state

conditions. Since the further reactions with ClO2 are pH dependent, the yields of ClO2

are lower at higher pH. Scheme 2.4 summarizes the catalytic cycles for ClO2 production

and its subsequent decomposition. Table 2.5 provides rate constants measured in this

study. It should be noted that in addition to the reactions shown in Scheme 2, catalytic

decomposition of ClO2 by 3/PAA produces molecular oxygen (4%, PAA as a limiting

reagent) through side reactions. These may include oxidation of PAA by ClO2 analogous

to dioxygen formation from the reaction of ClO2 and hydrogen peroxide in basic

solution.3, 45 Molecular oxygen and chloride may also form from the reaction of

[Mn(IV)-O]- and ClO2 via a peroxyhypochlorite adduct [Mn-OOClO] analogous to that

postulated for porphyrin systems and the heme enzyme chlorite dismutase.5, 10, 46
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(DHEG)MnIII

CH3C(O)OOH
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[CH3C(O)O]

OH
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ClO2
- + H+ClO2 + H2O

H+
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-

O

MnV catalyst
deactivation

ClO2

ClO3
-

[MnIV]+

ClO2 + H2O
ClO3

-

+ 2H+

[MnIII]
PAA

Stoichiometric reaction for ClO2 production:

CH3C(O)OOH + 2ClO2
- + 2H+ CH3C(O)OH + 2ClO2 + H2O

Stoichiometric reaction for ClO2 decomposition:

CH3C(O)OOH + 6ClO2 + 3H2O CH3C(O)OH + 2ClO2
- + 4ClO3

- + 6H+

Scheme 2.4 proposed mechanism for chlorite oxidation catalyzed by 3 Mn-DHEG in the presence
of PAA (left cycle), and decomposition of chlorine dioxide (right cycle). The overall
stoichiometric reactions are provided below the proposed catalytic cycles.

Table 2.5 Rate constants for reactions of Fe-DHEG 2 and Mn-DHEG 3.a

Reaction Rate constant/ M-1 s-1

Fe-DHEG (2) Mn-DHEG (3)

2(DHEG)MnIII + PAA 2[(DHEG)MnIV-

OH] + AAb

k2,PAA = 306 ± 20c k3,PAA = 175 ± 8

PAA + 2ClO2
- + 2H+ AA + 2ClO2 + H2Ob k2 = 32 ± 3 k3 = 144 ± 2

PAA + 6ClO2 + 3H2O AA + 2ClO2
- +

4ClO3
- + 6H+

kd,ClO2 = 7.6 ± 0.2 kd,ClO2 = 0.56 ± 0.02
a T = 25 °C. b PAA = CH3C(O)OOH, AA = CH3C(O)OH, rate constants determined at pH 4.0. c

Fe(IV)-OH complexes are difficult to ascertain and this instant the product of iron(III) activation
is not characterized.
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2.19 Conclusion

Two non-heme complexes Fe-DHEG 2 [FeIII(DHEG-3H)(H2O)2] and Mn-DHEG 3

[MnIII(DHEG-3H)(H2O)2] featuring a lignin-derived tetradentate ligand were

synthesized and fully characterized. Both complexes are active catalysts for the

production of chlorine dioxide from chlorite in aqueous solution with the use of PAA

(peroxyacetic acid) as an oxidant. ClO2 production proceeds with the reaction between

the metal complexes and PAA being rate determining. For complex 3 this reaction

affords manganese (IV) with a second order rate constant k3,PAA = 175 M-1 s-1. Under

steady-state catalysis the same rate constant was obtained corresponding to a turnover

frequency TOF = 17 h-1 at pH 4.0. Subsequent decomposition of ClO2 was found to

require both catalyst and PAA; also, the ClO2 decomposition was faster at higher pH.

Similar observations were made for iron suggesting analogous mechanism to

manganese. However, iron(IV) was not detected. Yields of ClO2 were lower under iron

catalysis, which was attributed to faster ClO2 decomposition with iron. Lastly, catalyst

deactivation was more prominent for the iron complex 2. These complexes, most

particularly the manganese complex 3, offer a clean and robust synthesis of ClO2 on-

demand in water under ambient conditions and moderate pH. The simple design of the

ligand and its scalability at a reasonable cost (estimated cost of 1 mole of catalyst 3 =

$12) make this system of interest for further development of techno-economics analysis

(TEA) for practical environmental applications such as treating produced water from

shale gas production or as a disinfectant for bacteria and viruses on contaminated

surfaces.
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3.1 Introduction

Solvent selection is a major decision in the synthesis of many industrial chemicals. For

example, solvents account for 80% or more of the material used in a typical active

pharmaceutical ingredient synthesis.1 Of additional concern is the fact that a large portion

of the environmental impact stems from the solvent life cycle (manufacture, distribution,

use, and disposal).2 Due to these facts, many companies and groups have devised solvent

selection guides in which more favorable solvents are recommended and alternatives

suggested for less favorable ones, balancing concerns over safety, performance, cost and

toxicity towards human and the environment.3, 4 Furthermore, in recent years, certain

journals have made editorial policies to discourage use of highly undesirable solvents

while encouraging the inclusion of green chemistry considerations in solvent selection.5

The use of petrochemical solvents is the key to the majority of chemical processes but not

without severe implications on the environment. Green solvents were developed as a more

environmentally friendly alternative to petrochemical solvents which are derived from the

processing of agricultural crops. Ethyl lactate,6, 7 2-methyltetrahydrofuran (2-MeTHF),8, 9

limonene,10 ethanol,11 and glycerol12 are examples of green solvents with numerous

attractive advantages including being biodegradable, easy to recycle, noncorrosive,

noncarcinogenic, and nonozone-depleting.6, 7
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Certain polar aprotic solvents (PAS) such as dimethylformamide (DMF),

dimethylacetamide (DMAc), and N-methylpyrrolidinone (NMP) do not have good

replacements, despite their critical roles at facilitating nucleophilic substitution reactions.

While these are good solvents for a number of reactions, and sometimes the only ones

which will dissolve polar materials or salts, they face growing scrutiny and regulations as

more concerns over their environmental toxicity emerge.3 Newer PAS solvents,

represented as cyclic urea N,N’-dimethylpropyleneurea (DMPU) and N,N'-

dimethylimidazolidinone (DMI)  have been used in place of these amide compounds, with

preliminary data indicating them to be less endocrine disruptive.  However, preparation of

these new solvents by traditional means remains environmentally burdensome and the high

cost of these new solvents is detrimental to their application.

Figure 3.1 Industrially Important Polar Aprotic Solvents (PAS). DMF and DMAc have reprotoxicity
issues and are strongly regulated particularly in European Union.13 NMP, DMI and DMPU are
considered more eco-friendly substitutes of DMF and DMAc.

Considering the lack of PAS made from renewable sources, we seek to identify and

develop environmentally friendly methods to produce sustainable PAS from biomass. As

biomass depolymerization and conversion to simple chemical building blocks is becoming
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ever more viable,14, 15 we chose to focus on known derivatives with the ultimate goal of

having a continuous process directly from biomass (Scheme 3.1).

Scheme 3.1 . Biomass conversion to chemicals useful for solvent synthesis.

Catalytic conversion of cellulose into polyols including ethylene glycol (EG) and 1,2-

propylene glycol (1,2-PG), and furfural represents an important route for the effective

utilization of renewable resources to produce PAS.

3.2 Cellulose conversion to polyols

The major components of biomass are cellulose (40-60%), hemicellulose (20-40%) and

lignin (10-25%).16, 17 Cellulose is the most abundant source of biomass and has attracted

much attention as vitally renewable alternative to fossil fuels.18 As such, catalytic

conversion of cellulose to polyols is particularly noteworthy because of the versatile uses

of polyols as chemicals directly and as precursors in the synthesis of fuels and value-added

compounds (Scheme 3.1).18, 19 Conversion of cellulose to polyols involves hydrolysis of

cellulose by inorganic acids to glucose, and subsequent hydrogenation of glucose to

sorbitol and other polyols.18-20 For example, recent studies showed that combination of
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water-soluble heteropoly acids and ruthenium on carbon (Ru/C) catalysts is efficient for

cellulose conversion to hexitols (sorbitol and mannitol).18

Solid catalysts such as Ru/C promoted the hydrolytic hydrogenation of cellulose, which

includes acid hydrolysis of cellulose to produce glucose, and the following hydrogenation

of glucose to yield hexitols.18, 21 If the glucose produced from the hydrolysis process was

not involved in the hydrogenation reaction immediately, glucose will undergo degradation,

resulting in an increase in the yield of small polyol molecules (Scheme 3.2).

Scheme 3.2 Catalytic conversion of cellulose into polyols

Liu et al.18 found that tungsten trioxide promoted ruthenium catalysts showed outstanding

performance in the hydrogenolysis of cellulose to yield glycols at 478 K, and 6 MPa of H2.

Tungsten trioxide was found to promote the hydrolysis of cellulose as well as C–C bond

cleavage in sugars efficiently. Ethylene glycol (EG) was found to be derived from the C–C

cleavage of glucose, while 1,2-propylene glycol (1,2-PG) was produced by the degradation

of fructose, which was formed by glucose isomerization (Scheme 3.2). The loss of catalyst
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during the recycling stage is not unusual, but it is surprising that no leaching of Ru could

be detected by ICP in the reaction solution after the first run. The TEM images of the Ru/C

catalyst after the first reaction showed that the average size of Ru particles had increased

from 1.2 to 1.7 nm, and remained around 1.7 nm in subsequent runs this increase could

therefore be one of the reasons for the decrease in activity.18, 22

The commercial heteropoly acids (HPAs) H3PW12O40 and H4SiW12O40 were demonstrated

to be very effective acid catalysts in combination with Ru/C to directly produce hexitols

from cellulose. Notably, the HPAs performed much better than an equinormal aq. H2SO4

solution, an industrial standard for cellulose hydrolysis. Immediate hydrogenation of

glucose at elevated H2 pressure with Ru/C provides quantitative amounts of hexitols from

cellulose.21

One of the low cost catalysts that can effectively convert cellulose to small molecules were

the Ni based catalysts supported on various supports, including hydrothermally stable

oxides with varying surface properties (Al2O3, kieselguhr, TiO2, SiO2, ZnO, ZrO2 and

MgO) in previous investigations.19, 23 Ni/ZnO (20% Ni) catalyst could convert cellulose

completely and give a 70.4% yield of 1,2-alkanediols composed of 1,2-propylene glycol

(1,2-PG), ethylene glycol (EG), 1,2-butanediol (1,2-BDO) and 1,2-hexaindiol (1,2-

HDO).19 The main drawback of this catalyst lay in its poor hydrothermal stability, which

resulted in the decrease of catalytic activity after repeated reaction runs, which was

partially ascribed to the leaching of Ni.19

Fukuoka and Dhepe24 pioneered the conversion of cellulose over solid acid supported

noble metal catalysts. Cellulose could be directly hydrolytically hydrogenated into sugar
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alcohols over a bifunctional Pt/Al2O3 catalyst at 463 K in around 30% yield of hexitols

after 24 h and sorbitol was the dominating product. When promoted by SnOx, as

demonstrated by Liu et al.,25 the product composition could be tuned by varying the Sn/Pt

atomic ratios in the catalyst; sorbitol and mannitol were produced in 70% yield under the

reaction.

3.3 Retro-aldol condensation of cellulose

According to the literature, conversion of cellulose into EG requires a multifunctional

catalyst, and involves the hydrolysis of cellulose, C–C bond cleavage of cellulose-derived

sugars, and hydrogenation of glycolaldehyde to EG.26, 27 The C-C bond cleavage of sugars

or cellooligosaccharides in supercritical water follows the retro-aldol condensation

pathway.26, 27 In the presence of tungsten species but absence of a hydrogenation catalyst,

glycolaldehyde was produced as a major product from cellulose in a yield of 5-7 wt % at

518 K, 6 MPa H2, and 30 min. Although this yield is rather low due to the instability of

glycolaldehyde, it is 4-6 times higher than that without the catalyst. Glycolaldehyde is the

precursor to EG, and its presence as an intermediate strongly suggests that the HxWO3-

catalyzed C-C cleavage of cellulose or sugars follows the retro-aldol pathway. Moreover, a

comparative study using glucose and fructose as the feedstock showed that the former

sugar produced primarily EG while the latter produced 1,2-PG under the catalysis of Ni-

W2C. The difference in the product results from the different positions of the C=O bond in

the two sugar isomers, which follows well the rule of cleavage of C-C bonds via a retro-

aldol reaction pathway.
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Retro-aldol condensation of glucose occurred preferentially relative to dehydration and

isomerization under low water density conditions in supercritical water, and

glycolaldehyde was successfully produced in a rapid and selective manner without any

catalyst.28 The proposed reaction pathways of glucose decomposition, glucose can

primarily be converted to erythrose plus glycolaldehyde, to fructose, and to 1,6-anhydro--

D-glucose (1,6-AHG) or 5-hydroxymethyl-2-furfural (5-HMF) via retro-aldol

condensation, isomerization and dehydration, respectively (Scheme 3.3).28

Scheme 3.3 Reaction pathways for the production of glycolaldehyde and dihydroxyacetone from
glucose decomposition under low water density conditions in supercritical water: 1 glucose, 2
fructose, 3 1,6 AHG, 4 erythrose, 5 glycolaldehyde, 6 5-HMF, 7 glyceraldehyde, 8 dihydroxyacetone.
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3.4 Cellulose solubility

Pure cellulose is generally regarded as being insoluble in water and common organic

solvents due to the existence of extensive intra- and inter-molecular hydrogen bonding.29

Cellulose dissolves in water to the extent of 1.4 to 2.1 parts per 100,000 at room

temperature.30 Over the last decade, there has been increased interest in developing organic

solvent systems for cellulose.31-34 Such interest is not only academic but also has

significant commercial potentials, one of which is the development of a new process for

the manufacture of rayon.35 However, due to increasing economic and environmental

pressures, alternative processes for dissolving cellulose have been sought for developing

new, efficient and green solvent system for biomass in general and for cellulose in

particular.33, 34

3.4.1 Non-aqueous cellulose solvent

Among the non-aqueous cellulose solvents, the LiCl/N,N-dimethylacetamide (DMAc),

LiCl/N-methyl-2-pyrrolidinone (NMP), ammonium fluorides/dimethylsulfoxide (DMSO),

and also N-methyl-morpholine-N-oxide (NMMO)36 are some of the representative non-

aqueous solvent systems suitable for the homogeneous reaction of cellulose.29, 35-38 Among

these cellulose solvents, only NMMO are used along the industrial scale as a solvent for

cellulose processing.39 Moreover it also exhibits a low toxicity, biodegradable, and the

recovery rate in large scale industrial process is achieved up to > 99%. It also was reported

to dissolve 0.3 mass fraction of cellulose regarding to water content.36 Nevertheless,

NMMO also has some disadvantages, such as the occurrence of oxidative side reactions,
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thermal instability, or rather high temperatures required for the dissolution process. The

characteristics of LiCl and DMAc or NMP solvent system are aprotic and the solution of

cellulose in these solvent systems are very stable.35, 37, 38 These have been used to

demonstrate the utility of this solvent system for synthesizing various cellulose derivatives.

However, DMAc is prone to be saponified when heated in the presence of a strong base.38

It was found that cellulose solutions of  high concentrations, up to 16% cellulose, can be

prepared by the dissolution of  activated cellulose pulp in these solvent systems.35 It was

also observed that reconstituted, undegraded cellulose is recovered upon coagulation of

these solutions in various nonsolvents. Furthermore, investigations of a large number of

salt/aprotic solvents revealed that LiCl/DMAc and LiCl/NMP are unique solvent systems

for cellulose.

Cellulose is also soluble in an aprotic and nontoxic solvent, 1,3-dimethyl-2-

imidazolidinone (DMI) in the presence of LiCl.38, 40 DMI is now commercially available.

The physical properties of 1,3-dimethyl-2-imidazolidinone (DMI) are similar to DMPU

(1,3-dimethyl-2-oxo-hexahydropyrimidine), but the potential toxicological risk of DMI is

less than DMPU. When used in the alkylation of terminal acetylenes, DMI is comparable

with hexamethylphosphoric triamide (HMPA), thus it is a good alternative solvent to the

carcinogen HMPA in the alkylation and it provides a safer working environment than

DMPU and HMPA.

Ionic liquid as ecofriendly agents have the ability to dissolve cellulose in high

concentration (up to 15 -20 %) due to their ionic structure. Ionic liquids are composed of

an organic cation and an inorganic anion. It consists of pyridinium, imidazolium cations
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and OAc-, HCOO-, Cl- anions which have the ability to dissolve cellulose.41 At high

temperature, ion pairs in 1-allyl-3-methylimidazolium chloride (AMIMCl) can be

dissociated to individual Cl− and AMIM+ ions, and then free Cl− ions associated with the

cellulose hydroxyl proton and the free cations disrupt the hydrogen bonding in cellulose,

leading to its dissolution.41, 42 While these ionic liquids have been generally accepted

as green solvents, some researchers have argued that with some evidence on being non-

biodegradable, non-volatile, and potentially toxic.

3.5 Synthesis of polar aprotic solvents (PAS)

3.5.1 Coupling of diols with dimethylurea

The synthesis of N,N'-dimethylimidazolidinone (DMI) and 1,3,4-trimethylimidazolidin-2-

one (TMI) from small chain of polyols have been explored. The physical and chemical

properties of DMI and TMI including high boiling point, remarkable chemical stability,

and being more eco-friendly than DMF make them appealing for use in the pharmaceutical

industry.38, 43 The coupling of diols, ethylene glycol (EG) and 1,2-propylene glycol (1,2-

PG), with dimethylurea (DMU) was first described in 1992 to yield unsaturated 2-

imidazolone compounds (B) using tris(triphenylphosphine)ruthenium(II) chloride

RuCl2(PPh3)3 as a homogeneous catalyst.44 However, no further study or development of

this reaction has been reported. This reaction was carried out in refluxing diglyme for 12

hours, giving a modest and good yield of 40% and 79% for EG and 1,2-PG,respectively.

One appealing aspect of this reaction is that its only byproducts are hydrogen gas and

water. Ideally, the hydrogen gas would be used to hydrogenate B to A (Scheme 3.4).
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Chemical stability and physical properties of A are suitable to serve as a PAS. We seek to

further develop this reaction methodology as well as obtain the saturated product A

directly as chemical stability and physical properties of B are not suitable to serve as a

solvent. Of particular interest for our work is the direct conversion of cellulose to short

chain polyols, especially ethylene glycol (EG) and 1,2-propylene glycol (1,2-PG)45-47, and

then the coupling of these diols with dimethylurea (DMU) to yield B which upon

hydrogenation creating A as a high boiling PAS.

Scheme 3.4 Synthesis of A and B from coupling of biomass derived diols with DMU through atom
economically tandem reactions.

3.5.2 Coupling of furfural derivatives with amines

The formation of amide from alcohol and amine is well documented through the use of

various ruthenium catalysts.48-52 We chose to utilize a well studied Ru(PNN) complex,

developed by the Milstein group (Figure 2). Through activation with base to form the

dearomatized complex, an active acceptorless dehydrogenation catalyst is obtained. This

catalyst first dehydrogenates the alcohol to form ketone, releasing hydrogen gas. The

ketone reacts with amine to form a hemiaminal, which then undergoes catalytic

dehydrogenation to make the amide and another equivalent of hydrogen.
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Figure 3.2 Ru(PNN) complex and dearomatization by base.

Taking advantage of this catalytic system, the coupling of furfural derivatives with

secondary amines to give aprotic compounds (Figure 3.2). Using 0.1 mol% Ru(PNN)

catalyst, activated with potassium hydroxide, THFA was successfully coupled with several

secondary amines by refluxing in mesitylene (B.P.=165°C) with a five-fold excess of

amine. Reactions with secondary amines usually require higher temperature and excess

amount (especially for dimethylamine) for high yield, compared to primary amines. Using

this approach, furfuryl alcohol can also be coupled with secondary amine in high yield,

however; lower selectivity was achieved due to the higher reactivity of furfural leading to

many byproducts.

Figure 3.3 Dehydrogenative coupling of THFA with secondary amine to synthesize aprotic amides
with Ru(PNN) catalyst.

3.6 Conclusions

Catalytic conversion of cellulose into polyols including ethylene glycol (EG) and 1,2-

propylene glycol (1,2-PG), and furfural represents an important route for the effective

utilization of cellulose. Of particular interest for this work is the catalytic conversion of
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cellulose to short chain polyols and the coupling of these polyols with N,N-dimethylurea

(DMU) to produce cyclic PAS such as N,N'-dimethylimidazolidinone (DMI) and 1,3,4-

trimethylimidazolidin-2-one (TMI). Chemical stability and physical properties of DMI and

TMI are suitable to serve as a high boiling point PAS.38, 43 An appealing aspect of the

reaction of diols with DMU is that the only byproducts will be hydrogen and water.

The coupling of furfural derivatives with secondary amines using Ru(PNN) catalyst can be

investigated to yield aprotic amides in high yields. The only byproduct of this process is

hydrogen.
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4.1 Introduction

Recently, significant effort has been directed to the development of green and sustainable

procedures for the chemical conversion of non-edible biomass to high value-added

compounds.1-6 Environmentally benign solvents constitute an interesting target for bio-

based products.7, 8 Examples of solvents from renewable sources include 2-

methyltetrahydrofuran (2-MeTHF),9, 10 limonene,11 ethanol,12 and glycerol.13 Although

certain polar aprotic solvents (PAS) such as dimethylformamide (DMF) and

dimethylacetamide (DMAc) are widely used in nucleophilic substitution reactions (nearly

50% of the PAS usage)7, 14, 15 and in the pharmaceutical industry,7 these solvents do not

have good replacements from renewable sources (Figure 4.1). While these are good

solvents for a number of reactions, and sometimes the only ones which dissolve polar

materials and salts, they face growing scrutiny and regulations as more concerns over their

environmental impact and toxicity emerge.8, 16 Newer PAS represented by cyclic urea

N,N'-dimethylimidazolidinone (DMI) and N,N’-dimethylpropyleneurea (DMPU) have been

used in place of DMF and DMAc with preliminary data indicating that they are safer for

the endocrine system (Figure 4.1).17 Considering the lack of PAS made from biomass, we

sought to identify and develop environmentally friendly methods to produce sustainable

PAS from renewable and non-edible bio-based resources.
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Figure 4.1. Industrially Important Polar Aprotic Solvents (PAS). DMF and DMAc have reprotoxicity
issues and are strongly regulated particularly in European Union.16 DMI and DMPU are considered
more eco-friendly substitutes of DMF and DMAc.

Cellulose is one of the world’s largest renewable, non-edible resources available with

production of nearly 40 billion ton residues per year.18 It is being considered as a

promising alternative to petroleum and a sustainable resource to produce fuels and

chemicals.18, 19 Catalytic conversion of cellulose into  polyols including sorbitol, glycerol,

ethylene glycol (EG) and 1,2-propylene glycol (1,2-PG) represents an important route for

the effective utilization of cellulose.4, 5, 13, 18, 19 Of particular interest for this work is the

catalytic conversion of cellulose to short chain polyols and the coupling of these polyols

with N,N-dimethylurea (DMU) to produce cyclic PAS such as N,N'-

dimethylimidazolidinone (DMI) and 1,3,4-trimethylimidazolidin-2-one (TMI) (Scheme

4.1). Chemical stability and physical properties of DMI and TMI are suitable to serve as a

high boiling point PAS.8, 20 For cellulose conversion to EG, there are three consecutive

reactions: (1) hydrolysis of cellulose to glucose; (2) retro-aldol condensation of glucose to

glycolaldehyde 1; and (3) hydrogenation of glycolaldehyde to EG.21-26 Cellulose hydrolysis

into fructose or isomerization of glucose into fructose undergoes C-C bond cleavage via

the retro-aldol reaction to form hydroxyacetone 2 over heterogenous Ru/C catalyst as

shown in Scheme 4.1.18, 22, 26 Water was recognized as the best solvent for cellulose

conversion to short chain polyols. On the other hand, coupling of hydroxy ketones with

urea has been investigated.27-29 The synthesis of imidazolidinone derivatives from urea was
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achieved in high boiling organic solvents28 or under microwave irradiation.27 The coupling

of diols, EG and 1,2-PG with DMU was first described in 1992 using

tris(triphenylphosphine)ruthenium(II) chloride as catalyst;30 however, no further study or

development of this reaction has been reported. These reactions were conducted in

refluxing diglyme for 12 hours, giving a modest to good yield of EG and 1,2-PG, 40% and

79%, respectively. Coupling of these diols with DMU to produce PAS proceeds through

the catalytic oxidation of hydroxyl group to ketone and the subsequent condensation of

ketone with DMU as previously reported by Watanabe.30 Scheme 4.1 shows the reaction

pathway for the production of PAS from cellulose, conversion to acyloins and subsequent

condensation with DMU. Hydrogen gas can be used to in the final step to hydrogenate

unsaturated PAS (Scheme 4.1).

Scheme 4.1 Catalytic conversion of cellulose into polar aprotic solvent (PAS) via tandem catalysis.

The traditional approach of biomass valorization via platform molecules requires

additional steps for the separation, purification, and drying of intermediates resulting in

lower yield of the final products with a large amount of waste. A one-pot reaction is more

promising for large-scale cellulose conversion to PAS. In this process, hydrolysis of

cellulose, C-C bond cleavage of the sugars, coupling of hydroxy ketones 1 and 2 with

DMU, and hydrogenation of the unsaturated products 1,3-dimethyl-1,3-dihydro-2H-
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imidazol-2-one (DMHI) and 1,3,4-trimethyl-1,3-dihydro-2H-imidazol-2-one (TMHI)

occur in sequence to reach the maximum selectivity of the target products DMI and TMI

(Scheme 4.1). The success of these tandem catalytic reactions in one-pot requires a

multifunctional catalyst and a good solvent system. Ruthenium supported on activated

carbon (Ru/C) is known for its high efficiency of cellulose conversion to EG and 1,2-PG22

as well as its excellent reusability.24 Solvent selection is challenging in this tandem

reaction because of low cellulose conversion into hydroxy ketones 1 and 2 in organic

solvents, whereas the highest yield for the reaction of hydroxy ketones with DMU are

obtained in organic solvents.27, 28 An elevated temperature 200 °C and as a result a higher

pressure are required for cellulose and sugar conversion to PAS. To the best of our

knowledge, there have been no attempts so far to produce PAS from renewable resources.

Herein, one-pot reactions of cellulose with DMU have been investigated in various

solvents over Ru/C. The reaction proceeds efficiently in one-pot, two-step process.

Reactions under N2 atmosphere result in unsaturated intermediates glycolaldehyde 1 and

hydroxyacetone 2 which upon coupling with DMU generate DMHI and TMHI. PAS is

produced by hydrogenation of DMHI and TMHI in a second step in the same pot without a

need for separation and purification of the intermediates. The overall 85% selectivity for

PAS was achieved for cellulose and sugar conversion. A mechanism that agrees with all

experimental observations is also presented.
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4.2 Experimental section

4.2.1 Material

1,2-Propylene glycol and D-(-)-Fructose were purchased from Acros-Organics. D-(+)-

Glucose was purchased from Alfa-Aesar. Ruthenium (5wt%) supported on activated

carbon (Ru/C), sigmacell cellulose, and all other chemicals were purchased from Sigma

Aldrich. Naphthalene, benzyl alcohol, and cis-1,5-cyclooctane diol from Sigma-Aldrich

was used as an internal standard for 1H-NMR, and HPLC/UV, and HPLC/RID

respectively. All chemicals were used as received without further purification.

4.2.2 General procedure

A 75 mL stainless steel autoclave reactor from Parr Instruments is being charged with the

substrates, Ru/C, and a glass magnetic stir bar. Prior to the reaction, the autoclaves were

flushed three times with nitrogen before applying 35 bars of nitrogen pressure and heating

to 200 °C. After termination of the reaction periods, the autoclaves were cooled down,

released the nitrogen pressure, and charged with 35 bars of hydrogen gas conducting the

hydrogenation step at 200 °C. The reaction conditions are described under the table

footnote. Following the one-pot catalytic conversion, the reaction mixture is fractioned into

two forms, PAS derivatives that are analyzed by High-Performance Liquid

Chromatography equipped with a UV detector (HPLC/UV) and the polyol molecules

analyzed by HPLC- Reflective Index Detector (HPLC/RID). Details on characterization

methods are provided in the Supporting Information. Cellulose conversion was determined
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by the weight difference of cellulose before and after the reaction; product selectivities

were calculated on the DMU basis for one-pot, two-step experiments.

In homogeneous catalytic reactions, catalyst RuCl3·3H2O and the respective phosphine

ligands were added to the reaction vessel along with DMU, 1,2-PG, and 2-MeTHF solvent.

After briefly sparging with inert N2 gas, the reaction vessel was sealed and heated at 180

°C. Microwave reactions were performed using a CEM Discover SP System and a standard

heating method with a set point of 180°C (reaction temperature determined by a vertically

focused IR temperature sensor).

4.2.3 Product Characterization for Compounds TMI and TMHI

1,3,4-trimethylimidazolidin-2-one (TMI); colorless liquid, 1H-NMR (400 MHz, CDCl3)

δ 3.40 (d, 2H, J=8 Hz), 2.76 (m, 1H), 2.74 (s, 3H), 2.71 (s, 3H), 1.20 (d, 3H, J= 8 Hz); 13C-

NMR (100 MHz, CDCl3) δ 161.3, 52.6, 50.9, 30.9, 28.5, 17.8; MS (EI) m/z (rel. intensity):

128 (M+, 39), 113 (100), 98 (5), 85 (20), 72 (22), 58 (29), 42 (40)

1,3,4-trimethyl-2,3-dihydroimidazol-2-one (TMHI); Pale yellow solid, 1H-NMR (400

MHz, CDCl3) δ 5.9(q, 1H, J=1.3 Hz), 3.18 (s, 3H), 3.16 (s, 3H), 2.00 (d, 3H, J=1.3 Hz);
13C-NMR (100 MHz, CDCl3) δ 153.6, 118.4, 106.9, 29.9, 27.1, 10.1; MS (EI) m/z (rel.

intensity): 126 (M+, 100), 125 (26), 111 (16), 97 (18), 70 (6), 56 (92), 42 (40)
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4.2.4 Instrumentation and Analysis

4.2.5 HPLC analysis

The selectivity and the yield of the target molecules in DMI, ethanol, Methanol, and water

and the remaining amount of DMU were analyzed with Agilent 1260 Infinity Quaternary

High-Performance Liquid Chromatography (HPLC) system, using Zorbax Eclipse XDB-

C18 Column (250 x74.6mm) set at 25 °C. The chromatography apparatus is equipped with

G1315D Diode Array Detector (DAD). All analysis was done at the wavenumber of 210

nm. A mixture of H2O (A) and acetonitrile (B) were used as the mobile phase at a flow rate

of 0.5 mL/min. Nonlinear gradient was used (95% A and 5% B from beginning to 80% A

and 20 % B at 30.0 minute and then back to the starting point over 10 minutes). A fixed

amount (500μL) of internal standard benzyl alcohol (5.0 mM) was added into each sample

for the quantification purposes. Standard curves for all the target products were made by

comparison of the products to internal standard. All results were analyzed and quantified

according to standard curves. Before analyzing by HPLC, the liquid samples were filtered

through a 0.22μm cutoff syringe filter (2 5mm diameter).

All sugar and cellulose samples as well as the polyol products from their C-C bond

cleavage were analyzed with Agilent 1260 Infinity Quaternary High-Performance Liquid

Chromatography (HPLC) system, using Aminex HPX-87H column (300 x 7.8 mm) set at

70 °C. The chromatography apparatus is equipped with G1362A Refractive Index Detector

(RID) calibrated with external standards. A 0.005 M sulfuric acid solution was employed

as the mobile phase with flow of 0.6 mL/min. A fixed amount (500μL) of internal standard

cis-1,5-cyclooctane diol (10 mM) was added into each sample for quantification purposes.
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Before analyzing by HPLC, the aqueous solutions were filtered through a 0.22μm cutoff

syringe filter (25 mm diameter).

Cellulose conversion = [m (i) - m(dried, after rxn) - m(Ru/C)]*100 / m(i)

m(i) = Initial mass of cellulose before the reaction

m(dried, after rxn) = mass of dried cellulose at 60 °C overnight after the reaction

m(Ru/C) = Initial mass of Ru/C before the reaction

Polyol selectivity = # moles of C in each compound*100/# moles of C converted

PAS selectivity % = # moles of C in each compound*100/# moles of DMU converted

4.2.6 NMR Analysis

NMR analysis was performed on either a Varian Mercury-300 instrument equipped with a

5mm 4-nucleus/BB probe or a Bruker DRX-500 instrument equipped with a 5mm TXI Z-

gradient cryoprobe.

NMR yields were determined by integration of the produce versus a known quantity of

internal standard (naphthalene). The amount of product was calculated by the following

equation:

Molprod = molstd * (Integralpro / Integral std) * (Nstd / Nprod)
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Where N is the number of nuclei for the corresponding signal. The yield is then determined

by the following formula:

Yieldprod (%) = (molprod / mol l.r.) * 100

Where moll.r. is the moles of limiting reactant in the reaction. The selectivity is then

defined as:

Selectivity (%) = (molprod / moli(reactant)- molf(reactant)) * 100

4.3 Results

4.3.1 PAS from cellulose

A one-pot, two-step catalytic conversion of cellulose in the presence of DMU to PAS has

been studied in various solvents at elevated temperature. Water is known to be an efficient

medium for cellulose and sugar conversion to produce polyols using Ru/C catalyst under

H2 atmosphere.4, 13, 18, 22 In our initial investigations, the reactions were performed in water

under H2 atmosphere resulting in little or no yield of PAS. Ironically, switching the gasses

from H2 to N2 showed remarkably higher selectivity towards formation of unsaturated

PAS, 1,3-dimethyl-1,3-dihydro-2H-imidazol-2-one (DMHI) and 1,3,4-trimethyl-1,3-

dihydro-2H-imidazol-2-one (TMHI), leading us to design this process as a one-pot, two-

step cellulose conversion to PAS. The reaction was conducted under N2 (35 bar) gas for 6

hours at 200 °C generating unsaturated PAS. After cooling down to room temperature and
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purging the N2 gas, the reaction vessel was pressurized with H2 gas to hydrogenate the

unsaturated products in the same vessel in a second step.

Figure 4.2A provides an experimental schematic of the isolation and characterization of the

products. Following the one-pot catalytic conversion and filtration of solid residues, the

bio-oil-PAS mixture is fractioned into two forms for characterization and quantification of

PAS and polyol derivatives. The PAS products are separated using High-Performance

Liquid Chromatography (C18 preparative column), extracted with chloroform, and

analyzed by various techniques as shown in Figure 4.2A. Product distribution of the

reaction of diols with DMU were quantified by HPLC equipped with UV detector

(HPLC/UV) at 210 nm. The HPLC chromatogram and the retention time associated with

saturated and unsaturated PAS products are shown in Figure 4.2C. The polyol molecules

including sorbitol, glycerol, 1,2-PG, and EG are analyzed by HPLC- Refractive Index

Detector (HPLC/RID) at 70 °C.
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Figure 4.2. Cellulose conversion to PAS and polyols, the experimental schematic and mass balance.
(A) Diagram showing the overall experimental procedure and analysis. (B) Cellulose conversions ( )
in various solvents and mass balance accompanying the diagram shown in Figure 4.2A. Condition:
Sigmacell cellulose (2.0 g), DMU (0.2 g, 2.23 mmol), Ru/C (0.2 g) with the corresponding solvent
(20 mL) were heated in a 75 mL stainless steel autoclave at 200 °C in two steps: first, under N2 inert
atmosphere (35 bar) for 6 hours, then H2 (30 bar) for 6 hours. DMI/H2O (1:1 ratio) was used as
solvent. (C) Exemplary HPLC chromatogram and retention time of the PAS product distributions, the
reaction of hydroxy ketones from cellulose conversion with DMU at 200 °C.

Cellulose conversions were determined by the change of cellulose weight before the

reaction and after the solid residue (Figure 4.2A) is dried at 60 °C overnight (See

Supporting Information II for more details on calculation). Compositional analysis of the

solid residue revealed that cellulose hydrolysis and its conversion to polyols and PAS

compounds were less than 40%, in various solvents (Figure 4.2B). In our optimized

procedure, large excess amount of cellulose (2.0 g) relative to DMU (0.2 g) is required to
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compensate the low cellulose conversion. The role of the catalyst loading in cellulose

depolymerization has been investigated in water, methanol, and DMI where the stainless-

steel autoclave reactor was loaded with high (0.4 g) or low (0.1 g) amount of Ru/C with 5

wt% Ru content. Higher cellulose conversions were achieved at high catalyst loading

without significant improvement on the yield of PAS derivatives (Table 4.1). However, as

catalyst loading was decreased, cellulose conversions, the remaining polyols, and PAS

yields declined significantly indicating that the catalyst is necessary and responsible for

cellulose cleavage. The effect of the reaction temperature was studied in water at 240, 180,

and 150 °C. A slightly better yield of PAS was obtained at 200 °C relative to 180 °C,

whereas it was significantly lower at 150 °C (less than 8%). The reactions at higher

temperature 240 °C did not improve the yield of PAS.

Table 4.1 The effect of catalyst loading on the cellulose conversion and PAS selectivities.a

Mass (g)
% Cellulose conversion (% PAS

selectivity)
H2O MeOH DMI

0.4 46 (7) 37 (15) 23 (35)

0.2 32 (5) 21 (12) 13 (31)

0.1 19 (1) 14 (5) 8 (11)
aSigmacell cellulose (2.0 g), DMU (0.2 g, 2.23 mmol), Ru/C (0.4, 0.2, 0.1 g), and solvent (20 ml)
were heated in a 75 ml stainless steel autoclave at 200 °C in two steps: first, under N2 inert
atmosphere (35 bar) for 6 hours, then H2 (30 bar) for 6 hours. Ru/C has 5 wt% Ru content.

As seen in Figure 4.2B under optimized conditions (0.2 g of Ru/C (5 wt%) at 200 °C),

cellulose conversion steadily decreases from 32% in water as a protic solvent to 13% in

DMI as an aprotic polar solvent. However, the amount of PAS generated from the reaction

of small molecules with DMU is the lowest in water (5%) relative to protic or aprotic

organic solvents, such as methanol (12 %), ethanol (15%) and DMI (31%). DMI is a viable
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solvent to improve PAS selectivity. The mass balance shows that above 80% moles of

carbons from cellulose conversion was recovered in various forms of PAS and polyol

products (Figure 4.2B). On molar basis, only two carbons in DMI and three carbons in

TMI are accounted from cellulose. The missing mass, 9% in DMI up to 16% in DMI/water

is presumably mostly volatile hydrocarbons, which were not analyzed in this study.

Product distribution of PAS derivatives and polyols selectivity are shown in Figure 4.3A-

B. The remaining DMU was measured by HPLC/UV at 210 nm to calculate DMU

conversion and the selectivity for PAS derivatives (Figure 4.3A). At 200 °C, most of DMU

( 60%) is converted in two steps with DMI and TMI as the major products. They are

likely due to the hydrogenation of unsaturated compounds DMHI and TMHI. Formation of

DMHI and TMHI was verified by 1HNMR and HPLC analysis from the reaction in ethanol

under N2 at 200 °C. Overall, PAS selectivity is higher in the aprotic polar solvent DMI,

than the protic solvents MeOH and EtOH, with the lowest amount in water. The missing

mass of DMU is partly associated with a product, 1,3,4,5-tetramethylimidazolidin-2-one

from the reaction of 2,3-butandiol with DMU (Figure 4.2C, retention time = 32 min);

however, this byproduct was not quantified.

Sorbitol ( 20 %) is the major component of the polyol fraction along with ethylene glycol,

1,2-propylene glycol, and glycerol as shown in Figure 4.3B. Cellulose depolymerization to

glucose and fructose, their subsequent hydrogenation in the second step under H2 account

for the production of sorbitol.18, 19 EG and 1,2-PG is produced by hydrogenation of

intermediates 1 and 2, respectively. Analysis on the remaining amount of EG (1.3 mmoles)

and 1,2-PG (1.1 mmoles) after the second step in DMI revealed that significant amount of
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1 and 2 are converted to the corresponding PAS products, 0.91 mmoles of DMI and 1.63

mmoles of TMI. Therefore, improving the cellulose conversion to 1 and 2 would result in

higher PAS yields.

Figure 4.3. Analysis of PAS and polyol fractions from the catalytic conversion of cellulose in various
solvents. A) PAS fraction composition analyzed by HPLC-UV detection at 210 nm with benzyl
alcohol solution (5.0 mM) as an internal standard. B) Polyol fraction composition. Reaction
conditions are identical to Figure 4.2B.

When various tungsten species such as tungsten trioxide (WO3) or ammonium

metatungstate (AMT) was used with Ru/C, higher cellulose conversion was achieved:

WO3 + Ru/C (65%), AMT + Ru/C (72%) in DMI. However, according to HPLC/UV

analyses, PAS products were small. The unsaturated PAS intermediates DMHI and TMHI

probably underwent C-C bond cleavage in the presence of acidic tungsten species.

Tungsten bronze (HxWO3) is the active species in catalytic tungsten-based systems which

is known to promote cleavage of C-C bonds.21, 22, 25 Acid catalyzes cellulose conversion as

well as coupling of hydroxy ketones with DMU.28 Addition of sulfuric acid in water (5mM

solution) enhanced cellulose conversion to polyols in the presence of Ru/C; mainly
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ethylene glycol (33%) and sorbitol (45%) were obtained. However, it did not improve PAS

yields, which is likely due to protonation of unsaturated intermediates 1 and 2 in acid. PAS

yield strongly depends on cellulose depolymerization as well as the reaction medium. The

reaction of glucose or fructose was investigated in various solvents to further understand

the relationship between these intermediates with the production of PAS and elucidate the

pertinent mechanism (Scheme 4.1).

4.3.2 Conversion of glucans directly to PAS

Sugar conversion was also studied in an autoclave under the optimized conditions in one

pot, two steps process using Ru/C at 200 °C. After the second step under H2 atmosphere,

100% of the sugar was converted to polyols and PAS products in both protic and aprotic

solvents. The absence of glucose or fructose was confirmed by HPLC- reflective index

detector (HPLC-RID) where excess amounts of polyols EG and 1,2-PG were detected

(Figure 4.4). The polyol product distribution is consistent with previous results reported for

sugar conversion.4, 22

The amount of DMU left in the reaction mixture was measured by HPLC-UV detection at

210 nm. The majority of DMU (between 70-80 %) was converted to PAS (Figure 4.4A),

which is higher than that of observed for cellulose ( 55-60 %, vide supra). The overall

PAS selectivity followed a similar trend as that observed for cellulose where it is the

lowest in water (approximately 40%) and highest in DMI ( 80%). DMI is a good solvent

choice because it affords high PAS selectivity and it is the product. One of the interesting

observations is that the higher selectivity of TMI achieved from fructose whereas a better

selectivity of DMI was obtained from glucose conversion in both protic and aprotic
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solvents similar to what is predicted by retro-aldol condensation (Scheme 4.1). TMI was

obtained in 61 % from fructose vs. 26% from glucose in DMI (Figure 4.4A). Reactions in

water, methanol, and ethanol also verified this observation. Analysis of the polyol fractions

revealed a higher selectivity of EG from glucose as well as a higher selectivity of 1,2-PG

from fructose in both protic and aprotic solvents (Figure 4.4B). Catalytic conversion of

fructose to 1,2-PG (32%) is significantly higher than EG (11%) over Ru/C catalyst in DMI.

Glycolaldehyde 1 is likely the main intermediate of the glucose conversion to generate

DMHI and the corresponding hydrogenated compound DMI (Scheme 4.1). 2 is the main

intermediate of the fructose conversion leading to the production of TMHI and TMI.

Reactions performed in one-step under hydrogen gas atmosphere suppressed PAS

production, which is indicative of hydrogenation of hydroxy ketones 1 and 2, and as a

result EG and 1,2-PG do not react with DMU.

In molar mass balance calculation, 80- 88% moles of carbon from sugar conversion was

recovered PAS and polyol products (Figure 4.4B). Two carbons in DMI and three carbons

in TMI were accounted for (originated) from the sugar molecule. The missing mass was

due to 1,3,4,5-tetramethylimidazolidin-2-one and volatile hydrocarbons byproducts;

however, these were not large enough to justify extensive effort to quantify in this study.
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Figure 4.4. Analysis of PAS and polyol products obtained from the catalytic conversion of fructose
(Fru) and glucose (Glu) in various solvents. A) PAS products in various solvents. Selectivity was
calculated based on the DMU conversion using HPLC/UV at 210 nm with benzyl alcohol solution
(5.0 mM) as an internal standard. B) Polyol selectvity and the molar mass balance of carbons from
sugar conversion. Sugar conversion is 100% in all solvents. Conditions: sugars (1.0 g), DMU (0.2 g,
2.23 mmol), Ru/C (0.1 g) in various solvents (20 ml) were heated in a 75 ml stainless steel autoclave
at 200 °C in two steps: first, under N2 inert atmosphere (35 bar) for 6 hours, then H2 (30 bar) for 6
hours. Ru/C catalyst contains 5 wt% Ru on activated carbon. DMI/H2O (1:1 ratio) was used as a
solvent.

Because of the different positions of the C=O group in glucose and fructose, glucose was

primarily converted to glycolaldehyde 1 to form ethylene glycol while fructose produced

primarily hydroxyacetone 2 under N2 and ultimately hydrogenated to 1,2-PG under H2

atmosphere.22, 23, 31-33 Due to the lack of stability of 1 and 2 at room temperature and the

better overall yield of PAS from fructose, the coupling of 1,2-PG instead of

hydroxyacetone with DMU was investigated.
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4.3.3 Coupling of 1,2-PG with DMU and solvent effects

In a parallel study to further understand the catalytic conversion of polyols to PAS,

reactions between 1,2-PG and DMU were performed under either N2 or H2 atmosphere at

200 °C. Coupling of 1,2-PG and DMU produces TMHI in high yield (> 80%) in organic

solvents such as toluene, 2-MeTHF, and DMI under N2 in one step (Table 4.1b), whereas

lower yields were obtained in protic solvents such as MeOH (59%), Ethanol (65%), with

the lowest in water (37%). These results are comparable to those previously obtained in

two-phase reactions for cellulose and sugar conversion. Coupling of 1,2-PG and DMU

gave low yields (< 14%) under H2 atmosphere (Table 4.1c). Two hypotheses are put

forward to rationalize this observation: either the catalyst is fully hydrogenated resulting in

the loss of catalytic activity or hydrogenation of hydroxyacetone 2, the anticipated

intermediate, shifts the reaction towards reactants.

Performing these reactions in one pot two-steps under identical conditions to reactions

performed with cellulose and sugars verified formation of TMI (Table 4.1d). The results

from various solvents were consistent with what were achieved from the cellulose and

sugar conversions to PAS. Higher yields (> 81%) were obtained in organic solvents using

toluene (86%), 2-MeTHF (81%), and DMI (85%) (Table 4.1d, entries 1-4). These yields

are comparable to those previously reported using diglyme as a solvent.30 Comparing the

results from the reactions under N2 atmosphere (Table 4.1b) and the two-step reaction

(Table 4.1d), it is conceivable that hydrogenation of unsaturated PAS occurs in the second

step under H2 atmosphere. There are two main advantages of using DMI as a solvent in

this reaction; first: the reaction can be conducted at atmospheric pressure because of the
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high boing point of DMI (Table 4.2, entry 4); second, the product of the reaction can serve

as a solvent dissolving the reactants as the reaction proceeds. TMI was obtained in high

yield (78%) using minimal amount of DMI (5 mL) as a solvent under identical conditions

to entry 4, Table 4.2. The reaction yield is lower in protic solvents MeOH (63 %), EtOH

(70%), and water (47%). In previous scanning tunneling microscope (STM) studies,

adsorption of water on Ru surfaces results in various surface species such as molecular

H2O, H2O-C complexes, H, O, OH species where the related reaction can occur on Ru

surface. It is likely that intermediate 2 is reduced to 1,2-PG in water or protic solvents

preventing the coupling of 2 with DMU and hence PAS production.27, 34, 35

Table 4.2 Coupling of 1,2-PG and DMU.a

Entry Solvent bTMHI

%

cTMI % dTMI %

1 Toluene 88 14 86

2 2-MeTHF 86 11 81

3 DMI 84 12 85

4e DMI 83 15 83

5 MeOH 59 4 62

6 EtOH 65 5 70

7 water 37 2 48

a1,2-PG (1.7 g, 22.8 mmol), DMU (0.5 g, 5.7 mmol), 0.2 g Ru/C (5 wt%), and 20 mL solvent were
heated in a 75 mL stainless steel autoclave at 200 °C. bOne step reactions under N2 (35 bar) for 12
hours. cReactions under H2 (30 bar) for 12 hours. dTwo step reactions: first, under N2 inert
atmosphere (35 bar) for 6 hours, then H2 (30 bar) for various times. Yields were analyzed by
HPLC/UV with benzyl alcohol solution (5.0 mM) as an internal standard. TMHI Yields were also
confirmed by 1H-NMR with naphthalene as an internal standard (entries 1-4). eDMI under N2 inert
gas at 1 bar.

The product distribution was altered by varying the ratio of the starting materials under N2

atmosphere (Table 4.3). Evidently, an increase of the 1,2-PG ratio leads to higher yields of

TMHI, while the excess amount of DMU does not promote TMHI yields. Significant
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improvements on PAS yields were obtained when 1.5 ratio of 1,2-PG or higher were

applied in this reaction (Table 4.3, entries 5-7). This effect is related to the higher rate of

formation of hydroxyacetone during the reaction. The reaction time can be halved to 6

hours by increasing the ratio of 1,2-PG to 2 times that of DMU (Table 4.3, entry 7), a

comparable outcome to DMU conversion in the sugar study above (>70%). This indicates

that a longer reaction time on the first step (under N2) for the cellulose/sugar conversion

would promote the DMU conversion to PAS. To verify this observation, the reaction of

cellulose with DMU was repeated under N2 in EtOH for a longer time of 12 hours at 200

°C. Slightly higher DMU conversion (65% vs 58%) was achieved. It can be concluded that

C-C bond cleavage and formation of 1 and 2 occurs faster than coupling of 1 and 2 with

DMU in this catalytic cellulose or sugar conversion over the Ru/C catalyst. Decreasing the

amount of catalyst (0.1 g Ru/C) resulted in lower yield of TMHI (54%) under identical

conditions as entry 3, Table 4.3.
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Table 4.3 Results of reactions with varying ratios of 1,2-PG and DMU.a

Entry Diol/DMU Time
(hour)

TMHI
%

Remaining
Diol, %

Remaining
DMU, %

1 1 : 1 12 27 65 71

2 1 : 2 12 32 42 81

3 1.5 : 1 12 79 28 9

4 2 : 1 12 85 47 4

5 4 : 1 12 88 57 5

6 1.5 : 1 6 45 51 50

7 2 : 1 6 66 65 31

8 4 : 1 6 78 66 9
a1 Equivalent of 1,2-PG (7.0 mmol), DMU (7 or 14 mmol), 0.2 g Ru/C (5wt%), and 2-MeTHF (20
ml) were heated in a 75 ml stainless steel autoclave under N2 inert atmosphere (35 bar) at 200 °C.
Yields and the remaining amount of 1,2-PG were analyzed by 1H-NMR with naphthalene as an
internal standard. The remaining amount of DMU was characterized by both 1H-NMR and
HPLC/UV detection.

The effect of temperature on the reaction was examined for the coupling of 1,2-PG with

DMU under N2 (Table 4.4). TMHI was obtained in 80% yield at 180 and 200 °C (Table

4.4, entries 4-5). Significantly lower yields (< 32%) were obtained at 150 °C and below.

Performing this reaction under H2 atmosphere instead of a two-step reaction resulted in a

significant decline in PAS formation.

Table 4.4 Results of coupling reactions of 1,2-PG and DMU at various temperature.a

Time Temp (°C) TMHI %

1 24 80 0

2 12 120 10

3 12 150 32

4 12 180 79

5 12 200 81
a1,2-PG (0.15 g, 14 mmol), DMU (0.088 g, 7 mmol), 0.2 g Ru/C (5wt%), and 20 ml 2-MeTHF were
heated in a 75 ml stainless steel autoclave under inert atmosphere (N2, 35 bar) at 200 °C. Yields were
analyzed by 1H-NMR with naphthalene as an internal standard.



CHAPTER 4

115

4.3.4 Electronic effect of Ruthenium on the reaction of 1,2-PG and DMU

In order to understand how electronic variation on the Ru catalyst affect the reaction 1,2-

PG and DMU, experiments were conducted with a homogeneous ruthenium catalyst

system generated in situ. These studies of a well-defined homogeneous system would

elucidate electronic effects that can inform heterogeneous catalyst design. RuCl3·3H2O

was combined with various phenyl phosphine ligands, in a 1:2 ratio, respectively. The

catalyst mixtures were added in a microwave vial to 1,2-PG and DMU in 2-MeTHF as a

solvent under nitrogen atmosphere (details provided in Table 4.5).

Table 4.5 Results of in situ formation of Ru catalysts with varying phosphine ligands.a

Entry Ligand TMHI % Diol Selectivity % DMU Selectivity %

1 38 19 44

2 44 30 60

3 61 56 82

4 68 55 80

5 23 23 56

aRuCl3·3H2O (0.02 mmol), phosphine ligands (0.04 mmol), 1,2-PG (0.15 g, 2 mmol), DMU (0.088 g,
1 mmol), and 2-MeTHF (1.5 ml) were heated in a 10 ml microwave vial under N2 inert atmosphere at
200°C for 2 hours. Yields were analyzed by 1H-NMR with naphthalene as an internal standard.

A linear pattern is drawn based on the TMHI yield vs. the Hammett constant of the para

phenyl substituents (Figure 4.5).36 Using triphenylphosphine, the yield of TMHI was only

38%. Adding an electron donating substituent to the phenyl ring increased the yield up to

61%. On the other hand, an electron withdrawing substituent dropped the yields to 20%.
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Therefore, higher electron density on Ru accelerates the rate of reaction. Although

Hammett constant is not defined for bidentate 1,2-bis(diphenylphosphino)ethane (dppe),

the best yield was obtained using dppe as a ligand indicating its positive electronic effect

on the rate of the reaction.

Figure 4.5 Plot of TMHI yields vs. Hammett constants of various para substituents on the phenyl
phosphine ligands.

4.4 Discussion

A novel, direct, catalytic, and green process to obtain polar aprotic solvents (PAS) from

renewable resources was described. PAS can be successfully produced in high selectivity

in one-pot catalytic reactions of cellulose or sugars with N,N-dimethylurea (DMU) under

Ru/C at 200 °C in two steps. The first step was conducted under N2 atmosphere to yield the

unsaturated PAS including 1,3-dimethyl-1,3-dihydro-2H-imidazol-2-one (DMHI) and

1,3,4-trimethyl-1,3-dihydro-2H-imidazol-2-one (TMHI). In the second step, hydrogenation

of DMHI and TMHI was performed in the same pot over Ru/C under H2 atmosphere. The

initial hypothesis that the first step consists of two consecutive reactions, cellulose or sugar
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conversion to hydroxy ketones and their subsequent condensation reaction with DMU.

Formation of unsaturated PAS, DMHI and TMHI were verified in ethanol by 1HNMR and

HPLC-UV detector at 210 nm proceeding through the condensation of glycolaldehyde 1

and hydroxyacetone 2 intermediates with DMU, respectively. According to retro-aldol

condensation, glucose and fructose are the precursors of 1 and 2, respectively.25, 26

Experimentally, higher selectivity of DMI was obtained from the reactions of glucose with

DMU in various solvents, while the selectivity of TMI was higher from analogous

reactions with fructose. All supports the acyloins character of the species involved in the

reaction pathway.

A simpler system composed of vicinal diols and DMU to produce PAS proceeds through

the catalytic oxidation of vicinal diols to the corresponding acyloins over RU/C as

previously reported by Watanabe.30 Hydroxyacetone 2 is identified by 1HNMR as the

product of the catalytic oxidation of 1,2-PG by homogeneous or heterogeneous ruthenium

catalysts in 2-MeTHF in the absence of DMU (SI-III) which provides another evidence for

formation of hydroxy ketone 2 in the reaction pathway. Upon coordination of diols to Ru,

the corresponding adduct intermediate undergoes β-hydride elimination releasing acyloin

product and an equivalent amount of hydrogen as shown in Scheme 4.2. The reaction of

ethylene glycol with DMU under the same conditions produced DMI at a lower yield

(22%) indicating that oxidation of the secondary alcohol proceeds faster than the primary

alcohol over Ru/C.

Various studies have documented the condensation reactions between acyloins and urea for

preparation of 4-imidazolin-2-one derivatives by refluxing the mixture in a solvent in the
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absence of a catalyst.27, 28 In some cases, an acid or a base was used as a catalyst.

Performing the reaction of 2 with DMU in the absence of a catalyst gives a yield of TMHI

(69%) comparable to the catalytic reactions of 1,2-PG with DMU. Therefore, RU/C in not

required for the reaction of 2 with DMU. Once hydroxyacetone 2 is generated by catalytic

oxidation of 1,2-PG over Ru/C, the condensation step proceeds thermally with an amine

from DMU reacting with the carbonyl group of hydroxyacetone, forming enamine after

dehydration and rearrangement. Upon tautomerization, enamine gives another carbonyl

that can react with the second amine in a similar manner. The product TMHI is then

obtained following a second dehydration (Scheme 4.2).

Scheme 4.2 Plausible mechanism for the production of unsaturated product TMHI

Finally, it should be noted that a two-step reaction allows the unsaturated intermediates

glycolaldehyde 1 and hydroxyacetone 2 to react with DMU under N2 in the first step when

starting with cellulose or sugar. These intermediates (1 and 2) along with imine and

enamine can easily undergo hydrogenation in the presence of Ru/C catalyst under H2

atmosphere inhibiting production of the desired PAS, necessitating two-steps, first under

N2 to form unsaturated PAS followed by step two under H2 to give the desired PAS

products.
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4.5 Conclusions

A green and catalytic approach for the conversion of cellulose and sugar to polar aprotic

solvents (PAS) using Ru/C at 200 °C is presented. Cellulose and sugar conversion follows

a pattern predicted by retro-aldol mechanism with glycolaldehyde 1 and hydroxyacetone 2

being the major intermediates en route to PAS.22, 23, 25, 26 Ru/C is an effective

multifunctional catalyst where C-C bond cleavage of cellulose and sugars, coupling of  1

and 2 with N,N’-dimethylurea (DMU), and hydrogenation of the unsaturated products

were achieved in one-pot two-step reactions without a need of separation and purification

of intermediates. One of the appealing aspects of this reaction is that the product of the

reaction can serve as the solvent. This gives an opportunity for designing a greener

reaction using a minimal amount of solvent and improving sustainability and atom-

economy of this process. PAS in general (DMI in this study) is the best solvent to generate

PAS at atmospheric pressure because of its high polarity and boiling point. The overall

high PAS selectivity of 85% was achieved in one-pot, two-step process for both cellulose

and sugar conversion over Ru/C at 200 °C.

Coupling of 1,2-PG with DMU using Ru/C catalyst provide a novel synthetic design to

yield the imidizolone TMHI which upon hydrogenation gives the imidizolidinone TMI, an

appealing compound worthy of further study as a solvent. Oxidation of diol to the

corresponding acyloins is the key step for this reaction catalyzed by Ru/C. TMI was

obtained in 80% yield in two-step under heterogeneous catalysis in organic solvents with

only hydrogen and water as the byproducts. Electronic effects from an in situ prepared

homogeneous Ru phosphine catalysts revealed that electron-donating phosphine ligands
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(i.e. higher electron density on Ru) accelerated the reaction. Further studies on the design

of Ru catalyst using different supports should provide more effective catalysts for C-C

cleavage of carbohydrates and oxidation of vicinal diols to improve the productivity of

PAS from renewable sources.
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