33

Understanding the Reactivity of FeV(O) towards Alcohol Oxidation under Homogeneous conditions


A thesis submitted to
Indian Institute of Science Education and Research Pune
in partial fulfillment of the requirements for the
BS-MS Dual Degree Programme

By
NIKHIL Y L K
20091004
Under the guidance of 
 Dr. Sayam Sen Gupta
Research Scientist, NCL Pune

[image: logo_pune]


Department of Chemistry
Indian Institute of Science Education and Research Pune
Certificate


This is to certify that this dessertation entitled “Understanding the Reactivity of FeV(O) towards Alcohol Oxidation under Homogeneous conditions” submitted towards the partial fulfilment of the BS-MS dual degree programme at the Indian Institute of Science Education and Research Pune, represents original work carried out by Nikhil Y L K under the supervision of Dr. Sayam Sen Gupta at NCL, Pune  during the academic year 2014-2015.

[image: ]




Date: 25-03-2015                                                                                 Supervisor
Place: Pune                                                                                  (Dr. Sayam Sen Gupta)














Dedication


To my late father Dr. Y. Venkateswarlu.
His words of inspiration and encouragement in pursuit of excellence, still linger on.









Declaration


I hereby declare that the matter embodied in the report entitled “Understanding the Reactivity of FeV(O) towards Alcohol Oxidation under Homogeneous conditions” are the results of the investigations carried out by me in NCL PUNE, under the supervision of Dr. Sayam Sen Gupta and the same has not been submitted elsewhere for any other degree.



[image: ]

	

Date: 25-03-2015                                                                                  Nikhil Y L K
Place: Pune                                                                                     


Acknowledgement

Though my name appears on the cover of this thesis, many people have contributed to my work. I owe my gratitude to all those people who have made this possible and because of who my undergraduate experience has been such that I will cherish forever.
            My deepest gratitude is to my honorific project advisor, Dr. Sayam Sen Gupta who convincingly conveyed a spirit of adventure in regard to research. I have been amazingly fortunate to have an advisor who gave me the freedom to explore on my own, and at the same time to recover whenever my steps faltered.  I really feel much honored to come across such a brilliant teacher who not only taught me how to do research but also touched the deepest chord of my heart. By working under him, I have learnt that hard work is the only price we pay for success for achieving our goals.
I express my sincere gratitude to Dr. Sourav Pal, Director of NCL for allowing me to carry out the project at NCL.
I am very grateful to Dr. Sujith K Ghosh, my thesis advisory guide for his kind support during my 5th year project.
              My special word of thanks should go to my PhD co-guide Munmun Ghosh. She is very kind and helping in nature and I feel great pleasure by working and learning under her. I am also thankful to the pool officer Dr. Basab Bijayi Dhar who provided me a great help during my project and it’s my great pleasure to learn how to discuss and find solutions from his nonchalant nature.
I would like to express my deep and invaluable regards to my senior lab mates Chakadola, Sushma, Soumen, Kundan, Vinita, Bhawana, Praveen, Santanu and Sandipan. I am highly indebted to these guys. The cooperation and support provided by these guys was great and fun. I am really thankful to them for creating a friendly atmosphere in the lab. I sincerely thank all the D- wing fellow lab mates of PAML for their kind support.
      No word would suffice to express my gratitude and love to my mother, my grandfather and brother for their immense support and love.
Contents
1.1Introduction………………………………………..…………………………………….…12 1.2Biological role of enzymes...............................................................................…......14
        1.2.1 Heme iron metalloenzymes…………………………………………………......15
        1.2.2 Non-heme iron metalloenzymes……………………………………………......16
        1.2.3 Cytochrome P450……………………………………………………………......17
        1.2.4 Enzymes that activate H2O2: Peroxidases……………………………….........17
1.3 Iron Biuret-amide based macrocyclic ligand as peroxidase enzyme mimic………..18
2.1 Experimental Section………………………………………………………………….....20
         2.1.1 Materials…………………………………………………………………….........20
         2.1.2 Synthesis and characterization of (Et4N)2[biuret-modified Fe-TAML] (1a, X=H)………………………………………………………………………………………...….20
2.2 Kinetic Study of Benzyl Alcohol oxidation using biuret-modified Fe-TAML……..….22
       2.2.1 Reactions of high valent iron-oxo species FeV(O) with substituted                   benzyl alcohols………………………………………………………………………………..23
       2.2.2 Isotope labeling study…………………………………………………………….23
2.3 Synthesis of clickable [ FeIII-(biuret-amide)]…………………………………………...24
2.4 Synthesis of Azide Functionalizes MSN (x-N3-MSN)…………………..…………….26
       2.4.1 1 Modification of x-N3-MSN with Fe-TAML by Cu(I) catalyzed Azide-Alkyne Cycloaddition reaction (CuAAC)………….………………………………………………….27
3.0 Results and Discussion…………………………………………………………………..28
 3.1 Synthesis and characterization of FeV(O).33……………………………………….……28
3.2 Benzyl alcohol oxidation using Fe-TAML………………….……………..…………...28
3.3 Effect of temperature: Determination of thermodynamic parameters……………....31
3.4 Linear free energy relationship (Hammett plot).………………………………………32
3.5 Isotope Labeling Experiment....................................................................................32
      3.5.1 Oxidation using 18O labeled FeV(O)……………………………………………..32
      3.5.2 Kinetic Isotope Effect: Reaction with C6H5CD2OH……………….……………33
4.0 Conclusions……………………………………………………………………………….34
5.0 References………………………………………………………………………………..35







         
         






List of Figures
Figure 1.1 Bioinspired approach from the metal active site of enzymes to designed functional models………………………………………………………………………………13 
Figure 1.2: Peroxide activation mechanism by peroxidases………………………..……18
Figure 1.3:  Molecular structure of [(Et4N)2 FeIII-TAML] and [(Et4N)2 [FeIII (Biuret-amide)]]…………………………………………………………………………..……………..19
Figure 2.1: Synthetic Scheme of biuret-modified TAML (L2) 
and its FeIII complex (1a)…………………………………………………………………......21
Figure 2.2  Benzyl alcohol oxidation using biuret-modified Fe-TAML………………...…22
Figure 2.3 Scheme for synthesis of clickable [ FeIII-(biuret-amide)]……….……….……26
Figure 3.1 (a) UV-vis Spectra of  Fe(III)(biuret-TAML) and Fe(V)oxo(biuret-TAML)…………………………………………………………………………………………..28
 Figure 3.2 (a) Absorbance at 399nm vs time to determine kobs of benzyl alcohol oxidation. (b) UV-vis spectral changes upon reaction of high valent iron oxo species FeV(O) with 20 equivalents of benzyl alcohol (10-3 M) at room temperature. (c) Plot of kobs against the concentration of benzyl alcohol to determine the second-order rate constant…………………………………………………………………………………………29Kobs= 7.8×10-2S-1

Figure 3.3(i) Absorbance at 399nm vs time to determine kobs of Chlorobenzyl alcohol;(a) Flourobenzyl alcohol;(c) and Methoxybenzyl alcohol;(e) oxidation (15 equiv, 7.5 × 10-4 M) (ii) Plot of kobs against the concentration of Chlorobenzyl alcohol;(b) and Flourobenzyl alcohol;(d) and Methoxybenzyl alcohol;(f) to determine a second-order rate constant……………………………………………........………………………………...30
Figure 3.4 Plot of second-order rate constants against 1/T to determine activation parameters……………………………………………………………………………………..31 
Figure 3.5 Hammett plot of log krel against substituents constants of benzyl alcohol. The krel values were calculated by dividing k2 of para-X-benzyl alcohol by k2 of benzyl alcohol………………………………………………….……………………………………….32
Figure 3.6  Plot of kobs/min-1 vs [benzyl alcohol] (black line) and [C6H5CD2OH] (red line) showing a KIE of 3 at room temperature……..……………………………………………………………………………...33
Figure 4.1 Proposed mechanism for the oxidation of alcohol by non-heme high-valent FeV(O) species................................................................................................................34
Figure A1: Elemental analysis of biuret-modified Fe-TAML (1a)………………………..35
Figure A2: 1H NMR spectrum of the ligand L2 (X = H) in DMSO-d6…………………….35
Figure A3: GC-MS Data after reaction 18O labeled, Peak Fragmentation at 106,107 and 108 ...……………………………………………………………………………………....36
Figure A4: GC-MS Data after reaction without 18O labeling, Peak Fragmentation at 106,107…………………………………………………………………………………………36









List of Tables
Table 1: Oxidation Reactions Involving Iron………………………………………….........14
Table 2: First order and Second order rate constants of benzyl alcohol at different temperatures…………………………………………………………………………………...31












Abstract


High-valent iron oxo species are frequently invoked as the key intermediate in the catalytic oxidation of organic substrates by heme and non-heme iron enzymes. For example Cytochrome P450 generates a high valent FeIV(O)(porphyrin-radical-cation), isoelectronic with the FeV(O), has been shown to be the reactive intermediate of camphor. The presence of metal ions allows metalloenzyme to perform functions such as oxidation, which cannot be easily performed by the limited set of functional groups in amino acids. Cytochrome P450 enzyme performs oxidation by inserting an oxygen atom into a C-H bond.22 Several functional models of non-heme enzymes containing iron were synthesized including TAML, a small molecule replica of the short- circuited P450 enzymes which are stable at room temperatures. However from Sayam Sen Gupta group last year room temperature stable FeV(O) (t1/2, ~4hr) has been published which also shows activation towards C-H bonds.34 The mechanism of alcohol oxidation by FeV(O) is still unknown. Here we have used benzyl alcohol as a substrate, under single turnover conditions to determine the rate constants and find the mechanistic aspects by performing kinetic isotope effect.36
 







1.1 Introduction
The selective oxidation of various substrates is of fundamental importance in the sustenance of life process. Oxidation also has tremendous industrial applications since majority of the chemicals, fuels and materials which are used daily come from the oxidation of petroleum feed stocks.1 Oxidation of hydrocarbons involves addition of an oxygen atom which instigates functionalization leading to increase their value as reagents for further transformations. The main challenge lies in the activation of inert C-H bonds and their functionalization which can be done by catalytic oxidation using molecular oxygen. 2,3
Oxidation is also important from the energy perspective. One reaction that distinguishes earth from other planets is photosynthesis, in which plants and green algae convert solar energy into chemical energy.4,5   Another major application of oxidation is that it has a major impact on sustainability is in environmental remediation, such as wastewater treatment. Toxic compounds like polychlorophenols and effluent from the textiles and paper and pulp industries are oxidized into small non-toxic compounds that meet emission standards.6-11
During the course of evolution, Nature has solved the selective oxidation of non-activated C-H bonds under mild conditions by using metalloenzymes consisting of molecular oxygen.12 There are various kinds of metalloenzymes in nature which perform oxidation reactions which utilize the metal as the co-factor to catalyze a diverse array of bio-chemical reactions with high sterio and regio selectively. The metal active center in native enzymes are well protected by protein scaffolds. The metal ions in these metalloenzymes can exist in different oxidation states and different geometries which are responsible for promoting certain bio chemical transformations. These metal ions are usually coordinated with nitrogen, oxygen or sulphur atoms belonging to the protein’s polypeptide chain.  Reactivity of the metalloprotien depends on the coordination geometry, nature of the metal, amino acid residue, relative disposition and three-dimensional configuration. These factors are in turn responsible for the stable reactive intermediates with distinct oxidation states, controlling the accessibility by altering the active site and the path of substrate approaching the metal active center. 13,14 
Only a few successful examples of enzyme redesign in order to modify the active metal center have been reported, showing that the inherent catalytic activity of the enzyme can be altered. However, metalloenzymes high molecular weight, complex process of purification has made the chemist’s to devise an alternative approach to understand their activity. The main aim is to mimic the reactivity of the natural enzyme by using synthetic low molecular weight compounds to gain an insight into mechanistic, structural and spectroscopic data for comparison with the biological system.15 Functional models have been generated using earth abundant metals such as iron to achieve the same catalytic reactivity of the enzyme. In this thesis, we have devised a simple synthetic model complex to reproduce the fundamental aspects of the reactivity of Rieske oxygenase enzyme to study the mechanism of catalytic oxidation of alcohol.
[image: ]
Figure 1.1 Bioinspired approach from the metal active site of enzymes to designed functional models. The functional model depicted here is inspired from the active site of Rieske Oxygenase enzymes.


1.2 Biological role of iron enzymes 
Because of its inherent electronic properties and abundance on earth, Iron is regarded as the best choice for essential biological transformations. Based on the type of biological reaction these perform, Iron acts as the active center for various biological oxidations such as oxidases, hydrogenases, oxygenases, dehydrogenases and reductases. Iron containing enzymes use molecular oxygen to perform many oxidation reactions that are important in executing many biological processes, including the bio synthesis of hormones, the metabolism of drugs, DNA and RNA base repair, and the biosynthesis of antibiotics.16
Iron is the fourth most common element in the earth’s crust and can exist in various oxidation states, although the most common are FeII and FeIII. To explain the enzymatic processes taking place in the biological systems, higher and lower oxidation states of iron such as FeIV and FeV=O have been postulated. Recently High valent iron(IV)-oxo species have been implicated as the key reactive intermediates in the catalytic cycles of heme and non-heme iron enzymes.   Due to its versatility, iron is present in a wide range of metalloenzymes such as cytochromeP450 which consists of a heme system with porphyrin ligand.  The use of transition metal complexes to activate the naturally abundant green oxidant O2 effectively to facilitate industrial oxidative transformations is also important. Hence, much effort has been made to understand the mechanism in heme and non-heme enzymes.
Table 1: Oxidation Reactions Involving Iron.4
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1.2.1 Heme iron metalloenzymes
Based on their structural feature, iron containing enzymes that activate O2 have been characterized into ‘heme’, with iron-porphyrin cofactors and ‘non-heme’ with iron active centers bound to amino acid residues. Heme iron enzymes have an iron activated site coordinated to a porphyrin cofactor in a square pyramidal fashion, with one axial ligand from the protein backbone, and the other axial position available for H2O2 /O2 binding and activation. Depending upon the activation of O2 and H2O2, these are classified as oxidases or peroxidases. Oxidases are the class of heme enzymes that activate O2 at one of the two axial sites and have the cysteine axial ligand in the other axial site. Peroxidases are the class of heme enzymes where the histidine residue occupies one of the axial coordination sites and the other axial site is used for H2O2  activation.4
1.2.2 Non-heme iron metalloenzymes
 Non-heme enzymes are broadly classified into two types depending upon whether the metal active center is mononuclear or dinuclear. Crystal structures of several mononuclear non-heme enzymes have been determined by the chemist to understand the relationship between their structure and functional ability to catalyze diverse oxidative transformations. In the case of non-heme enzymes amino acids form the coordinating environment, which is in contrast to the heme enzymes (porphyrin cofactor). Typical examples of mononuclear-type non-heme enzymes are Rieske dioxygenases, α-Ketoglutarate-dependent enzymes, and pterin-dependent hydroxylases. Rieske dioxygenases activate O2 and catalyze the cis-dihydroxylation of arene double bonds to initiate the biodegradation of aromatics in the soil. Unlike the porphyrin cofactor in the heme enzyme, the redox nature of amino acid residues allows these enzymes to store two oxidizing equivalents in the iron atom, thereby instigating the formation of an FeV(O) oxidant. As of now, there is no direct spectroscopic evidence for a non-heme FeV (O) species had been obtained in the enzyme cycle. Several examples of FeIV(O) intermediates have been trapped and characterized in the studies of non-heme iron enzymes that use organic cofactors such as α-Ketoglutarate or tetrahydro biopetrin. Typically non-heme iron enzymes catalyze a wide range of reactions by the activation of dioxygen, including monooxygenation, deoxygenation, desaturation, and the 4-electron reduction of dioxygen to water. The proposed mechanisms for the non-heme iron enzymes of both type follow the same heme paradigm, and evidence for Fe(III) – peroxo and high-valent iron-oxo intermediates has been obtained for some of these enzymes.17-21



 1.2.3 Cytochrome P450
One of the most studied and the best known class of oxidative heme metalloenzymes is the Cytochrome P450 (Cyt P450). These enzymes constitute a large class of heme proteins which are present in all forms of the life; plants, bacterial and mammals. These enzymes take part in a large variety of vital processes, like drug metabolism, bio synthesis of steroids and detoxification of xenobiotic substances.
Oxidation of non-activated organic substrates such as hydroxylation of aliphatic C-H bonds, epoxidation of C=C bonds with high stereo and region selectivity is done by Cyt P450. Cyt P450 also catalyzes N-oxidation, sulfoxidation, dehalogenation reactions, N-, S- and O- dealkylation indicating that Cytochrome P450 enzymes are highly efficient and versatile. Cytochrome P450 enzyme uses molecular O2 as a oxidant and oxygen source during oxidation reactions and they act as monooxygenases. Cyt P450 usually inserts one oxygen atom into a wide variety of biological substrate, concomitantly with a two electron reduction of the other oxygen atom to form a water molecule. The generally accepted oxygen activated mechanism associated with cytochrome P450 is referred to as heme paradigm.4
In the last two decades, mechanistic insight of cytochrome P450 was obtained from several x-ray crystal structures and also the principle features of the catalytic cycle of cytochrome P450 are well established. The initial step consists of the substrate binding at the active site, causing extrusion of the water ligand. The five coordinate iron site changes its spin state and increases the FeIII/FeII oxidation potential, triggering the injection of one electron from an electronic transport chain, leading to the one elctron reduction of the iron center. The binding of the molecular oxygen to the FeII center generates a ferric super oxide complex, which rapidly traps one electron and one proton to afford the iron(III)-hydroperoxo complex. This species undergoes proton assisted O-O heterolytic bond cleavage to generate a high-valent oxo-FeIV –porphyrl radical cation and a water molecule.22-24


1.2.4 Enzymes that activate H2O2: Peroxidases
These are the class of heme enzymes that short circuit the di-oxygen activation process of cytochrome P450 by two oxidation steps, thereby activating H2O2 directly to form the corresponding  metal oxo intermediates. The two oxidation equivalents in the iron-oxo species are generally utilized for substrate oxidation. In contrast to cytochrome P450, the iron porphyrin active center in the peroxidases is linked to the protein backbone through a histidine or tyrosine axial site.21


Figure 1.2: Peroxide activation mechanism by peroxidases

1.3 Iron Biuret-amide based macrocyclic ligand as peroxidase enzyme mimic
In recent years, several metal complexes that activate H2O2 or O2 have been synthesized from biologically relevant transitional metal complexes and a myriad of electron donating ligands. The key to the synthesis of efficient transition-metal oxidation catalysts is to design metal complex that activates H2O2 or O2 but are themselves inert to oxidation.  Metal complexes of synthetic porphyrins , FeIII complexes based on a class of tetraamide  macrocyclic ligands (Fe-TAMLs) have been shown to be functional mimics of peroxidases which have good aqueous stability, fast reaction rates and very high turnover numbers , that are similar to native peroxidases. T.J. Collins developed  various Fe-TAMLs  which belong to class of tetra-anionic  nitrogen donating ligands are stable over a broad range of pH and ionic strengths. 25-27 These have been extensively used for wastewater treatment processes. However, Fe-TAMLS are subjected to very fast demetallation in acidic media following a proton attack to the one of the four amido nitrogens linked to iron and oxidative decay, following an intra-molecular hydrogen abstraction from own ligand moiety tail CMe2.28-31 Hence there was a need to develop new FeIII complexes with oxidative robust framework that show similar attributes to the functionalized Fe-TAML. In order to overcome the problem of media-induced demetalation, the tail CMe2 group of the Fe-TAML was replaced by corresponding electron withdrawing –CF2 in the malonyl fragment which showed positive effects on acid stability.32 Furthermore the catalytic activity and the aqueous stability of the catalyst can be altered if the malonyl fragment is replaced with a substituted biuret fragment, we can probe the effect of the –NMe group on the aqueous stability and reactivity of resulting FeIII Complex. Since the lone pair on the –NMe group of the planar biuret moiety can be delocalized on the six membered ring containing the FeIII ion. We have reported the first synthesis of a FeIII complex based on a macrocyclic biuret amide ligand abbreviated as (Et4N)2 [FeIII (Biuret-amide)]. 33,34


Figure 1.3:  Molecular structure of [(Et4N)2 FeIII-TAML] and [(Et4N)2 [FeIII (Biuret-amide)]]





2.1 Experimental Section
2.1.1 Materials
N-dichloroformylmethylamine was produced from ChemCollect GmBH, Germany. Diethy elther, petroleum ether (60-80 ˚C), ethyl acetate, dichloromethane, tetrahydrofuran, ethanol, methanol, benzene, hexane etc. were obtained from Merck and dried by conventional methods. Other reagents used for the synthesis of ligand, mCPBA, acetonitrile, Benzyl Alcohol and its substituents were also obtained from Sigma Aldrich.  Zn dust and CaCl2 were obtained from Merck. H218O (95% 18O - enriched), NaBD4 (Sodium borohydride- deuterated), m-CPBA were purchased from sigma Aldrich. All chemicals were available at their best purity and used without further purification unless otherwise indicated.
Tetraethylorthosilicate (TEOS), Cetyltrimethylammonium bromide (CTAB), Amino guanidine hydrochloride (AG.HCl),  4-Pentynoic acid, and Hydrazine acetate were obtained from Sigma Aldrich. CuSO4, Sodium ascorbate, hydrogen peroxide, Zn dust and CaCl2 were obtained from Merck, India.  Alkyne tailed [FeIII-tetraamido-(biuret-amide)] complex, 3-azido-propyltriethoxysilane (AzPTES) and tris(3-hydroxypropyl triazolyl methyl) amine (THPTA) were prepared as reported earlier. In all the experiments, de-ionized water was used.
 

2.1.2 Synthesis and characterization of (Et4N)2[biuret-modified Fe-TAML] (1a, X=H)34
(a) Synthesis of 1a
A solution containing compound L2 (X = H ; 50 mg, 0.138 mmol) in 10 ml of dry THF was deoxygenated by four consecutive freeze-pump-thaw processes. Then to this solution was added n-BuLi (0.4 ml of 1.4 M solution in hexane, 0.567 mmol, 4.1 eq) at 0 ºC under Argon atmosphere followed by addition of solid anhydrous FeCl2 (21 mg, 0.166 mmol, 1.2 eq) under positive argon flow. The reaction was allowed to proceed under Argon at room temperature for 12 hours after which it was opened to air and stirred for one more hour to yield a dark orange-brown precipitate. The precipitate was filtered through a frit funnel and was dissolved in methanol to afford an orange solution. The solution (5 ml) containing the complex was then loaded onto a cationic ion-exchange resin (Amberlite-120; strong acid) column that had been pre-saturated with tetraethyl ammonium ion so as to exchange the lithium counter cation. The orange band was eluted with methanol and the solvent was removed under reduced pressure to yield a red-orange solid. Further purification was achieved by column chromatography using basic alumina with CH2Cl2: MeOH = 99:1 as the eluent. X-ray diffracting quality crystals were obtained by slow vapor diffusion of diethyl ether into the solution of the complex in acetonitrile. Yield: 63 mg (83%). Elemental analysis: Found: C, 55.71; H, 8.14; N, 13.688%. Calc. for C33H59N7ClFeO4: C, 55.85; H, 8.32; N, 13.820. UV-vis: λmax(H2O)/nm; 356 (ε/dm3 mol-1 cm-1, 5160), IR (KBr, νmax/cm-1): 1601(s, CO), 1556(s, CO), 1531(s, CO). ESI-MS (negative ion mode): m/z 413.1(M-H+, 100%).



Figure 2.1: Synthetic Scheme of biuret-modified TAML (L2) and its FeIII complex (1a).
(b) Synthesis of L1 (X = H)
The compound L1 was prepared following earlier reported procedures.
(c) Synthesis of L2 (X = H)
(d) Synthesis of 3, 3, 6, 9, 9-pentamethyl-3, 4, 8, 9–tetrahydro-1H-benzo[i][1, 3, 5, 8, 11] pentaaza cyclotridecine-2, 5, 7,10 (6H, 11H)-tetraone (L2; X = H)
        Compound L1 (X = H; 500 mg, 1.79 mmol) and dry Et3N (0.5ml, 3.6 mmol, 2 eq) were dissolved in dry THF (50 mL) and the resultant solution was transferred into an addition funnel fitted to a 3-necked round bottom flask. N, N-dichloroformylmethylamine (0.23 ml, 1.79 mmol, 1eq) was diluted with 50 mL of dry THF and transferred into another addition funnel fitted to the same 3-necked round bottom flask. Both these solutions were added drop wise over a period of 1 hour into the round bottom flask containing 200 mL of dry THF at 0 °C under Argon. After the addition, the reaction mixture was allowed to warm to room temperature and then stirred for an additional period of 12 hours. After completion of the reaction, the reaction mixture was filtered, and purified by flash column chromatography (eluent: 100% EtOAc) to yield L2 (326 mg, 50%). Elemental analysis: Found: C, 56.44; H, 6.31; N, 19.140. Calc. for C17H23N5O4: C, 56.5; H, 6.37; N, 19.39%. IR (KBr, νmax/cm-1): 3348(s, NH), 3245 (s, NH), 1711 (s, CO), 1652 (s, CO). 1H NMR δH (200 MHZ; CD3OD): 9.11 (s, 2 H, NH), 7.99 (s, 2 H, NH), 7.62 (dd, 2 H, J1 = 3.5 Hz, J2 = 6.1 Hz, Ph), 7.21 (dd, 2 H, J1 = 3.6 Hz, J2 = 6.0 Hz, Ph), 3.00 (s, 3 H, CH3), 1.54 (s, 12 H, CH3). 13C NMR; δC (d6 DMSO 200 MHz,): 173.6, 156.6, 130.86, 125.6, 59.0, 31.8, 25.5. ESI-MS (negative ion mode): m/z 360.3 (M-H+, 100%).

2.2 Kinetic Study of Benzyl Alcohol oxidation using biuret-modified Fe-TAML







Figure 2.2   Benzyl alcohol oxidation using biuret-modified Fe-TAML
     Rate constants were measured spectrophotmetrically by monitoring the change in the absorbance of the biuret-modified Fe-TAML with (Agilent 8453 spectrophotometer) using 1 ml quartz cuvette of 1.00 cm path length. In a typical experiment, reaction was initiated under single turnover numbers by adding a 2.5µl aliquot of a stock solution of substrate ( 5 µl of benzyl alcohol in495 µl ACN, 10-1 M) into 490 µl of reaction mixture which conatins catalyst, oxidant and solvent. 
In general, reactions were run at least in triplicate, and the data represents the average of these reactions. All reactions were followed by monitoring the spectral changes of reaction solutions. High valent Iron-oxo species (FeV =O) was prepared by adding 1.2 equiv. of m-CPBA( 0.02M, diluted in 1mL of acetonitrile) into the 1cm UV cuvette containing an iron(III) complex ( 5×10-5M) in  500µL CH3CN. Then, appropriate amounts of benzyl alcohol were added into the UV cuvette, and the spectral changes of the high valent Iron-oxo species (FeV =O) were directly monitored using time based measurement.( Changes in absorbance Vs time).  kobs was determined by the pseudo first order fitting equation of the change in absorbance at 441nm and 613nm. Absorbance-time data obtained from the spectrophotometer was imported to the spreadsheet of orgin where the second order rate constant was determined with a linear regression (R2=0.998).
2.2.1 Reactions of high valent iron-oxo species FeV(O) with substituted benzyl                                                  alcohols.
Reactions were at least run in triplicate and the data represents the average of these reactions. Different substituted benzyl alcohols (4-chloro, 4-Methoxy, 4-Flouro benzyl alcohol) were taken and the same procedure was followed as mentioned above. The first order rate constant for different substituted benzyl alcohol were obtained by pseudo first order fitting and the second order rate constants were determined by importing the data to orgin spread sheet with perfect linear regression.
2.2.2 Isotope labeling study
For, Isotope labeling study, FeV(18O) was prepared by adding a small amount of H218O ( 10 µL ,95% 18O - enriched) to a reaction solution containing FeV(16O)(10-4 M) in a solvent mixture ( 500 µL of ACN) at room temperature. Then, 25 equiv. of benzyl alcohol( 25×10-4 M) was added and reacted with FeV(18O) for a 400s. Product analysis was performed with GC and GC-MS. The 16O and 18O compositions in benzaldehyde were analyzed by the relative abundances of m/z = 106 for PhCH16O and m/z = 108 for PhCH18O.
2.3 Synthesis of clickable [ FeIII-(biuret-amide)].35
(a) Synthesis of pent – 4 – ynoyl chloride
To a solution of 4-pentynoic acid ( 1.0 gm ,10.19mmol) in dry benzene was added oxalyl chloride ( 6.0 ml, 50.97mmol, 5equiv) and the reaction mixture was refluxed for 2-3 hrs with a CaCl2  guard tube fitted to reflux the condenser. The excess oxalyl chloride was distilled of under reduced pressure. The remaining little oxalyl chloride was chased off with   5ml of benzene twice. Subsequent reactions were performed considering a 100% yield.
(b) Synthesis of N- (4- amino-3-nitrophenyl)pent-4-ynamide (2)
To an ice cooled solution of 1 (960mg, 6.22mmol) and dry triethylamine (1 mL, 7.18 mmol, 1.1 equiv.) in dry THF, a solution of pent-4-ynoyl chloride ( 722mg, 6.22mmol, 1.1 equiv. ) in dry THF was added drop wise over a period of 30 minutes. After the completion of addition  the ice was removed and the reaction was stirred at room temperature for a period of 12 hours. The reaction mixture was filtered to remove the triethylamine salt. Solvent was removed under reduced pressure to have 2 as the only product TLC. 2 was then recrystallized from ethanol to yield 1.2 g (80% yield).
(c) Synthesis of N-(3,4-diaminophenyl)pent-4-ynamide (3)
2 ( 750 mg , 3.43mmol)  was taken in 90 ml of 95% ethanol . To it activated CaCl2  powder ( 0.45 g, 4.05 mmol, 1.26 equiv.) and activated Zn dust ( 7 g, 114 mmol, 18 equiv.) were added. The reaction mixture was refluxed for 2-3 hours . The completion  of reaction was monitored by taking TLC. ( 60% EtOAc in petroleum ether). As soon as the starting material was consumed the reaction mixture was cooled to room temperature and filtered. Ethanol was removed under reduced pressure. The solid residue was dissolved in water and pH was adjusted to 11 by adding NaOH. Then the organic layer was extracted to 3 × 150 mL of EtOAc. Solvent evaporated to have pure 3
(d) Synthesis of N-N’-4-(pent-4-ynamido)-1,2-phenylene)bis(2-(1,3-dioxoisoindolin-2-yl)-2-methylpropanamide) (5)
To an ice cooled solution of 3 ( 1g, 4.9mmol) and dry trimethylamine (1.35mL, 10mmol, 1.01 equiv.) in dry THF , a solution of 4 ( 3 g, 12mmol, 1.01 equiv.) in dry THF was added drop wise over a period of 30 minutes. After completion of addition , the ice was removed and the reaction was stirred at room temperature for a period of 12 hours. The reaction mixture was filtered to remove the triethylamine salt. Solvent was removed under reduced pressure and the residue was dissolved in DCM and washed with 3 × 250 mL 1N HCl and 3 × 250 mL of saturated NaHCO3 to remove the unreacted reactants. DCM was removed by rota evaporator and the solid was recrystallized from ethanol to have crystals of 5.
(e) synthesis of N-N’-4-(pent-4-ynamido)-1,2-phenylene)bis(2-amino-2-methylpropanamide) (6)
A mixture of 5 (3 g, 4.73mmol, 1 equiv.) and hydrazineacetate ( 1.0 g, 10mmol, 3 equiv.) were taken in 60mL of absolute ethanol and refluxed for 8 hours. After 2-3 hours the reaction mixture became clear and then the precipitation of pthalichydrazide starts following completion of reaction with additional 5 hours. The reaction mixture was cooled to room temperature and kept at -20˚C overnight. The reaction mixture was filtered through celite following washings with cold ethanol. Ethanol was removed under reduced presuure, the solid residue was dissolved in water and the pH was adjusted to 11 by adding NaOH. Then the organic layer was extracted with 3 × 150 mL of DCM . Solvent was evaporated and recrystallized from solvent mixture of EtOAc and hexane to have pure 6. 

 
Figure 2.3       Scheme for synthesis of clickable [ FeIII-(biuret-amide)].

2.4 Synthesis of Azide Functionalized MSN (x-N3-MSN) 35
The azide functionalized MSN (x-N3-MSN; x stands for % of azide loading) was synthesized by co-condensation of TEOS with AzPTES (3-azidopropyl triethoxysilane) by following procedure reported in literature with slight modifications.35 The density of azidopropyl groups on the surface of MSN was varied by varying the molar ratio of AzPTES with respect to TEOS during one pot co-condensation synthesis. In a typical batch synthesis for 1% azide loading, CTAB (1 g, 2.744 mmol) was dissolved in 640 mL of water and 2M aqueous NaOH (3.5 mL, 7 mmol). The mixture was stirred thoroughly at 600 rpm for 30 min at 80 °C to dissolve the surfactant completely. To this clear solution, TEOS (4.702 g, 22.56 mmol) was injected rapidly followed by AzPTES (0.0563 g, 0.228 mmol). A white precipitate was observed within 1-2 min after the addition was completed. The resultant reaction mixture was allowed to stir at 600 rpm for 2 h at 80 °C. The hot contents were then filtered and the white residue was washed with copious amounts of water and methanol and dried under vacuum at 100°C over night (yield ~1.7 g). This azide grafted MSN will be simply denoted as 1-N3-MSN. Similarly, 0.5-N3-MSN and 0.2-N3-MSN was synthesized using AzPTES. TGA was done to determine the azide incorporation in the x-N3-MSN after removal of template.

2.4.1 Modification of x-N3-MSN with Fe-TAML by Cu(I) catalyzed Azide-Alkyne Cycloaddition reaction (CuAAC)
For CuAAC, x-N3-MSN was incubated with 3 equivalents of the alkyne tailed [FeIII-tetraamido-(biuret-amide)] complex in 100 mM phosphate buffer containing THPTA (2.5 equivalent), AG.HCl (4 equivalent), CuSO4 (0.5 equivalent) and sodium ascorbate (4 equivalent). In a typical click reaction, 1-N3-MSN (10 mg, 1.2 μmol of azide) was incubated with alkyne tailed [FeIII-tetraamido-(biuret-amide)] complex (3 mg, 3.6 μmol) in 1mL, 100 mM phosphate buffer containing THPTA (1.3 mg, 3 μmol), AG.HCl (0.54 mg, 4.8 μmol), CuSO4 (0.16 mg, 0.6 μmol). The reaction mixture was freeze pump thawed thrice and sodium ascorbate (0.96 mg, 4.8 μmol) was added and the mixture was stirred inside microwave for 15min and then at room temperature for 24 h. After completion of reaction, the reaction mixture was centrifuged and the residue was first washed with phosphate buffer twice and then sequentially washed with 10 mM N,N-diethyldithiocarbamate sodium solution in 100 mM phospate buffer and acetone respectively. The last two washings were repeated thrice. Finally, the yellowish white powder obtained was dried at 80°C in vacuum oven for 8 h (Yield: ~9 mg). This [FeIII-tetraamido-(biuret-amide)] functionalized MSN will be simply denoted as x-Fe-MSN x stands for % of azide loading. Similarly, two more click reaction was carried out using 0.5-N3-MSN and 0.2-N3-MSN.






3.0 Results and Discussions
3.1 Synthesis and characterization of FeV(O).33 

High-valent iron-oxo FeV(O) was generated by parent biuret modified FeIII-TAML in CH3CN by adding 1.2 equivalents meta-chloro peroxybenzoic acid which is  stable at room temperatures, has the ability to provide an insight into the mechanistic aspect of alcohol oxidation. The species was already characterized by e.p.r, Mossbauer and Hr-MS.33






Figure 3.1 (a) UV-vis Spectra of  Fe(III)(biuret-TAML) and Fe(V)oxo(biuret-TAML).
3.2 Benzyl alcohol oxidation using Fe-TAML
The propensity of FeV(O) to instigate benzyl alcohol oxidation was studied under pseudo-first order conditions at the isosbestic points of FeIII and µ-Oxo-FeIV  dimer  (355 and 399nm) at room temperature. The pseudo-first-order rate constant was determined from non-linear curve fitting of the absorbance relative to time data using equation [ (At  = Aα – (Aα – A0 )e-kobst]. The kobs of benzyl alcohol was correlated linearly with increasing concentration to determine the second-order rate constant k2 from the slope of the straight line that passed through the origin. At the end of the reaction, the FeIII complex was formed back again and was observed through Uv-vis spectroscopy and HR-MS. After the completion of reaction, product (60% yield) identification was carried by GC-MS. The result showed the formation of benzaldehyde which was not further oxidized to benzoic acid. The UV-vis scanning kinetics showed that  the starting FeV(O) species gradually changed to diamagnetic µ-Oxo-FeIV  dimer species which later got regenerated to form the parent FeIII complex (Fig 3.2 (b)). 





kobs =  7.8 × 10-2S-1












Figure 3.2 (a) Absorbance at 399nm vs time to determine kobs of benzyl alcohol oxidation (red line is the first order fit according to the equation [ (At  = Aα – (Aα – A0 )e-kobst) ]. (b) UV-vis spectral changes upon reaction of high valent iron oxo species FeV(O) with 20 equivalents of benzyl alcohol (10-3 M) at room temperature. (c) Plot of kobs against the concentration of benzyl alcohol to determine the second-order rate constant.Kobs= 7.8×10-2S-1

 













  











Figure 3.3 (i) Absorbance at 399nm vs time to determine kobs of Chlorobenzyl alcohol;(a) Flourobenzyl alcohol;(c) and Methoxybenzyl alcohol;(e) oxidation (15 equiv, 7.5 × 10-4 M, red line is the first order fit according to the equation [(At  = Aα – (Aα – A0 )) ] ). (ii) Plot of kobs against the concentration of Chlorobenzyl alcohol;(b) and Flourobenzyl alcohol;(d) and Methoxybenzyl alcohol;(f) to determine a second-order rate constant.
3.3 Effect of temperature: Determination of thermodynamic parameters
Second–order rate constants of benzyl alcohol at different temperatures were determined to calcuate the activation parameters using Eyring equation. The enthalpy, entropy and Gibbs free energy of the oxidation reactions at 300K in CH3CN were found out to be 6.814 kcal mol-1, -27.29 cal mol-1K-1 and 15.04 kcal mol-1. 
Table 2: Second order rate constants of benzyl alcohol at different temperatures.
	Temperature [K]
	k2 (M-1s-1)

	283
	36

	288
	44

	293
	66

	303
	80







∆H≠ = 6.85 kcal mol-1
∆S  = -27.29 cal mol-1K-1
∆G =  15.04 kcal mol-1







Figure 3.4 Plot of second-order rate constants against 1/T to determine activation parameters.
3.4 Linear free energy relationship (Hammett plot)

 Hammett plot of different para substituted benzyl alcohols were determined. The krel values were calculated by dividing k2 of para-X-benzyl alcohol by k2 of benzyl alcohol. Linearity of the plot supports reactions are going through a same transition state. 


 






Figure 3.5 Hammett plot of log krel against substituents constants of benzyl alcohol. The krel values were calculated by dividing k2 of para-X-benzyl alcohol by k2 of benzyl alcohol. 
3.5 Isotope Labeling Experiment 
3.5.1 Oxidation using 18O labeled FeV(O)
 Oxidation of benzyl alcohol was carried out with an 18O-labeled Oxoiron(V) complex to understand the mechanistic aspects of product formation.  Upon adding 25 equivalents of benzyl alcohol (25× 10-4 M) to the solution of 18 O-labeled catalyst, the intermediate reverted back to the starting complex and product analysis with  GC-MS (60% yield)  revealed that less than 10% of oxygen in the benzaldehyde was derived from the Oxoiron(V) species. The 18O incorporated product was likely the result of oxygen atom exchange between FeV(O) and H218O leading to the formation of small amounts of FeV(18O) which leads to the incorporation of 18O benzaldehyde product. This indicates that the oxygen of benzaldehyde is exclusively coming from the oxygen of benzyl alcohol.
3.5.2 Kinetic Isotope Effect : Reaction with C6H5CD2OH

Oxidation reaction was carried out by using C6H5CD2OH instead of C6H5CH2OH and kinetic isotope effect, kH/kD = 10 was observed. It indicates rate determining step is the hydrogen abstraction from α-CH of benzyl alcohol.
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Figure 3.6  Plot of kobs/min-1 vs [benzyl alcohol] (black line) and [C6H5CD2OH] (red line) showing a KIE of 3 at room temperature.




 
4.0 Conclusions
The KIE values indicate that high valent iron oxo species FeV(O) activate alcohols solely by hydrogen atom abstraction from the α-CH of benzyl alcohol and this C-H bond cleavage is the rate determining step in the alcohol oxidation. The 18O incorporated product was likely the result of oxygen atom exchange between FeV(O) and H218O leading to the formation of small amounts of FeV(18O) which leads to the incorporation of 18O benzaldehyde product. This is also verified when we incubated benzaldehyde with H218O, we observed less than 10% incorporation of 18O isotope from H218O in benzaldehyde. From these two isotope labeling experiment, we concluded that oxygen atom does not derive from the high valent iron oxo species FeV(O). 
Finally, we have proposed a conceivable mechanism for alcohol oxidation by non-heme oxoiron(V) intermediates , in which the oxidation of alcohol occurs by an α-CH hydrogen atom abstraction followed by electron transfer (Fig 4.1).


Figure 4.1 Proposed mechanism for the oxidation of alcohol by non-heme high-valent FeV(O) .

Appendix
[image: ]
Figure A1: Elemental analysis of biuret-modified Fe-TAML (1a).












Figure A2: 1H NMR spectrum of the ligand L2 (X = H) in DMSO-d6
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[image: ]Figure A3: GC-MS Data after reaction 18O labeled, Peak Fragmentation at 106,107 and 108 corresponds to the product benzaldehyde and also  ethereal incorporation of  18O.









Figure A4: GC-MS Data after reaction without 18O labeling, Peak Fragmentation at 106,107, corresponds to the product benzaldehyde.
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