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INTRODUCTION (Chapter 1.1 and 1.2)

Reduction of different functional groups is one of the key transformations in organic
synthesis. Commonly used metal-hydride reducing agents such as LiBH4, NaBHa, LiAlH,4
and DIBAL-H are toxic and produce a huge amount of inorganic waste Thus, Hydrogenation
reaction is one of the alternatives for the reduction of different functionalities. However, the
conventional direct hydrogenation method tolerates several drawbacks due to its hazardous
pressurized hydrogen gas, elaborated experimental setup, and expensiveness.l® Catalytic
Transfer hydrogenation reaction is one of the most attractive alternatives to direct
hydrogenation as it not only deals with the easy and readily available hydrogen donors but
also easy-to-handle protocol, inexpensive nature and recyclability of the side products makes
this process more sustainable. Even though transfer hydrogenation using isopropanol and
formic acid is well explored in literature but using comparatively challenging primary alcohol
like ethanol and methanol is now in focus. Transition metal elements, especially ruthenium
and iron have been used potentially in transfer hydrogenation reactions. In my thesis I will
discuss about the utilization of a half sandwich ruthenium complex for TH of ketone and

aldehyde in air using ecological benign ethanol and methanol. Later a tridentate Iron NNO



complex has been developed which has been utilised for the transfer hydrogenation of
lignocellulosic biomass model compounds vanillin and furfural using ethanol as sacrificial

hydrogen donor.

On the other hand, the oxidation of different functional groups has become an important and
ideal transformations and one of the key interesting research topics for chemists for academic
and industrial purposes. Several methods and reagents like dimethyl sulfoxide, Dess-Martine
periodinane, KMnOs4, CrOs, etc were used extensively for oxidation of alcohols. The
traditional oxidation reagents are toxic, harmful, explosive and produce a huge amount of
hazardous chemical waste when carried out on an industrial scale.*> A significant research
interest has been devoted on oxidation to explore sustainable approach, which includes
aerobic and peroxidative oxidation. In the last part of my thesis, | will discuss on the
synthesis and characterizations of a series of iron complexes with pincer ligands and their
effective use in peroxidative oxidation of lignocellulosic biomass model compounds and
other substrates too. Finally, the green credentials of the above-mentioned transformations

were evaluated with the help of CHEM 21 Green Metrics ToolKit.

Scope and organisation of present thesis

A half sandwich ruthenium complex is synthesised with N, O chelating arm of 1,2,3 triazole
ligand and utilised the ruthenium complex for selective TH of aldehyde and ketones to their
corresponding alcohols using both ethanol and isopropanol as sacrificial hydrogen donor.
Later, a pincer ligand designed and synthesised with NNO chelating arm and the facial
coordination of that ligand and FeCl..4H>0 furnishes an Iron complex which is successfully
utilised for efficient TH of lignocellulosic based model compounds Furfural and Vanillyl. In
recent time, it is very crucial to evaluate the drawbacks and sustainability of any catalytic

transformations. In this view | have evaluate the green credentials of the above mention

10



catalytic transformations using CHEMZ21 green tool matrix, which is the quantitative

extension of “12 principle of green chemistry”.

Oxidation reactions are one of the most important transformations, not only in terms of
academia but also industrial purpose. There are many organic and inorganic reagents that
used in stoichiometric amount for the oxidations of alcohols. But those transformations
produce a huge chemical waste. To avoid this, it is necessary to developed sustainable
catalytic protocol for the selective oxidation alcohols. There are two heavily used sustainable
catalytic protocols, one is aerobic oxidation and another is peroxidative oxidation. So, in the
last part of my thesis, | will discuss about the selective peroxidative oxidation of primary
alcohols to theirs corresponding aldehydes and acids. For this purpose, | have synthesised and
characterised a series of Iron complexes that successfully utilised for the selective

peroxidative oxidation of biomass model compound Vanillin and other substrates too.

Chapter 2

Coordination of 1,4-disubstituted 1,2,3-triazoles L1 and L2 with [(p-cymene)RuCl2]2
followed by dehydrochlorination in the presence of a base resulted in the formation of
complexes 1 and 2, respectively. Both were tested for the transfer hydrogenation of aldehydes
and ketones in the air using ecologically benign and cheap ethanol as the hydrogen source in
the presence of a catalytic amount of a base. Air-stable complex 1 was proved to be an active
catalyst for the transfer hydrogenation of a wide variety of aromatic and aliphatic aldehydes
and ketones bearing various functionalities. Catalyst 1 was also effective for the transfer
hydrogenation of carbonyls using the simplest primary alcohol, methanol, under aerobic
conditions. Under the present catalytic protocol, labile or reducible functionalities such as
nitro, cyano, and ester groups were tolerated. Good selectivity was also observed for acyclic

a,B-unsaturated carbonyls. However, this catalytic protocol was not selective for 2-
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cyclohexen-1-one as both alkene and keto moieties were reduced. The transfer
hydrogenations are believed to proceed via a ruthenium-hydride intermediate. Finally,
transfer hydrogenation of acetophenone using isopropanol as a commonly used hydrogen
source was also performed and the sustainable and green credentials of these catalytic
protocols utilizing methanol, ethanol, and isopropanol were compared with the help of the

CHEM21 green metrics toolkit.

SCHEME 1: Ruthenium catalysed TH of ketone and aldehydes using both Ethanol and

Methanol

O Ru complex 1 (x mol% OH ') active with both
)J\ + - oH P ( °~) )\ + )J\ methanol and ethanol
H

Ph R base (y mol%) Ph ‘0,
K, heat, time B,

R=H / CH, Ru

ch ‘ \02 jj
o} Ru complex 1 (x mol%) OH 0 N<

+ CHy-OH - + NN
Ph)J\R base (y mol%) ph)\ HJ\H >ﬁ 1
K4 heat, time B4 PH

Chapter 3

The chemical transformation of biomass for the synthesis of various fine chemicals is the
necessity for the sustainable developments in the present age. Various components of
lignocellulosic biomass can be chemically reduced to numerous value-added products and
this field of research has attracted enormous attentions. The scientific community has devoted
a significant research interest to develop catalysts for the reduction of cellulose and lignin
model compounds furfural and vanillin, respectively. In this context, an iron (I1) catalyst (1)
was readily synthesized by the facile coordination of NNO pincer ligand with FeCl2.4H,0

salt as precursor. The air-stable complex 1 was utilized for the catalytic transfer

12



hydrogenation of cellulose and lignin model compounds furfural and vanillin, respectively,
using ecologically benign but challenging primary alcohol ethanol as the hydrogen source in
presence of catalytic amount of base. Secondary alcohol isopropanol was also utilized as the
sacrificial hydrogen donor. Complex 3 as a sustainable iron compound was proved to be a
very efficient catalyst for the transfer hydrogenation of furfural and vanillin under ambient
conditions with both primary and secondary alcohols as hydrogen donors. Under the present
catalytic protocol, various other biomass model carbonyl compounds and structurally related
aldehydes were effectively reduced to the corresponding alcohols. Kinetic studies for transfer
hydrogenation of vanillin with ethanol suggested first order kinetics in catalyst (complex 3)
and zeroth order in substrate vanillin. Based on the experimental evidences (isolation of
intermediate by stoichiometric reactions and Kinetic studies) and published reports, a catalytic
cycle for the transfer hydrogenations is proposed which proceed via iron (I1)-dialkoxides and
alkoxide-hydride intermediates. Finally, CHEM21 green metrics toolkit was utilized to

evaluate the sustainable and green credentials of the catalytic protocols.

SCHEME 2: Iron catalysed TH of vanillyl and Furfural using both Ethanol and

isopropanol
O
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Chapter 4
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In the modern era, sustainable developments for the productions of fine chemicals from
abundant biomass by utilizing various chemical transformations have become a strong trend
of research in the research community. This may provide a sustainable alternative to
petrochemicals as the major source of fine chemicals. Lignin is an alternative major source
of monomeric phenolic compounds and the syntheses of fine chemicals by oxidising lignin-
based monomeric phenolics are gaining serious attention. For instance, biomass derived
vanillin or vanillyl alcohol can be oxidized to vanillic acid which has been employed as a
new building block for the syntheses of various value-added products. In this context, an air-
stable iron (1) complex has been synthesized and utilized as an excellent base-metal catalyst
for the selective oxidation of vanillyl alcohol to vanillin. We used tert-butyl hydroperoxide
as a green oxidant. This peroxidative oxidation of vanillyl alcohol to vanillic acid was
performed in metal-free type-Ill deep eutectic solvents as green and sustainable reaction
media. After the first set of oxidations, the catalyst and the reaction medium were recycled
four times without any noticeable change in catalytic performance. CHEM21 green metrics
toolkit was also used to examine the sustainable and green features of the optimized oxidation
protocol for the conversion of vanillyl alcohol to vanillic acid. Finally, vanillic acid was
used as a starting material for the syntheses of several fine chemicals with various (potential)

applications such as flavorant, odorant, surfactant and bio-based plasticizer.

SCHEME 3: Iron catalysed selective peroxidative oxidation of vanillyl alcohol to

vanillic acid in DES
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Chapter 5

Chemodivergent transformations are important class of reactions in recent time. The most

studied solutions for switching the chemoselectivity rely on the catalyst, ligand, additive,

solvent, temperature, time, pressure, pH, and even small modifications in the substrate.

Herein, in this chapter a NNN Iron (1) pincer complex has been introduced for the

chemodivergent oxidation of primary alcohol by switching only solvent condition. In the neat

condition the above-mentioned iron catalyst selectively furnishes aldehydes. Whereas, in

deep eutevtic solvent the catalyst selectively oxidise alcohol to their corresponding acids. The

catalyst shows a fantastic catalytic activity as TOF goes up to 1000000 h-L.

SCHEME 4: Iron catalysed chemodivergent transformation of primary alcohol to

corresponding aldehydes and acids.
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Chapter 1.1

General introduction of TH of carbonyls with transition metal catalyst utilising both
ethanol and methanol as sacrificial hydrogen donor

Reduction of different functionalities is one of the most fundamental and important reaction
in academia, as well as industrial point of view. Historically several hydrides donating
reagents like LiBHs, NaBHis, DIBAL-H etc., are used to meet the fulfilment of above
requirement. However, the above synthetic procedures have the drawback as they are
produced a large amount of by products which is not suitable for the industrial purpose. To
overcome the above-mentioned drawback catalytic hydrogenation is most acceptable one.
Till now a number of reports published over catalytic hydrogenation using different transition
metal catalyst for the selective reduction of different functional groups like, -C = O, -C=C,
—C =N, —NO2, —COOR etc. The selective hydrogenation is most precious jewel in the crown
of hydrogenation transformations.® In 1823, French chemist Paul Sabatier, Father of
hydrogenation process, developed a device named Dobereiner's lamp where he successfully
did the addition of hydrogen to oxygen molecule in the presence of palladium catalyst. With
time to time more development had done in hydrogenation specially with heterogeneous
catalyst. In recent time scientist are also interested to explore the efficiency of hydrogenation
with homogenous catalytic systems. In 2006 Milstein’s group had reported ruthenium
mediated pincer type complex for the selective hydrogenation of ester to alcohol.” Later in
2011 Song and co-workers published a pyridine-based ruthenium CNN pincer type complex
for the selective hydrogenation of esters.® Further development was archived by Kuriyama’s
research group in the same year. They reported ruthenium based PNP pincer type complex
for the selective hydrogenation esters and other functionalities.® Though catalytic
hydrogenations are the important class of reactions in academia as well as industry, it suffers
some the major limitations. Firstly, the use of hazardous Hydrogen gas at high temperature
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and high pressure, secondly use of elaborated experimental set up and lastly possibility

formation side products due to over reduction or limitation in showing selectivity.

Scheme 1.1.1: Ruthenium catalysed hydrogenation of Esters
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Transfer hydrogenation (TH) is one of the easy alternatives of hydrogenation as it avoids all
the difficulties oh hydrogenation. Most of cases the catalyst is used for TH are easily
accessible and air-stable and the major side products can recycle.b In 1903 Knoevenagle
reported TH of dimethyl 1,4- dihydroterephthalate effectively to cis-hexahydroterephthalate
and dimethy| terephthalate using palladium back as catalyst.1? Later on, Braude and Linstead
explained different types of hydrogen transfer reactions. Among them TH-dehydrogenation
which occurs between unlike donor and accepter units, widely known as TH. The first TH
reaction of carbonyls was performed by meerwein-ponndorf-verley (MPV) in 1925, using
aluminium alkoxide as a catalyst.'* In MPV process the reaction procced via six-member
cyclic transition state where both the carbonyl and reducing secondary alcohol are attached to

same metal centre. In recent time MPV reduction of carbonyls had reported with different
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metal zirconium, lanthanum, cerium, samarium etc. The mechanistic pathway of MPV

reduction is well established.12-13

In last few decades, a significant number of reports had published in MPV reduction with
heterogeneous Lewis acidic or basic catalyst which includes magnesium oxides, aluminium
oxides, hydrotalcites, supported ZrO; etc.1* The MPV reduction extensively applied in both
industry and academia due to use of cheap, abundant, regenerable, and easy to separate
catalytic systems and its chemoselectivity toward keto functionalities makes this process
more applicable in chemical manufacture of flavour agents and pharmaceutical industry.
However, the above process suffers with undesired side reactions, large amount of reagents
and moistures sensitivity specially aluminium catalyst. In 1960 the breakthrough of TH
occurs with the discovery of transition metal specially db, d’, d® and d° catalysed TH using
isopropanol as sacrificial hydrogen donor.2>17 Iridium hydride complex catalysed TH was
reported by Mitchell and co-workers for reduction of ketone using isopropanol as hydrogen
donor. Later, in 1970 Sasson and Blum showed that, [RuCl.(PPh3)s] can be utilise as a
catalyst for the TH of acetophenone using isopropanol at a very high temperature.18-20
Another milestone of TH archive around 1990, when Choudhury and Backvall observed that
the rate of TH increases many folds when catalytic amount of NaOH added along with
[RUCl2(PPh3)3].2-%2 From the beginning of 1980 people showed a significant interest
ruthenium catalysed asymmetric TH (ATH) of different functionalities. Since then, ATH had
become the important part of TH as it is an important process in pharmaceutical and
fragrance industry.2324 In 2001 Nyori and Knowles awarded Nobel Prize for their
contribution in field of ATH. ATH with late transition metal is an excellent method for the
asymmetric reduction of various functionalities to generate chirality in final products. Till
now, a great advancement had done in the development of late transition metal catalyst for

the both TH and ATH. A vast variation of transition metal, ligand, bases, hydrogen source,

29



unsaturated compounds are involved in this process, which makes the TH a talking point in

scientific world.2>-28

Figure 1.1.1: Chronic development transition metal catalyzed TH of unsaturated double

bond
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Later, the golden era of TH began with a large variety of homogeneous catalyst containing
different transition metal (ruthenium, iron, osmium, cobalt, rhodium, iridium, nickel,
palladium and gold) using isopropanol and formic acid as sacrificial hydrogen donor. TH
with formic acid and isopropanol is extensively studied in last few years. However, TH with
primary alcohols methanol and ethanol is challenging due to their unfavorable redox
potentials and the number of reports is significantly very low. In 2018, Thiel et al. reported

DFT calculation on the TH of acetophenone with isopropanol at 40 °C, where the AG value
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of + 4.4 kJ/mol was observed.? In contrast, a significantly higher AG value (+ 24.2 kJ/mol)
was obtained if ethanol is used instead of isopropanol. With methanol as hydrogen source, the
equilibrium situation is even more unfavorable (AG = + 40 kJ/mol). In addition, methanol
and ethanol produce aldehydes as reactive byproducts which may undergo unwanted side
reactions in basic medium. However, isopropanol is mostly obtained from fossil fuels
(hydration of propene).3%-3! Majority of important organic chemicals comes from fossil fuels
which have limited reserves. Additionally, the extensive use of fossil fuels has other serious
consequences. In contrast, methanol and ethanol are cheap, ecologically benign, bio-abundant
and renewable and the use of methanol and ethanol in THs is very significant in the context
of sustainable chemistry. Both methanol and ethanol are excellent hydrogen carriers with
high 12.5%(w/w) of hydrogen and they are accessible from natural gas, carbon dioxide and
renewable biomass. In THs, the replacement of isopropanol with ethanol and methanol is
significant with the increasing demand for sustainable developments. In 2008, Griitzmacher
et al. made a breakthrough in the field of TH; the first example of TH using ethanol was
published.?? The syntheses of pre-catalysts were reported previously by the same group. The
coordination of the bis(olefin)amine ligand tropoNH (L1) with [Rha(u2-Cl)2(cod).] followed
by the reaction with phosphine/phosphite yielded neutral species [Rh (Cl)(tropoNH)(PR3)].
Replacement of coordinated chloride with non-coordinating anions such as resulted in the
formation of cationic Rh(I) bis(olefin)amine complexes [Rh(tropoNH)(PR3)][X] (4a-c). Pre-
catalysts 4a-c were activated in presence of base (KOBu). The resulted active species Rh(I)
diolefine amide [Rh(trop2N)(PR3)] (4a,c) proved to be an outstanding catalyst (with
maximum TON of 100000 and TOF of 500000 h-') for the TH of various aliphatic and
aromatic ketones at r.t. under inert atmosphere using ethanol as hydrogen donor as well as
solvent (Scheme 1.1.1). Ethanol is converted to acetaldehyde which is further transformed

into ethyl acetate as a more stable byproduct. Mechanistic path of the above THs involves the
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activation of O-H and C-H bonds of ethanol by metal-ligand cooperation (Scheme 1.1.2).
Hydrogen transfer from the ethanol to the Rh(I)-amide species (5) resulted in the formation of
Rh(I)-hydride with coordinated amine (5') with the formation of acetaldehyde as byproduct.
Thereafter, hydrogens from N-H and Rh-H are transferred to the C=0O bond in ketone

substrate which yielded the alcohol product and regenerate the active catalyst 5.

Scheme 1.1.2. Rh catalyzed TH of ketone utilizing ethanol as hydrogen donor.
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In the following year, same group reported various chiral bis(olefin)amine ligands and the

corresponding cationic Rh(l) complexes with general formula [Rh(tropaNH*)(CO)][OTf]
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were synthesized and utilized for asymmetric transfer hydrogenation of acetophenone with
ethanol in presence of KO'®Bu under argon atmosphere.3® However, impressive
enantioselectivity was not observed in ethanol. The following report on asymmetric TH of
ketone in ethanol was published by Adolfsson et al. in 2011.34 Under inert (N2) condition,
ruthenium catalyzed asymmetric THs acetophenone were performed in 1:1 mixture of
ethanol/THF at 40 °C in presence of LiCl as additive. [Ru(p-cymene)Clz]> was used as the
catalyst precursor and various chiral amino acid based ligands were screened. Amino acid
hydroxyl-amide was tested as the most promising. Various aromatic ketones were reduced to
the corresponding secondary alcohols in moderate to good yields and good to excellent
enantioselectivity (ee 89-97%). Ruthenium is a heavily used metal for the homogeneous THs
of carbonyls using isopropanol or formic acid as hydrogen sources.®> This is also true if
ethanol is used as a source of hydrogen. In last five years, three groups utilized ruthenium
catalysts for the same purpose. In 2016, Garcia et al. published nickel (0) catalyzed TH of
ketones using ethanol in absence of base (Scheme 1.1.4). This catalytic system reduced a
variety of alkyl-aryl, diaryl, and aliphatic ketones to their corresponding alcohols.®® Among
all alcohols they have used as a hydrogen donor, interestingly ethanol showed an encouraging
result. Ni(COD). and dppe ligands in situ combinations give complete conversion of
acetophenone to 1 phenylethanol at very high temperature and long time. Several phosphine
ligands have been utilized for this catalytic system, and among them, dppe showed an
attractive result. The use of electron-donating phosphine ligand helps to improve the catalytic

performance towards a satisfactory result.

Scheme 1.1.3: Ruthenium catalysed ATH using chiral ligand in ethanol
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Scheme 1.1.4: Nickel catalysed TH of ketones utilising bidentate phosphene ligand in
ethanol
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A cyclometalated rhodium complex (6) which performed as an efficient catalyst for the
reduction of aldehydes using methanol in an open atmosphere was reported by xiao et al. in
2018.%7 This catalyst incorporated high chemoselectivity towards a vast range of aromatic

aldehydes?? and was efficient enough to give a complete conversion of 4-nitro benzaldehyde
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to corresponding alcohol within 1 hour (Scheme 1.1.5). To investigate the proper mechanistic
cycle, they identified that the formation of rhodium hydride is the crucial step of the catalytic
process. (Fig 1.1.1) In the presence of CDsOD, 90% deuterium incorporation in the benzylic

position of benzyl alcohol proves that the methanol act as a hydrogen donor.

Scheme 1.1.5: Rhodium catalysed TH of aldehydes in methanol and proposed
mechanistic cycle
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In 2018, Thiel et al. reported a competent air and moisture-stable ruthenium (I1) (7) catalyst
for the TH in ethanol and this catalyst has avoided any undesired side products.?® They have
synthesized 2,6-bis(1H-pyrazol-3-yi)-pyridine ligand from cheap pyridine 2,6-dicarboxylic
acid diethyl ether in just three steps to get around 60% yield. Later on, the simple addition of
ligand and RuClz(PPhs)s gave their desired ruthenium complex (Scheme 1.1.6). The author
observed the formation of acetic aldehyde as a side product instead of ethyl acetate. In the
presence of N> flow, they have achieved the complete conversion of acetophenone to its
corresponding alcohol at 40 °C whereas in absence of nitrogen the conversion dropped to
33%. At 40 °C acetic aldehyde was removed from the reaction mixture due to its low boiling

point and this helps the reaction to shift right side according to La chatelier’s principle. This




indicates that acetic aldehyde removal during the reaction is much needed. The author has

been able to get an excellent conversion with a wide variety of aromatic ketones.

Scheme 1.1.6: Tridentate Ruthenium complex catalysed TH using ethanol as hydrogen
source under inert condition
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In 2020 Sundararaju and co-workers demonstrated an efficient catalytic protocol for the
catalytic TH using Ir(I1l) as the catalyst and methanol as a liquid hydrogen carrier. 2 The in-
situ combination of late transition metal precursor and commercially available ligand gave a
fine conversion from ketone to a secondary alcohol. The transformation was promising for
both electron donation and election withdrawing substrates. (Scheme 1.1.7) In the presence of
different functional groups, this catalytic system can selectively reduce only the keto group
with moderately to high yield. Reduction of challenging bioactive natural products such as
stanolone, pentoxifylline, carvone, 16-dehydropregnenolone have been successfully done. To
investigate the mechanistic pathway deuterated experiment was performed in the presence of
acetophenone and CDsOD which resulted 56% incorporation of deuterium in alcohol. To Get

further information about the mechanism, a reaction was carried out in the absence of
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methanol using HCO2Na as a hydrogen source, and 75% conversion to the expected product
was observed. This suggests that in the reaction medium, methanol oxidized to an aldehyde
and immediately converted to formate in the presence of a base that also acts as a hydrogen

donor.

Scheme 1.1.7: iridium catalysed TH utilising methanol as hydrogen source
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In the same year, Feng Li et al. published an anionic iridium complex that can be utilized for
the TH of ketones in base-free conditions using methanol as the hydrogen source. The author
has described a series of bidentate half sandwich iridium complexes involving metal-ligand
cooperation.®® Under nitrogen atmosphere [cp*Ir(2,2"-bpyO)(OH)][Na] (8) gives complete
transformation from ketone to secondary alcohol in 12 h at 66 °C. The catalyst mentioned
above efficiently reduces many substrates with electron-donating as well as electron-
withdrawing groups, and in both cases, the result was satisfactory. (Scheme 1.1.8) Despite the
fact that this catalyst was efficient but it failed to impart chemoselectivity when both C=0
and C=C were present and reduced both under the same condition. In the proposed
mechanistic cycle, the author depicted that initially, anionic methoxy species were generated
via the iridium complex and methanol with the elimination of water. In the next step, p-

hydride elimination takes place to form the iridium hydride complex, which is the important
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step in the reported catalytic cycle following the proton transfer from the metal hydride
complex to the keto group to give desired alcohol. A deuterium study was done to get further
information on the catalytic cycle. Two parallel reactions were done in CH3OH and CDsOD
and the kinetic isotope effect was found, Kn/Kp = 1.65 which suggests that the cleavage of C-

H is rate-determining step of the whole catalytic system.

Scheme 1.1.8: Half sandwich iridium complex catalysed TH utilising methanol and
proposed mechanistic cycle
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Chemo selective reduction of o, B unsaturated carbonyl compounds is one of the most
exciting topics for the chemist. Amidst the World War 2, butadiene was produced from
ethanol using a SiO>-MgO-Ta,Os at 450 °C. A significant drawback of this process lies in its
poor selectivity and maximum selectivity can be achieved up to 60%. In the last few years,
several heterogeneous catalysts have been reported to improve selectivity but example of
homogeneous catalysts for the selective reduction of a, p unsaturated carbonyl is limited. In

2018 Jonathan G. de Vries reported a commercially available Ru-MACHOTM-BH catalyst

38



for the selective TH of a, B unsaturated carbonyl compounds using ethanol as a hydrogen
source in base-free conditions.*® (Scheme 1.1.9) With a very low catalyst loading, they
achieved an excellent yield of allylic alcohol in a short period of time. The author had studied
TH on a wide range of substrates and in most of the cases, the result was promising. They had
proposed an outer sphere mechanism, and the rate-determining step proceeded via ruthenium
hydride complex. B3PW91 Density fractional Theory calculation also supported the above
fact. Methanol is a promising source of hydrogen, and our future economy has a high

hydrogen capacity.

Scheme 1.1.9: RU-MACHO catalysed TH of a, § unsaturated carbonyl and proposed
reaction pathway
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Xiao and co-workers published a cyclometalated rhodium complex (7) that has an excellent
activity in TH of o, P unsaturated carbonyl compounds with methanol under mild
conditions.*! The author has shown that both groups, C=0 and C=C, are reduced
simultaneously. In the presence of 1 mol% rhodium catalyst, complete conversion was
observed in just one hour at r.t. in broad range of substrate scopes of aromatic and aliphatic
(Scheme 1.1.10). Even some steroids like deoxycholic acid lithocholic delivered excellent
results towards TH. To enlighten the mechanistic pathway author claimed that the formation

of rhodium hydride is a crucial step of the cycle. In presence of base metal, halides were
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removed, and a rhodium alkoxy bond took place and subsequently B-hydrogen elimination
took place to form rhodium hydride, which was confirmed by NMR spectroscopy. The
rhodium hydride then transferred to an aldehyde to give the corresponding alcohol. To verify
that methanol was the only hydrogen source a deuterated study was performed in CDz0D and

expectedly, 90% deuterated incorporation took place.

Scheme 1.1.10: Rhodium complex catalysed TH of a, p unsaturated carbonyls
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Chapter 1.2

General introduction of transition metal catalysed peroxidative oxidation
of alcohols

Growing global economy and environmental safety concerns have pushed the synthetic
chemist towards developing an efficient, selective, and atom economical organic
transformation, which can be done under very safe and mild conditions.#>43 In this point of
view, alcohol is one of the most critical prospective substrates. Alcohol can produce from
biomass and its high solubility in water and wide use as green solvents that attract the
chemists. Having all the attractive features, alcohol's limitation lies in its poor reactivity in
organic transformations. One of the main ways to overcome this issue is to oxidize alcohol to
carbonyls which are far more reactive than alcohol.#446 The oxidation reaction of alcohol to
carbonyl has become an important and ideal transformation and one of the key interesting
research topics for chemists for academic and industrial purposes. 4% In recent years the
utility and demand of carbonyl compounds have grown due to their use in pharmaceutical
industries, fragrance, fine chemicals, and other industries.>%-52 Primary and secondary alcohol
can both be oxidized to aldehyde and ketone.>® Several methods were used extensively to
transform alcohol to Carbonyl, which include activated dimethyl sulfoxide 54, Dess-Martine
periodinane 555, Kmnos %7, CrO3 %8, etc... The traditional oxidation systems are toxic, harmful,
and explosive and produce a huge amount of hazardous chemical waste when carried out on an
industrial scale. 5961 There is a severe need to devolve atom economy, a cheap and sustainable
catalytic methodology to overcome the problem. 6164 Recently, many catalytic systems have
been identified that can avoid the disadvantage of the traditional oxidation route. But the field
is still growing, and this allows us to develop a system that can perform efficiently and
effectively for the oxidation of secondary and primary alcohols to ketones and aldehydes

respectively. In general, heterogeneous catalysts have shown a great dominance in the field of
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oxidation. 6566 However, it has some drawbacks due to its very harsh conditions and long-time
taken process. 67 Direct aerobic oxidation of alcohols in homogeneous transition metal catalysts
is challenging. In past only some handful heavy metals Ru 870 pd 7-73 Pt 7475 Rh 76 and Au
778 are reported. But after completion of the reactions, heavy metals can contaminate the
desired products, and that causes serious downsides in industrial applications.*” To overcome
this problem, chemists are always keen to design a new catalytic protocol that considers green
and sustainable chemistry principles with care. So therefore, in recent time earth-abundant first
row transition metal catalysts like cu 798, Co 8485 V8 Mo 8" and Ni & have grown significant
attraction in terms of aerobic oxidation. Among all the transition metals, iron is the second
most earth-abundant metal.®® Iron is not only cheap, non-toxic, and economically attractive
metal but also its unique electronic features help to improve the overall catalytic system.®® In
2016 Shuang Gao and co-workers reported iron (I11) nitrate catalysed oxidation of secondary
alcohol in the presence of ABNO oxidant in the air using DCE as solvent.® Molecular oxygen
in air helps to reactivate ABNO. In general, TEMPO is also a good candidate which is widely
used as a co-oxidant. Molecular oxygen has an essential role in activating the TEMPO as a co-
oxidant. Recently, Bagh et al. developed recyclable copper catalysts to oxidize vanillyl alcohol
to vanillin under air using TEMPO as co-oxidant. 2 In 2020 Caselli et al. developed iron (1)
complex with pyridine containing macro cycle ligand which shows good to excellent
conversion of alcohol to carbonyl with H20. co-oxidant.#® Nitric acid also can be utilized as a
co-oxidant.®2 In 2109 Ernej Iskra’s research group published the selective oxidation of
secondary alcohol using iron(I11) chloride and nitric acid as a co oxidant where they had shown
the formation of by-product as N>O and utilization of it in the reaction mechanism.% In 2021
Shannon S. stahl’s group oxidized secondary alcohol using iron(ll1) nitrate and tempo as co-
oxidant. They successfully investigated Fe/aminoxyl catalytic process and distinguished

between intrigated and serial redox co-operatively.®* Most of the reports that are published in
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recent time mostly on trivalent iron salts or complexes. But the use of divalent iron in
oxidation protocol is infrequent. In 2020 Jan-E. Backvall and co-workers were the first to
report Fe (I1) catalysed Biomimetic alcohol oxidation along with electron-rich quinone and Co-
(salen) type complex as electron transfer agents.® Since then, to our knowledge, no reports
have been published yet. The need for developed green and sustainable catalytic systems has
grown due to high carbonyl demand.®® In 2018 schachaner et.al. reported a series of
bidentate N, O-ligands containing phenol-pyrazole, naphthol-pyrazole, and the commercially
available ligand 5-methylphenol-benzotriazole were utilised for the synthesis of iron(lll)
complexes 97 (scheme 1.2.1). The air and moisture sensitive mononuclear iron complexes are
tested for the oxidation of primary alcohol with 30% ag. hydrogen peroxide (H20.) as the

oxidation agent. The reaction is straight forward and only biproduct is water.

Scheme 1.2.1: Iron catalysed aerobic oxidation of both primary and secondary alcohols
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Scheme 1.2.2: Iron catalysed peroxidative oxidation of both primary and secondary

alcohols
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The field of iron catalysed oxidation of alcohol has changed dramatically in last 15 years.
Comparing with other transition metals iron is most attractive than others due to its low
toxicity, abundant and cheap in price. From industrial point of view, switching to iron
catalyst from precious heavy metal is a smart move and rapid research activity also help to
find further potential application in this field. In recent time aerobic oxidation shown its
utility to scientific world. Ma et. al. published Fe(NOz3)s catalysed aerobic oxidation of
primary alcohols to their corresponding acids selectively using TEMPO and KCI as co
catalyst. A moderate to high yield were obtained by the above-mentioned catalytic protocol.
% |ater on sato and co-workers utilise a mixture of Fe(OAc). and picolinic acid for the
selective oxidation of secondary alcohol to ketones with peroxides as oxidant.?® The same
group had also reported selective oxidation of a,B unsaturated alcohol to acids with a
comprehensive yield, utilising iron nitrate salt as catalyst. Iron nitrate is a fantastic candidate

for the oxidation of alcohol. 1% Repo's group has reported selective oxidation of primary
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alcohol to aldehyde using a mixture of Fe(NO3)3 and 2,2'- bipyridine with TEMPO as co
catalyst. 101 They also showed that with increase the time upto 24 h a full conversion to acid
has also observed. Further study showed that the cation TEMPO* is predominantly oxidise
alcohol to their corresponding aldehydes by the generation of TEMPOH. An aerobic
oxidation of sulphides to sulfoxides, which have a great medicinal importance, was shown by
Paine, utilising pyrazolyborate mediated iron complex. Martin groups also observed selective
oxidation of cyclohexanol to cyclohexanone and 1 phenylethanol to acetophenone with
similar type of pyrazolyl complex. Even though a significant result was observed in both
solvent free and microwave assist condition. N-heterocyclic carbene complexes are very
promising in showing catalytic oxidation of alcohols. Royo et. al. published a series of bis-N-
heterocyclic carbene containing bipyridyl complexes with Fe(ll) which showed a significant
catalytic activity in solvent free condition of both primary and secondary alcohol utilising
THHP as oxidant. 192 The catalytic protocol can be recycled and reused. Kim and co-workers
also reported iron bipyridyl amide complex for the selective oxidation of both the alcohols to
their corresponding carbonyls, utilising THHP as co catalyst. 193 The secondary alcohol gives
a significant yield of above 80%. But in case of primary alcohols both the oxidised products
aldehyde and acids are obtained. That showed a poor selectivity of the mentioned catalytic
protocol. A series of iron 2.2' - bipyridine complexes were reported by Farnetti and co-
workers that successfully oxidise secondary alcohol to ketone. 1% They have shown a
moderate to good selectivity in both primary and secondary alcohols. Later, Shul'pin et. al.
demonstrate that silsesquioxanes formed by Fe, Na heterometallic system capable of
oxidizing both cyclohexanol and 2 phenyl ethanol to their corresponding ketones up to 92%
yields, utilising TBHP as oxidant. 19 Soon Mahamudov and pombebeiro published an iron
formazan complex which show a catalytic activity in both solvent free and microwave assist

conditions. 1% Oxidation of Methylene CH is also very important in chemistry point of view.
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Di Stefano reported that imine pyridyl complexes can show oxidation methylene to keto with
an excellent yield. However, the catalytic process also useful for the selective oxidation of
both primary and secondary alcohols. They also demonstrated that utilisation of H20O» reduce
the yield significantly due to competition with aryl hydroxylation reactions. Duan
demonstrates chemo selective oxidation of primary alcohol to aldehyde with Fe (1) catalytic
system which is both water soluble and re-useable. 197 The catalytic system was generated in
situ from Fecls, assist with 8-amino quinoline. Some recent development in iron complexes
also give us the broad aspect in oxidation of alcohols. Starting from simple iron salt to
complicated and sophisticated iron complexes are tested for the successful alcohol oxidation.
However, there is no clear trend observed which can predicts, which iron catalyst can be most
promising one. For the methylene oxidation it supposed to be that two open coordination sites
cis to each other can be beneficiary for the selective oxidation. In this view, tetradentate
nitrogen donner ligand performed well. However, some reports in tridentate as well as
bidentate ligand that have also showed promising result. Though both the oxidant TBHP and
H>0> have crucial role in oxidation, the role of air is not negligible. Some catalytic protocols
are reported in high temperature and some are in room temperature and room temperature
reactions are reported with slightly longer reaction time. Most of reports demonstrate that
acetonitrile is a good choice for solvent, but many reports suggest solvent free pathway.
Baurer et.al. recently published an iron bis(picolyl)amine complex for the selective oxidation
od secondary alcohol to corresponding ketone, even in the presence of primary alcohol. Some
recent development shown the challenging oxidation of glycerol which is the bi product of
industrial biodiesel production and its conservation to dihydroxyacetone have an economic
interest. Farnetti use the same [Fe(BPA).] (OTf). for the oxidation of glycerol. 1% She
observed that in situ generated complex from Fe(OTf). and three equivalents of BPA give

high selectivity in alcohol oxidation. Using the same catalyst with H,O> in aqueous medium
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author found select oxidation from glycerol to formic acid. Mendelli and Shul'pin reported
the oxidation hydroxyacetone with FeCls and H20. 19° Thus the iron catalysed oxidation of
readily available glycerol to its derivative can be a game changer in industrial relevance. To
develop a the green and sustainable organic process, the key factor is to use green solvents or
go along with solvent-free.110 In the present era, chemical industries are much concerned
about selecting the solvents for the organic synthesis as solvents are one of the major sources
to produce huge amounts of chemical waste. Water, ethanol, isopropanol, polarclean etc., are
excellent candidates for utilizing green solvents for industrial purposes.®* For the
development of a green and sustainable reaction medium, we focus towards other potential
alternatives. Deep eutectic solvents (DES) are the new class of green solvents which are
recently come to light. DES is a good replacement of ionic liquids that can avoid the dis
advancement of ionic liquids such as high cost, toxicity, complex synthetic procedure, and
purification.111-114 |n recent times the utilization of DES in different fields such as solvent of
electrochemical conducting polymers, production of carbon electrodes for capacitors,
recognizing of analytes (e.g., Na+, Li+) in analytical devices etc. have grown significantly.
Most interestingly, the use of DES as a solvent is still limited. This gives us the opportunity

to explore the potential of DES as solvent in organic transformations.
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Chapter 2

Transfer Hydrogenation of Aldehydes and Ketones in Air with Methanol
and Ethanol by an Air-stable Ruthenium-triazole Complex

2.1 ABSTRACT:
Coordination of 1,4-disubstituted 1,2,3-triazoles L1 and L2 with [(p-cymene)RuCl2]2

followed by dehydrochlorination in the presence of a base resulted in the formation of
complexes 1 and 2, respectively. Both were tested for the transfer hydrogenation of aldehydes
and ketones in air using ecologically benign and cheap ethanol as the hydrogen source in the
presence of a catalytic amount of a base. Air-stable complex 1 was proved to be an active
catalyst for the transfer hydrogenation of a wide variety of aromatic and aliphatic aldehydes
and ketones bearing various functionalities. Catalyst 1 was also effective for the transfer
hydrogenation of carbonyls using the simplest primary alcohol, methanol, under aerobic
conditions. Under the present catalytic protocol, labile or reducible functionalities such as
nitro, cyano, and ester groups were tolerated. Good selectivity was also observed for acyclic
a,B-unsaturated carbonyls. However, this catalytic protocol was not selective for 2-
cyclohexen-1-one as both alkene and keto moieties were reduced. The transfer
hydrogenations are believed to proceed via a ruthenium-hydride intermediate. Finally,
transfer hydrogenation of acetophenone using isopropanol as a commonly used hydrogen
source was also performed and the sustainable and green credentials of these catalytic
protocols utilizing methanol, ethanol, and isopropanol were compared with the help of the

CHEM21 green metrics toolkit.

2.2 INTRODUCTION:
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Catalytic hydrogenation of unsaturated compounds using molecular hydrogen is one of the
most fundamental transformations in synthetic chemistry, both in small lab-scale reactions
and in large industrial processes.!™* To avoid the use of expensive high-pressure reactors and
drastic reaction conditions for classical hydrogenation, catalytic transfer hydrogenation is
considered to be an attractive alternative.>~7 Transfer hydrogenation involves the transfer of a
proton and a hydride from the donor molecule to the unsaturated substrate. The sacrificial
hydrogen donors, such as formic acid,®'2 is readily available, inexpensive, and much safer to
handle. Another heavily used non-H> hydrogen source in transfer hydrogenation is
isopropanol and the major side product acetone is easily recycled. The history of transfer
hydrogenation dates back a century when Meerwein—Ponndorf— Verley reduction was first
published in 1925 by Meerwein and Verley independently.1314 That was the first example of
transfer hydrogenation of carbonyl compounds, which involved the role of aluminum
alkoxide as a promoter in the reduction of a ketone in the presence of a secondary alcohol as
a sacrificial hydrogen source. Although Meerwein—Ponndorf— Verley reduction has been
widely utilized in both academic and industrial processes, the major drawbacks of this
protocol are the requirement of a large amount of aluminum alkoxide reagent, unwanted side
reactions, and moisture sensitivity of aluminum alkoxides. Over the last few decades, transfer
hydrogenation of multiple bonds between carbon and heteroatoms (such as oxygen and
nitrogen in carbonyls and imines, respectively) is a very active field of research and a large
variety of homogeneous transition metal catalysts based on iron,!5~20 ruthenium,?!-26
osmium,27331 cobalt,32734 rhodium,35-38 iridium,39-43 nickel,**8 palladium,*-2 and gold5354
have been developed. However, most of the efficient transfer hydrogenation protocols
utilized ruthenium-, rhodium-, or iridium-based catalysts. In these processes, mostly formic
acid and isopropanol are used as the hydrogen source as well as solvent. Catalytic transfer

hydrogenations are equilibrium reactions and a large amount of reagents such as isopropanol
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is required to shift the equilibrium toward right. In catalytic transfer hydrogenation, the use of
primary alcohols as the hydrogen source is very rare in contrast to isopropanol, mainly due to
their unfavorable redox potential. Density functional theory calculations gave a AG value of
+4.4 kJ/mol for the transfer hydrogenation of acetophenone with isopropanol to 1-
phenylethanol at 40 °C.55 When ethanol was used as the hydrogen source, the equilibrium
was even more unfavorable with AG = +24.2 kJ/mol. In addition, primary alcohols are
oxidized to give aldehyde as the side product in contrast to ketone obtained from secondary
alcohol; aldehydes are much reactive than ketone and can undergo side reactions such as a-
alkylation under basic conditions.’*° However, primary alcohols such as methanol and
ethanol are very attractive in the context of sustainable chemistry. Methanol is an excellent
hydrogen carrier (ca. 12.5 wt % hydrogen) and is accessible from natural gas, carbon dioxide,
and renewable biomass. However, the use of methanol in transfer hydrogenations is very
limited (Figure 2.2.1). Garci’ a et al. described the use of a nickel(I)~hydride complex for the
transfer hydrogenation of o,fB-unsaturated enones with methanol at 180 °C; however,
selective reduction of C=C occurred keeping the C=0 bond unaltered.®® Zhang and Chen
reported a hydrotalcite-derived copper catalyst for the selective transfer hydrogenation of
biomass-based furfural to furfuryl alcohol and 2-methyl furan using methanol as a hydrogen
source at 240 °C.%1 Recently, Xiao et al. described the transfer hydrogenation of aromatic
aldehydes with methanol at 90 °C utilizing a cyclometalated rhodium(lIl) complex.®2
Surprisingly, the cyclometalated rhodium(lll) species was not an effective transfer
hydrogenation catalyst with ethanol as a hydrogen donor. Crabtree et al. reported the use of
an iridium(I)—Nheterocyclic carbene (NHC) complex for the transfer hydrogenation of
aromatic ketones and imines with methanol at 120 °C.%2 Very recently, Li et al. effectively
utilized an anionic iridium(I11) complex for the transfer hydrogenation of ketones and imines

in refluxing methanol under base-free conditions.®* However, methanol produces
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formaldehyde as the side product, which, under harsh reaction conditions, can form either
carbon monoxide that can poison the catalyst or produce formic acid that can neutralize the
base often used in transfer hydrogenations. On the other hand, ethanol is also obtained from
natural sources and it is an attractive hydrogen carrier. However, ethanol has been barely
utilized in transfer hydrogenations (Figure 2.2.1). Transfer hydrogenation with ethanol was
first reported by Griitzmacher et al.®5 He reported a highly efficient, but air-sensitive
rhodium(I)—phosphine catalyst with a fancy amide ligand having two bulky olefin arms for
the transfer hydrogenation of ketones. Griitzmacher et al. also described similar rhodium(l)
complexes with a chiral bis(olefin)amine ligand for asymmetric transfer hydrogenation of
acetophenone with ethanol, however, they did not give impressive results (maximum ee ~
60%). Garci” a et al.5 described the use of a nickel(0)~COD complex in the presence of a
bisphosphine ligand for the transfer hydrogenation of ketones with ethanol at 130 °C.¢7
Asymmetric transfer hydrogenation of ketone in ethanol was also reported using an in situ
generated ruthenium catalyst by combining [Ru(p-cymene)Clz]. and an amino acid hydroxy-
amide ligand.%8 Khaskin et al. described the transfer hydrogenation of esters with ethanol by
employing a ruthenium(II)~ phosphine complex with a tridentate SNS ligand.®® A similar
ruthenium(11)-phosphine complex with a tridentate NNN ligand was utilized by Weingart and
Thiel for the transfer hydrogenation of aldehydes and ketones under constant N2 flow.”
Recently, Huang et al. described selective transfer hydrogenation of alkynes to E-alkenes
with ethanol catalyzed by an iridium complex and a color change was elegantly used for
endpoint detection to avoid over reduction to unwanted alkanes.”* Very recently, the same
group reported efficient transfer hydrogenation of unactivated alkene with ethanol under an
argon atmosphere using an iridium(II1)-PCN complex.’? In recent years, significant attention
has been devoted to develop phosphine-free air-stable catalytic systems.”>~78 To the best of

our knowledge, ruthenium catalyzed transfer hydrogenation of carbonyls utilizing
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Figure 2.2.1. Transition metal catalysts for the transfer hydrogenation of carbonyls using
methanol and ethanol as hydrogen source.
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methanol as the hydrogen source is yet to be explored. In addition, no catalytic protocol for
the transfer hydrogenation of carbonyls with ethanol in air is reported. Herein, we address the
use of a phosphine-free air-stable ruthenium(1l) complex with readily available triazole-based
ligand as an effective catalyst for the transfer hydrogenation of a large number of aldehydes
and ketones bearing various functional groups using both methanol and ethanol under aerobic
conditions. The green aspect is the replacement of molecular dihydrogen as a reducing agent
by a sacrificial hydrogen donor as well as a solvent such as ethanol is safer and easier to
handle. Relating to hydrogen-donor solvents that meet green chemistry principles, ethanol is
a promising candidate due to its nontoxicity, low cost, bioabundance, and good solvation
properties (ability to dissolve organic compounds, metal complexes, salts, acids, and bases).
Methanol is an equally important (however, toxic) source of hydrogen. Therefore, the use of
this present catalytic protocol is significant for the transfer hydrogenation of carbonyls with
challenging primary alcohols in the context of sustainability. We also report the use of
isopropanol in this catalytic transfer hydrogenation of carbonyls. Finally, the green
credentials of the use of methanol, ethanol, and isopropanol in this catalytic protocol are

addressed.
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2.3 RESULT AND DISCUSSION:

Ligand design is a key feature in the development of transition metal catalysts. NHCs have
been recognized as a prominent force in the field of catalysis.79-86 A wide range of
transition metal catalysts decorated with various NHCs have been employed for various
catalytic applications including the transfer hydrogenation of unsaturated molecules. In recent
past, 1,2,3-triazolylidenes as abnormal NHCs have been utilized very efficiently for the
development of a wide variety of transition metal catalysts.®’9>2 However, transition metal
catalysts with 1,2,3-triazolylidenes require a multistep synthesis, which commonly involves:
(i) synthesis of 1,2,3-triazole commonly utilizing copper-catalyzed azide—alkyne
cycloaddition, (ii) alkylation at the N3-position by using alkylating reagents such as Mel,
MeOTf, MeBF4, and so forth, (iii) synthesis of silver(l) triazolylidene by reaction with Ag-0,
and (iv) transmetalation with transition metal salts. To avoid these multistep syntheses, we
wanted to examine if triazoles could be utilized as effective ligands for transition metal-
catalyzed transfer hydrogenations. Our plan was to design a readily available bidentate
triazole ligand with a pendant anionic arm. Therefore, L1 was a good choice as it can be
synthesized in a single-step process from commercially available reagents and the phenolic-
OH proton can easily be removed to generate an anionic arm in the presence of a base. The
same arguments are also valid for L2. Therefore, we first synthesized triazole ligands L1
and L2° by employing copper-catalyzed azide—alkyne cycloaddition using the reported
literature protocols (Scheme 2.3.1). The regioselective reactions produced 1,4-disubstituted
1,2,3-triazoles L1 and L2 in good yields. Facile coordination of L1 with [RuClz(p-cymene)]
followed by smooth dehydrochlorination in the presence of a base resulted in the formation of
complex 1 as an air-stable red solid (Scheme 2.3.1). Similarly, the reaction of L2 with
[RUClz(p-cymene)]. in the presence of base yielded complex 2 as a yellow solid (Scheme

2.3.1).%5 The C—H-activated species 2 is air-stable in the solid state for weeks; however, it
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slowly decomposed in solution. Both 1 and 2 were characterized by 1 H and 13C NMR
spectroscopy and mass analysis. As expected, the IH and 3C NMR spectra of 1 and 2 are
consistent with C1 symmetry on the NMR time scale. Four doublets in the range of 5—6 ppm
(1: 5.35, 5.42, 5.64, and 5.68 ppm; 2:5.24, 5.26, 5.46, and 5.56 ppm) were observed for the p-
cymene moiety in the 'H NMR spectra of 1 and 2. The benzylic CH2 protons appear as two
doublets (ppm) in the TH NMR spectra of 2. Complex 1 was further characterized by single-
crystal X-ray analysis, which confirmed the connectivity of the triazole moiety at the N2-
position and the pendant phenolato arm with the ruthenium metal center. In this
half-sandwich complex 1, the geometry around the ruthenium metal center is
pseudotetrahedral, which is best described as a three-legged “piano-stool” structure. The
bond distances and bond angles are consistent with those of similar ruthenium—triazole

complexes.?6-100

Scheme 2.3.1. Synthesis of ruthenium-triazole complexes 1 and 2 with the molecular
structure of 2 showing 50%o ellipsoids?
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“Hydrogen atoms are omitted for clarity. Two molecules of 1 are present in the unit cell.
Selected bond distances (A) and angles (deg): Rul-O1 2.053(3), Rul'-O1' 2.044(3); Rul-N2
2.111(3), Rul'-N2' 2.093(3); Rul-CI1 2.429(10), Rul'-CI1' 2.432(10); Rul-Cpeentroia 1.657,
Rul'-Cpeentroia 1.663 and O1-Rul-N2 82.37(11), O1'-Rul'-N2' 82.55(11); N2-Rul-Cl1
86.01(9), N2'-Rul'-Cl1' 85.09(9); C11-Rul-O1 86.77(8), CI11'-Rul'-O1'88.03(9).

Thereafter, we explored the catalytic activities of complexes 1 and 2 for the transfer
hydrogenation of acetophenone (K1) as a model substrate using ethanol as a hydrogen source
in a closed vial (entries 1—10 in Table 2.3.1). Upon heating a solution of K1 in ethanol (4
mL) in air in the presence of 10 mol % of KOH and 3 mol % of complex 1, we observed
approximately 70% conversion to the corresponding alcohol B1 in 24 h (entry 1). If complex
2 is used as a catalyst, very poor conversion (less than 15%) was obtained under identical
reaction conditions (entry 2). If KOH was replaced by K>COs, complex 2 showed slightly
better activity with 28% conversion of B1 in 24 h (entry 3). On the other hand, complex 1
gave full conversion with 98% isolated yield of B1 under identical conditions (entry 4). If the
catalyst loading of 1 is reduced to 2 mol %, full conversion of K1 was observed in 24 and 18
h (entry 5). However, approximately 80% conversion to B1 was observed in 12 h under
identical reaction conditions (entry 6). Further reduction of the catalyst loading to 1 mol %
gave full conversion of K1 in 24 h (entry 7) and 76% conversion of K1 in 18 h (entry 8). If
the amount of base is reduced to 5 mol %, the reaction was far from completion in 24 h (entry
9). Thereafter, the reaction was performed at lower temperature; a small amount of unreacted
starting material (less than 10%) was observed at 80 °C (entry 10). Hence, entry 6 ([1]: 1 mol
%, [K2COz]: 10 mol %, 100 °C, 24 h, and a closed vial) was concluded as an optimized
reaction condition. We also performed the transfer hydrogenation of acetophenone in an open

flask under refluxing conditions (entries 11—15 in Table 2.3.1)

Table 2.3.1. Catalytic performance of ruthenium-triazole complexes 1 and 2 for transfer
hydrogenation of acetophenone with ethanol”

o] Ru complex (x mol%) OH 0
)J\ + 7 oH )\ * )J\
Ph base (y mol%) Ph H

K4 heat, time B,
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ent. cat. base temp. time yield?

(mol%)  (mol%) °C)  (h) (%)

1« 1(3) KOH(10) 100 24 69

2« 2(3) KOH(10) 100 24 <15

3¢ 2(3)  K,COs(10) 100 24 28

49 1(3)  KCOs;(10) 100 24 >99 (98¢)

5¢  1(2)  K.COs(10) 100 24/18 >99

6 1(2) KxCO3(10) 100 12 78
74 1(1)  K,CO;(10) 100 24 >99 (99
8  1(1)  K.COs;(10) 100 18 76
9  1(1)  K,CO3(5) 100 24 62
10« 1(1)  KoCO3(10) 80 24 93
119 1(1) KoCO3(10) 80 24 80
124 1(1)  KuCO3(10) 80 32 >99
13 1(2)  KeCO3(10) 80 18 >99
147 1(2)  KuCO3(10) 70 18 89
159 1(2) K,CO3(10) 70 20 >99
16«  2(1)  KyCO3(10) 100 24 25

“Reactions conducted in a closed vial (10 ml) with 0.50 mmol Ki, 4 ml of ethanol, 5/10
mol% of base and 3/2/1 mol% of complex 1/2. *Yields of B1 were determined by 'H NMR
spectroscopy using 1,3,5-trimethoxybenzene (0.17 mmol) as internal standard. ¢Isolated
yields. Reactions conducted in an open flask (25 ml) with reflux condenser with 0.50 mmol
K1, 4 ml of ethanol, 10 mol% of base and 1/2 mol% of complex 1.

Upon heating a solution of K1 in ethanol in open air in the presence of 10 mol % of K>COs
and 1 mol % of complex 1 at 80 °C, we observed approximately 80% conversion to Bl in 24
h (entry 11) and complete conversion to B1 in 32 h (entry 12). Increasing the catalyst loading
to 2 mol %, complete conversion of K1 to B1 was observed in 18 h (entry 13). A further
reduction of reaction temperature to 70 °C gave slower reactions (entries 14 and 15).
Complete conversion of acetophenone was observed in 20 h at 70 °C in the presence of 2 mol

% catalyst and 10 mol % base (entry 15). Entry 15 ([1]: 2 mol %, [K2COz]: 10 mol %, 70 °C,
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20 h, and an open flask) was utilized as another optimized reaction condition for substrate
screening. We finally checked the catalytic activity of complex 2 using one optimized
reaction condition as presented in entry 7. Upon heating a solution of K1 in ethanol (4 mL) in
air for 24 h in the presence of 10 mol % of KOH and 1 mol % of complex 2, we observed
approximately 30% conversion to the corresponding alcohol with ca. 70% unreacted starting
material (entry 16). Therefore, complex 2 showed much reduced catalytic activity as
compared to complex 1. Complex 2 is not air-stable and it slowly decomposes in air.
Therefore, much reduced catalytic activity of complex 2 is expected as the catalytic transfer
hydrogenation was performed in air. Stimulated by the above encouraging results, we
thereafter tested various other ketones under optimized reaction conditions (entry 7 in Table
2.3.2: 1 mol % of 1, 10 mol % of K>COs, 100 °C, 24 h, and a closed vial) to expand the
substrate scope (Scheme 2.3.2). At first, acetophenones bearing various electron-donating and
electron-withdrawing functionalities were examined. Acetophenones with electron-donating

methyl and methoxy groups at either ortho or para positions (K2, K3, K4, and K5)

Scheme 2.3.2. Transfer hydrogenation of ketones using ethanol catalyzed by complex 1¢
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“Reactions conducted in a vial (10 ml) with 0.50 mmol ketone (Kx), 4 ml of ethanol, 10
mol% of K,COj3 and 1 mol% of complex 1 at 100 °C. ®Reactions conducted in a flask (25 ml)
with 0.50 mmol ketone (Kx), 4 ml of ethanol, 10 mol% of K>CO3 and 2 mol% of complex 1
at 70 °C. “Isolated yields.

gave complete conversion with excellent isolated yields (B2: 99%, B3: 97%, B4: 94%, and
B5: 93%). Full conversions were also observed for substrates with mild electron-withdrawing
bromo (K6, K7), moderate electronwithdrawing ester and cyano (K8, K9), and strong
electronwithdrawing nitro (K10, K11) and trifluoromethyl groups (K12, K13) and the
corresponding alcohols were isolated in excellent isolated yields (B6: 92%, B7: 94%, B8:

96%, B9: 95%, B10: 99%, B11: 99%, B12: 99%, and B13: 99%). Therefore, the electronic
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nature of the substituents on the aryl moiety has little or no effect on the outcome of the
transfer hydrogenations. This catalytic protocol is equally effective for nonmethyl ketone,
benzophenone (K14), giving the desired reduced product diphenylmethanol (B14) in 95%
yield. In addition, heteroaryl ketones such as 2-acetylpyridine (K15) and 2-benzoylthiophene
(K16) were successfully converted to corresponding alcohols 1- (2-pyridinyl)ethanol (B15:
92%) and 1-(2-thienyl)ethanol (B16: 90%), respectively, in excellent yields. This catalytic
system was also successfully applied to acyclic and cyclic aliphatic ketones, 3-pentanone
(K17), cyclopentanone (K18), and cyclohexanone (K19). Under standard conditions, K17,
K18, and K19 afforded the corresponding alcohols 3-pentanol (B17: 81%), cyclopentanol
(B18: 87%), and cyclohexanol (B19: 83%) in good yields. Thereafter, we tested cyclic and
acyclic o,Bunsaturated ketones. Selective reduction of the keto group was observed for 4-
methyl-3-penten-2-one (K20) with more than 80% isolated product (B20). However, this
catalytic protocol did not show any selectivity when cyclic species 2-cyclohexenl-one (K21)
was subjected to transfer hydrogenation and the completely reduced cyclohexanol (B21:
84%) was isolated. We also performed the transfer hydrogenation of several ketones (K2, K5,
K8, K10, K15, and K18) in an open flask using the second optimized conditions (entry 15 in
Table 2.3.1: 2 mol % of 1, 10 mol % of K>COs, 70 °C, 20 h, and an open flask) and very
similar yields of alcohols (B2: 97%, B5: 95%, B8: 95%, B10: 99%, B15: 98%, and B18:
90%) were obtained. Thereafter, we examined the transfer hydrogenations of a series of
aldehydes under standard reaction conditions (Scheme 2.3.2). At first, benzaldehyde (Al)
was tested and complete conversion with quantitative yield of benzylalcohol (C1: 99%) was
obtained. Then, we examined various substituted benzaldehydes with electron-donating
functionalities (A2, A3, A4, and A5) and a complete conversion with excellent isolated yields
was obtained (C2: 97%, C3: 99%, C4: 97%, and C5: 93%). Thereafter, substituted

benzaldehyde bearing various electron-withdrawing groups such as halides, ester, cyano,
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nitro, and trifluoromethyl (A6, A7, A8, A9, Al10, All, Al2, Al13, Al4, and Al5) were

subjected to this catalytic protocol and similar results were obtained (C6: 91%, C7: 96%, C8:

99%, C9: 94%, C10: 93%, C11: 91%, C12: 99%, C13: 95%, C14: 99%, and C15: 99%). Like

ketones, the catalytic transfer hydrogenations of aldehydes were also insensitive to the

electronic nature of the substituents.

Scheme 2.3.3. Transfer hydrogenation of aldehydes using ethanol catalyzed by 1¢
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@Reactions conducted in a vial (10 ml) with 0.50 mmol ketone (Kx), 4 ml of ethanol, 10
mol% of K,COs and 1 mol% of complex 1 at 100 °C. PReactions conducted in a flask (25 ml)
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with 0.50 mmol ketone (Kx), 4 ml of ethanol, 10 mol% of K.COz and 2 mol% of complex 1
at 70 °C. cIsolated yields.

This catalytic system is equally efficient for sterically bulky 2,4,6-mesitaldehyde (A16),
affording excellent yield of the corresponding alcohol (C16: 96%). When heteroaryl
aldehydes such as picolinaldehyde (A17) and 2-furaldehyde (A18) were subjected to this
catalytic protocol, we also obtained good yields of the corresponding products (C17: 89% and
C18: 90%). Aliphatic aldehyde hexanal (A19) was also successfully converted to 1- heptanol
(C19) with 82% yield. Thereafter, a,B-unsaturated aldehydes were tested. When 3-methyl-2-
butenenal (A20) was subjected to transfer hydrogenation, a little more than 70% conversion
to 3-methyl-2-butene-1-ol (C20: 65%) was observed. Notably, the alkene moiety was
unreacted. Finally, cinnamaldehyde (A21) was tested and complete conversion of the
substrate was observed. The expected product (C21: 83%) with an unreacted alkene moiety
was isolated in good yield. However, a small amount of (ca. 10%) of the completely reduced
product was detected. We also performed the transfer hydrogenation of several aldehydes
(A1, A2, A6, A10, A12, and Al7) in an open flask using the second optimized conditions
(entry 15 in Table 2.3.1: 2 mol % of 1, 10 mol % of K>COs, 70 °C, 20 h, and an open flask)
and very similar yields of products (C1: 99%, C2: 95%, C6: 92%, C10: 93%, C12: 98%, and
C17: 90%) were obtained. Inspired by the successful utilization of ethanol, we set out to
investigate catalytic transfer hydrogenation of carbonyls using methanol as a more
challenging hydrogen donor. As complex 2 did not show promising results with ethanol, we
explored the catalytic activity of only complex 1 using acetophenone as a model substrate
(Table 2.3.2). We started with the exact optimized conditions previously used for ethanol.
Upon heating a solution of K1 in methanol (4 mL) in air in the presence of 10 mol % of
KoCOz and 1 mol % of complex 1, we observed more than 70% conversion to the
corresponding alcohol B1 in 24 h (entry 1). Increasing the catalyst loading to 2 mol %, a

complete conversion of K1 was obtained in 24 h (entry 2) and 18 h (entry 3). A further
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reduction of time to 12 h gave 60% conversion of K1 (entry 4). If the amount of base is
reduced from 10 to 5 mol %, almost 50% conversion to B1 was obtained in 18 h (entry 5).
Finally, a reaction was performed at 80 °C and approximately 70% conversion to B1 was
obtained in 18 h (entry 6). Hence, entry 3 ([1]: 2 mol %, [K2COz]: 10 mol %, 100 °C, and 18
h) was concluded as the optimized reaction condition for the catalytic transfer hydrogenation
of carbonyls using methanol as the hydrogen source. Thereafter, catalytic transfer

hydrogenation of various

Table 2.3.4. Catalytic performance of complexes 1 for the transfer hydrogenation of
acetophenone with methanol?

j\ © CHoon Ru complex (x r:ol%) )Oi . j\
", Preattme g, HOH
ent. cat. base temp. time yield?
(mol%) (mol%) (°C) (h) (%)
1 1(1)  KyCOs;(10) 100 24 74
2 1)  KCOs(10) 100 24 >99
3 1(2) KCOs(10) 100 18 >99
4 1) KCOs3(10) 100 12 60
5 1(2)  KCO:s(5) 100 18 48
6 1) KCOs(10) 80 18 71

“Reactions conducted in a vial (10 ml) with 0.50 mmol K1, 4 ml of methanol, 5/10 mol% of
base and 2/1 mol% of complex 1. ?Yields of B1 were determined by "H NMR spectroscopy
using 1,3,5-trimethoxybenzene (0.17 mmol) as internal standard. “Isolated yields.

ketones and aldehydes using methanol was carried out to expand the substrate scope (Scheme
2.3.4). We selected eleven ketones and eleven aldehydes from the list of various ketones and
aldehydes tested previously with ethanol. Aromatic ketones and aldehydes with various
electron-donating and electron-withdrawing functionalities such as methyl, methoxy, chloro,
bromo, nitro, and trifluoromethyl were tested under optimized reaction conditions and the

corresponding alcohols were isolated in excellent yields (B2: 99%, B3: 97%, B4: 94%, B7:
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94%, B10: 99%, B11: 99%, B12: 99%, B13: 99%, C2: 97%, C5: 93%, C7: 96%, C8: 99%,
C12: 99%, C13: 95%, C14: 99%, and C15: 99%). Aromatic aldehyde with a bulky mesityl
group was also successfully tested (C16: 86%). Similarly, methanol was also utilized
efficiently for the transfer hydrogenation of heteroaryl aldehydes and ketones such as
picolinaldehyde (Al7), 2-furaldehyde (A18), 2-acetylpyridine (K15), and 2-
benzoylthiophene (K16) with excellent isolated yields of the corresponding alcohols (C17:
89%, C18: 90%, B15: 92%, and B16: 90%). Cyclic aliphatic ketone such as cyclopentanone
was also tested successfully (B18: 87%). To investigate the application potential of the
present catalytic methodology and the robustness of complex 1, we performed several gram
scale reactions with 10.0 mmol of either aldehydes or ketones. Benzophenone (K1), 2-
methylbenzophenone (K2), 2-nitrobenzaldehyde (A12), and 4- trifluoromethylbenzaldehyde
(A15) were subjected to transfer hydrogenation using ethanol as the hydrogen source in the
presence of 1 mol % of complex 1 and 10 mol % of K>COz at 100 °C and the corresponding
alcohols were obtained in quantitative yields in 24 h. We also tested isopropanol as the
hydrogen source for the transfer hydrogenation of acetophenone as the standard substrate (see
Supporting Information for details). As expected, a complete reduction of acetophenone was
observed in 4 h at 100 °C using 2 mol % catalyst loading or in 8 h at 70 °C using 2 mol %

catalyst loading.

Scheme 2.3.5. Transfer hydrogenation of ketones and aldehydes with methanol
catalyzed by 1¢
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“Reactions conducted in a closed vial (10 ml) with 0.50 mmol ketone (Kx) or aldehyde
(Ax), 4 ml of methanol, 10 mol% of K»CO3 and 1 mol% of complex 1 at 100 °C. *Isolated
yields.

Scheme 2.3.5.A Transfer hydrogenation of Acetophenone using different optimized
condition
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Method A:

o] 1 (2 mol%) OH 0
+ CHyOH —————————> + —CO+H
ph)k 8 K»CO3 (10 mol%) ph)\ HAH 2
100 °C, 18 h (100%)
Method B:
o] 1 (1 mol%) OH o) o
+ /\OH _— + —
Ph)k K>CO3 (10 mol%) ph)\ )LH AO/\
100°C, 24 h (100%)
Method C:
o] 1 (2 mol%) OH o] o]
+ oy ————— + —
ph)k K»CO3 (10 mol%) ph)\ )LH )Lo/\
70°C, 20 h (100%)
Method D:
o] OH 1 (2 mol%) OH o]
+ _—— +
Ph)k )\ K2CO3 (10 mol%) ph)\ )k
100°C, 4 h (100%)
Method E:
o OH 1 (2 mol%) OH o
+ - +
ph)k )\ KoCO3 (10 mol%) Ph)\ A
70°C, 8h (100%)

In modern days, it is extremely important to evaluate the advantages and drawbacks of
catalytic chemical transformations with the environmental and green aspects based on “The
12 Principles of Green Chemistry”. 1017198 To analyze the sustainable and green credentials of
the one-step transformation of carbonyl to alcohol, we have selected five different optimized
methods for the transfer hydrogenation of acetophenone to 1-phenylethan-1-ol using
methanol (Method A), ethanol (Methods B and C), and isopropanol (Methods D and E) as the
sacrificial hydrogen sources as well as solvents (Scheme 2.3.5.A). The five methods were
evaluated with the CHEM21 green metrics toolkit developed by Clark et al.1®® The CHEM21
green metrics toolkit is considered as a quantitative extension of “The 12 Principles of Green
Chemistry” and many chemical transformations were analyzed using this toolkit. 10114 All
those transfer hydrogenations In modern days, it is extremely important to evaluate the
advantages and drawbacks of catalytic chemical transformations with the environmental and
green aspects based on “The 12 Principles of Green Chemistry”.197198 To analyze the
sustainable and green credentials of the one-step transformation of carbonyl to alcohol, we
have selected five different optimized methods for the transfer hydrogenation of
acetophenone to 1-phenylethan-1-ol using methanol (Method A), ethanol (Methods B and C),

and isopropanol (Methods D and E) as the sacrificial hydrogen sources as well as solvents
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(Scheme 2.3.5.A). The five methods were evaluated with the CHEM21 green metrics toolkit
developed by Clark et al.1% The CHEM21 green metrics toolkit is considered as a
quantitative extension of “The 12 Principles of Green Chemistry” and many chemical
transformations were analyzed using this toolkit.!10-114 All those transfer hydrogenations
quantitative yield and selectivity, and therefore all methods earn green flags for vyield,
conversion, and selectivity. However, atom economy and reaction mass efficiency are the
highest for Method A with methanol (80.3) and the lowest for Methods D and E with
isopropanol (67.8). As expected, atom economy and reaction mass efficiency for Methods B
and C with ethanol (73.5) stand in the middle. Solvents (methanol, ethanol, and isopropanol)
for all five methods receive green flags. Common and easy workup techniques (filtration and
evaporation) were adopted and again all methods earn green flags. We did not adopt a
continuous flow process and as the reactions were performed in batches, all methods receive
amber flag. All five methods utilized the ruthenium catalyst, and therefore they receive red
flags considering the abundance of the element and related geo-political issues. However,
ruthenium is much cheaper compared to the costs of other noble metals such as rhodium,
iridium, palladium, platinum, and gold. All five methods were also evaluated using energy
norms. In Methods A, B, and D, transfer hydrogenations were conducted at 100 °C. If a
reaction is performed above 70 °C (up to 140 °C), it should receive an amber flag under
energy. However, Methods A, B, and D receive red flags as the reactions were conducted at 5
°C or more above the boiling point of solvents (methanol, ethanol, and isopropanol).
Fulfilling all energy measures, Methods C and E receive green flags. Finally, health and
safety concerns of all methods were evaluated. As the side product in Method A is carbon
monoxide, it receives a red flag. Similarly, Methods B and C receive green flags as ethyl
acetate is produced from acetaldehyde as a stable byproduct. Similarly, all reagents, catalysts,

solvents, and products in Methods D and E do not have any health and safety concerns, and
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hence they earn green flags. At the end, it can be concluded that the selected five methods
can be differentiated by atom economy/ reaction mass efficiency, solvent, energy, and health

and safety.

Table 3. Comparison of the five different methods of transfer hydrogenations from the

CHEM21 Green Metrics Toolkit Calculation

Metric Method A Method B Method C Method D Method E
Yield 100 ~ 100 ~ 100 ~ 100 ~ 100 ~
Conversion 100 ~ 100 ~ 100 ~ 100 . 100 ~
Selectivity 100 ~ 100 ~ 100 ~ 100 ~ 100 ~
Atom 80.3 73.5 73.5 67.8 67.8
economy
Reaction mass 80.3 73.5 73.5 67.8 67.8
efficiency

Solvent MeOH ~ EtOH ~ EtOH ~ iPrOH ~ iPrOH ~
Catalyst Y Y Y Y Y

atalys es ~ es ~ es ~ es ~ es ~
Element Ru ~ Ru ~ Ru ~ Ru ~ Ru ~
Reactor Batch Batch Batch Batch Batch
Work up Filtration ~ Filtration ~ Filtration ~ Filtration ~ Filtration ~

Evaporation  Evaporation  Evaporation Evaporation Evaporation

Energy 100 °C ~ 100 °C 70 °C ~ 100 °C 70 °C

Health & H372 ~
safety

Scheme 2.3.5. (a) Proposed catalytic cycle for the transfer hydrogenation of carbonyls
with methanol/ethanol catalyzed by complex 1
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Based on the published reports, we propose a catalytic cycle for the transfer hydrogenation
of carbonyls with methanol/ ethanol (Scheme 2.3.5). At first, complex 1 reacts with alcohol
in the presence of a base to form a ruthenium-alkoxide (methoxide or ethoxide) complex X1.
Thereafter, B-hydride elimination from the alkoxide complex leads to the formation of a
ruthenium-hydride complex X2 with the elimination of either formaldehyde or acetaldehyde
as a byproduct. Thereafter, hydride transfer to the carbonyl substrate results in the formation
of a ruthenium-alkoxide complex X3. Finally, hydrogen transfer from methanol/ethanol to
the alkoxy moiety releases the product with the regeneration of complex X1. To gain support
on the suggested reaction pathway, a solution of complex 1 in ethanol was heated at 100 °C
in the presence of a base. This resulted in the formation of ruthenium-hydride species X2 and
the hydride resonance was observed at —10.18 ppm in the 'H NMR spectrum of complex X2.

However, complex X2 could not be isolated in pure form.

2.4 CONCLUSION

In conclusion, a readily accessible triazole ligand was utilized to synthesize an air-stable
ruthenium complex (1), which displayed good catalytic activity for the transfer hydrogenation
of various aldehydes and ketones using both methanol and ethanol as sustainable sources of

hydrogen donors. To the best of our knowledge, this is the first example of a catalytic
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protocol, which utilized challenging primary alcohols, methanol and ethanol, both under
aerobic conditions. This catalytic system showed good chemoselectivity toward the reduction
of carbonyls in the presence of readily reducible or labile functionalities. The catalytic
pathway is believed to proceed through a ruthenium—hydride intermediate. Furthermore, the
catalytic system was proved to be robust as it was successfully applied for the gram-scale
transfer hydrogenations of several aldehydes and ketones. Five optimized catalytic methods
(Methods A, B, C, D, and E) were evaluated using the CHEM21 green metrics toolkit.
Despite the fact that atom economy/reaction mass efficiency is the highest in Method A, this
method (in methanol at 100 °C) cannot be considered as a preferred one as this method is not
energetically favorable and there are health and safety concerns (red flags). However, the use
of methanol is most challenging thermodynamically. Method B (in ethanol at 100 °C) should
be avoided for the same unfavorable energy factor. Method D (in isopropanol at 100 °C) is
equally unfavorable energetically. Method C (in ethanol at 70 °C) and Method E (in
isopropanol at 70 °C) are two favored methods. Method E has an advantage over method C as
Method E is faster. However, the use of primary alcohol in Method C is much more
challenging than the use of a secondary alcohol in Method E. Method C is also better than
Method E in terms of atom economy/reaction mass efficiency. In addition, ethanol as the
hydrogen source is much more attractive, ecologically benign, and sustainable as compared to
isopropanol. Thus, Method C can be concluded as the most favored catalytic protocol.
Notably, this robust catalytic protocol might be realistic for possible future application
particularly because of the nonrequirement of an inert atmosphere and the utilization of

sustainable primary alcohol (ethanol) as the non-H2 hydrogen source.

2.5 EXPREMENTAL SECTION

General experimental
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All experiments were performed in air. All solvents (acetonitrile, dichloromethane, diethyl
ether, hexanes, ethyl acetate, acetone, methanol, ethanol and tert-butanol,) and chemicals
were purchased from commercial suppliers and used without further purification. For
recording NMR spectra, CDClIs was purchased from Sigma-Aldrich and used without further
purification. 'H and 13C NMR spectra were recorded at Bruker AV-400 and JEOL-400 (*H at
400 MHz and 13C at 101 MHz). IH NMR chemical shifts are referenced in parts per million
(ppm) with respect to tetramethylsilane (8 0.00 ppm) and B3C{*H} NMR chemical shifts are
referenced in ppm with respect to CDCl3z (& 77.16 ppm). The coupling constants (J) are
reported in hertz (Hz). The following abbreviations are used to describe multiplicity: s =
singlet, bs = broad signal, d = doublet, t = triplet, g = quadtrate, m = multiplate. High
resolution mass spectra were recorded on a Bruker micrOTOF-Q Il Spectrometer. Elemental
analysis was carried out on a EuroEA Elemental Analyser. Infrared (IR) spectra were

recorded on a Perkin-Elmer FT-IR spectrophotometer.
Synthesis and NMR data of L1, L2, 1 and 2

OH I CuS0,.5H,0, OH \in
N sodium ascorbate A
3 + N /
tBUOH / H,0, reflux w
L

Synthesis of Li: Ligand L1 was synthesized according to the literature procedure. Sodium

ascorbate (0.200 g, 1.0 mmol) and CuSO4.5H20 (.025 g, 0.1 mmol) was added to a solution
of 2-azido phenol (1.340 g, 10.0 mmol) in 1:1 mixture of water and tert-butanol (90 mL).
Thereafter, phenylacetylene (1.32 mL, 11.0 mmol) was added dropwise. The reaction mixture
was stirred at 90 °C in an oil bath for 24 h. Then the resultant mixture was added to ice-cold
water (100 mL) which resulted in the formation of dark-red precipitate. The dark red solid
was isolated after filtration and dried to give the crude product. The crude product was
purified by column chromatography (silica gel as stationary phase and 1:1 mixture of ethyl
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acetate and hexanes as eluent) to give red solid (1.76 g, 74%) as pure product. H NMR
(CDCls3): 9.90 (s, 1H), 8.30 (s, 1H), 7.95-7.89 (d, J = 8 Hz, 2H), 7.48 (m, 3H), 7.41 (m, 1H),

7.36 — 7.30 (M, 1H), 7.22 (m, 1H), 7.06 — 7.01 (m, 1H).

Synthesis of L2: Ligand L1 was synthesized according to the literature procedure. A mixture
of benzyl chloride (0.630 g, 5.0 mmol), phenylacetylene (0.555 g, 5.5 mmol), NaNs (0.390 g,
6.0 mmol) and Cul (0.010 g, 1 mol%) in distilled water (15 mL) was stirred at 100 °C in an
oil bath for 16 h resulting in grey chunks of solid. The grey solid was washed with distilled
water (3 x 10 mL) and hexane (3 x 5 mL) and dried under vacuum. The dry solid was
dissolved in CH.Cl> (10 mL) resulting in a pale yellow solution, which was washed with
dilute NH4sOH (5 x 5 mL) and distilled water (3 x 10 mL). Thereafter, the solution was dried
over MgSO; and all volatiles were removed under high vacuum yielding an off-white solid.
The solid was dissolved in minimum amount of CH>Cl, and the solution was added dropwise
to hexanes (100 mL) while stirring vigorously, which resulted in the formation of white
precipitate. The precipitate was filtered off and dried under high vacuum to give pure product
(0.861 g, 73%). 'H NMR (CDCls): & 7.80 (d, J = 7.3 Hz, 2H), 7.67 (s, 1H), 7.42-7.36 (m,

5H), 7.34-7.29 (m, 3H), 5.57 (s, 2H).
N=N K,CO3 ¢ RY—0
@N\%@ + 0.5 [RuCly(p-cymene)], W ,l!l\ ﬁ
L reflux, 24 h ~ N

N
=
Ph
Synthesis of 1: A mixture of L1 (0.498 g, 2.10 mmol), [RuClx(p-cymene)]. (0.612 g, 1.0
mmol) and K>CO3z (0.290 g, 2.10 mmol) in MeCN (25 mL) was refluxed in an oil bath for 24
h resulting in a red solution. All volatiles were removed under high vacuum to give a red
solid which was extracted with CH>Cl, (20 mL). The solution was dried under high vacuum

to give a red solid as crude product. The crude product was purified by column
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chromatography (silica gel as stationary phase and 4:3 mixture of CH>Cl, and acetone as
eluent) to give a red solid as pure complex 1 (0.806 g, 79%). X-ray quality single crystals
were obtained by slow evaporation of Et,0 into a solution of 1 in CH.Cl>. TH NMR (CDCly):
§ 8.13 (s, 1H), 7.85 (d, J = 7.5 Hz, 2H), 7.50 (t, J = 7.5 Hz, 2H), 7.42 (t, J = 7.5 Hz, 1H),
7.05-6.98 (m, 3H), 6.53 (M, J = 7.5, 3.9 Hz, 1H), 5.66 (d, J = 5.8 Hz, 1H), 5.62 (d, J = 5.8
Hz, 1H), 5.40 (d, J = 5.8 Hz, 1H), 5.33 (d, J = 5.8 Hz, 1H), 3.19-3.07 (m, 1H), 2.33 (s, 3H),
1.35 (d, J = 7.2 Hz, 6H), 1.32 (d, J = 7.2 Hz, 6H). 3C{'H} NMR (CDCls): 8160.53, 148.51,
129.75, 129.24, 126.21, 125.90, 123.46, 119.35, 118.40, 115.50, 102.75, 99.34, 84.98, 83.99,
81.23, 81.01, 65.94, 30.74, 22.5, 18.06, 15.38. HRMS (ESI-TOF) m/z: [M* — CI] calcd for
C24H2sN3ORu 473.1042; found 473.1011. Anal. Calcd for C24H25CIN3ORu (508.00): C,

56.74; H, 4.96; N, 8.27. Found: C, 56.48; H, 5.05; N, 8.27.

N=N RU,,/
i ‘ "Cl
N A 2.1 K,CO4
+ 0.5 [RuCly(p-cymene)], N,
MeCN | N
L, reflux, 24 h ) N
HePh
H

Synthesis of 2: Complex 2 is a known compound; however, 2 was synthesized by using a
slightly modified procedure. A mixture of L2 (0.588 g, 2.10 mmol), [RuClz(p-cymene)].
(0.612 g, 1.0 mmol) and K>COz (0.291 g, 2.10 mmol) in MeCN (25 mL) was refluxed in an
oil bath for 48 h resulting in an orange solution. All volatiles were removed under high
vacuum to give an orange solid which was extracted with CH>Cl, (20 mL). The solution was
dried under high vacuum to give an orange solid as crude product. The crude product was
purified by column chromatography (silica gel as stationary phase and 9:1 mixture of CH.Cl;
and acetone as eluent) to give a yellow solid as pure complex 2 (0.614 g, 60%). *H NMR
(CDCls): 6 8.16 (d, J = 7.4 Hz, 1H), 7.59 (s, 1H), 7.29 (dd, J = 5.0, 1.6 Hz, 3H), 7.20 (dd, J =

7.5, 5.5 Hz, 3H), 7.13 — 7.07 (m, 1H), 6.98 (t, J = 7.1 Hz, 1H), 5.54 (d, J = 6.0 Hz, 1H), 5.49

80



(d, J = 6.0 Hz, 1H), 5.43 (d, J = 5.8 Hz, 1H), 5.24 (d, J = 4.6 Hz, 1H), 5.21 (d, J = 4.3 Hz,
1H), 5.05 (d, J = 14.9 Hz, 1H), 2.35 (m, J = 13.8, 6.9 Hz, 1H), 2.01 (s, 3H), 0.90 (d, J = 6.9
Hz, 3H), 0.80 (d, J = 6.9 Hz, 3H). 3C{IH} NMR (CDCls): & 155.28, 139.64, 135.41, 134.79,
128.99, 128.68, 128.18, 127.61, 122.76, 122.40, 117.84, 99.40, 98.61, 89.18, 87.09, 85.73,
83.53, 54.69, 30.77, 22.16, 18.80 HRMS (ESI-TOF) m/z: [M* — Cl] calcd for CosH2sNsORu
471.1198; found 471.1243.

General procedure for the transfer hydrogenation of ketones and
aldehydes

o ~ Ru complex (1-3 mol%) OH o}
+ OH > +
Ph)J\ base (5-10 mol%) Ph)\ )J\H
K4 heat, time B,

General condition for reaction optimization using ethanol (Procedure 1a): A solution of
acetophenone (0.060 g, 0.5 mmol), complex 1 or 2 (3/ 2/ 1 mol%) and internal standard 1,3,5-
trimethoxybenzene (0.028 g, 0.017 mmol) in ethanol (4 mL) was transferred into a pressure
tube fitted with a magnetic stir-bar. The reaction mixture was heated at appropriate
temperature (80/ 100 °C) in an oil bath for appropriate time (24/ 18/ 12 h). Thereafter, the
reaction mixture was cooled down to r.t. and dried under high vacuum. The resultant oily
mixture was dissolved in ethylacetate (3 mL) and passed through a short silica column to
remove metal complex. All volatile was removed under high vacuum to give crude product.
The crude product was analysed by 'H NMR spectroscopy. Occasionally the crude product
was purified by column chromatography using silica as stationary phase and a 9:1 mixture of

hexanes and ethylacetate as eluent.

Following are the representative *H NMR spectra of the crude product:

0 Complex 1 (1 mol% OH 0
J O ot mom ™ am *
R” "R/H K2CO3 (10 mol%),  R™ “RYH H

KIA, 100 °C, 24 h B/C,
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General condition for substrate screening using ethanol (Procedure 1b): A solution of
ketone or aldehyde (0.50 mmol) and complex 1 (2.5 mg, 1 mol%) in ethanol (4 mL) was
transferred into a pressure tube fitted with a magnetic stir-bar. The reaction mixture was
heated at 100 °C in an oil bath for 24 h. Thereafter, the reaction mixture was cooled down to
r.t. and dried under high vacuum. The resultant oily mixture was dissolved in ethylacetate (3
mL) and passed through a short silica column to remove metal complex. All volatile was
removed under high vacuum to give the product. Most of the time, no further purification was
needed. Occasionally the crude product was purified by column chromatography using silica

as stationary phase and a mixture of hexanes and ethylacetate as eluent.

NMR data of alcohols

Following products are obtained by transfer hydrogenation of aldehydes and ketones with
alcohols using standard catalytic protocol. Known compounds are characterized by 'H and
BBC{IH} NMR spectroscopies and new compounds are characterized by 'H and 13C{'H}

NMR spectroscopies and HRMS:

OH

o

1-Phenylethan-1-ol (B1). Compound B1 was synthesized according to the general procedure
1b. Crude product was purified by column chromatography (silica as stationary phase and a
mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as brown oil (60 mg,
99%). 'H NMR (400 MHz, CDCl3): & 7.36 (q, J = 8.0 Hz, 4H), 7.29 (dd, J = 5.2, 3.1 Hz, 1H),
491 (q, J = 6.4 Hz, 1H), 1.73 (s, 1H), 1.51 (d, J = 6.4 Hz, 3H). 3C{*H} NMR (101 MHz,
CDCl3): 6 145.91, 128.51, 127.45, 125.47, 70.34, 25.17.

OH

>
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1-(o-Tolyl)ethan-1-ol (B2). Compound B2 was synthesized according to the general
procedure 1b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as
colourless oil (67 mg, 99%). *H NMR (400 MHz, CDCls): 6 7.55 - 7.46 (m, 1H), 7.24 (dd, J
= 10.3, 4.0 Hz, 1H), 7.21 — 7.11 (m, 2H), 5.11 (q, J = 6.4 Hz, 1H), 2.35 (s, 3H), 2.07 (s, 1H),
1.46 (d, J = 6.4 Hz, 3H). BC{'H} NMR (101 MHz, CDCls): & 143.94, 134.30, 130.45,
127.24, 126.45, 124.58, 66.86, 24.00, 18.99.

OH

o

1-(p-Tolyl)ethan-1-ol (Bs). Compound Bs was synthesized according to the general
procedure 1b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as faint
yellow liquid (65 mg, 97%). H NMR (400 MHz, CDCls): & 7.27 (d, J = 8.0 Hz, 2H), 7.18 (d,
J = 8.0 Hz, 2H), 4.83 (g, J = 6.5 Hz, 1H), 2.68 (s, 1H), 2.38 (s, 3H), 1.48 (d, J = 6.4 Hz,
3H). BC{*H} NMR (101 MHz, CDCl3): & 142.98, 136.94, 129.09, 125.41, 70.05, 25.07,

21.08.

OH

: OMe

1-(2-Methoxyphenyl)ethan-1-ol (Bs4). Compound Bs was synthesized according to the
general procedure 1b. Crude product was purified by column chromatography (silica as
stationary phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product
as colourless oil (71 mg, 94%). 'H NMR (400 MHz, CDCl3): 6 7.32 — 7.23 (m, 2H), 6.92 —

6.82 (M, 2H), 4.82 (g, J = 6.4 Hz, 1H), 3.79 (s, 3H), 2.18 (s, 1H), 1.46 (d, J = 6.4 Hz, 3H).

83



BBC{'H} NMR (101 MHz, CDCls): & 156.58, 133.44, 128.31, 126.12, 120.82, 110.45, 66.58,

55.27, 22.86.

OH

. Meo/©)\

1-(4-Methoxyphenyl)ethan-1-ol (Bs). Compound Bs was synthesized according to the
general procedure 1b. Crude product was purified by column chromatography (silica as
stationary phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product
as colourless oil (70 mg, 93%). IH NMR (400 MHz, CDCls): 6 7.30 (d, J = 8.6 Hz, 2H), 6.88
(d, J = 8.7 Hz, 2H), 4.85 (g, J = 6.4 Hz, 1H), 3.80 (s, 3H), 1.85 (s, 1H), 1.48 (d, J = 6.4 Hz,
3H). 13C{*H} NMR (101 MHz, CDCl3): 6 159.12, 138.14, 126.79, 113.98, 70.10, 55.42,

25.14.

OH

1-(2-Bromophenyl)ethan-1-ol (Bs). Compound Bs was synthesized according to the general
procedure 1b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as faint
yellow oil (92 mg, 92%). 'H NMR (400 MHz, CDCls3): 6 7.60 (dd, J = 7.8, 1.6 Hz, 1H), 7.51
(dd, J = 8.0, 1.0 Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 7.13 (td, J = 7.7, 1.7 Hz, 1H), 5.25 (¢, J =
6.4 Hz, 1H), 1.70 (s, 1H), 1.49 (d, J = 6.4 Hz, 3H). 3C{'H} NMR (101 MHz, CDCls): &
144.74, 132.82, 128.93, 128.00, 126.81, 121.88, 69.36, 23.72.

OH
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1-(4-Bromophenyl)ethan-1-ol (B7). Compound B7 was synthesized according to the general
procedure 1b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as
colourless oil (93 mg, 94%). *H NMR (400 MHz, CDCls): 8 7.43 (d, J = 8.4 Hz, 2H), 7.18 (d,
J = 8.4 Hz, 2H), 4.77 (q, J = 6.5 Hz, 1H), 2.67 (s, 1H), 1.41 (d, J = 6.4 Hz, 3H). 3C{'H}

NMR (101 MHz, CDCls): & 144.90, 131.67, 127.28, 121.27, 69.88, 25.35.

OH

Methyl 4-(1-hydroxyethyl)benzoate (Bs). Compound Bs was synthesized according to the
general procedure 1b. Crude product was purified by column chromatography (silica as
stationary phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product
as colourless yellow oil (86.4 mg, 96%). *H NMR (400 MHz, CDClz): & 8.09 — 7.86 (m, 2H),
7.41 (d, J = 8.2 Hz, 2H), 4.93 (g, J = 6.5 Hz, 1H), 3.89 (s, 3H), 2.20 (s, 1H), 1.48 (d, J = 6.4
Hz, 3H). 13C{*H} NMR (101 MHz, CDCl3): 8 167.13, 151.12, 129.93, 129.22, 125.40, 70.03,
52.20, 25.38.

OH

S

4-(1-Hydroxyethyl)benzonitrile (Bg). Compound Bg was synthesized according to the
general procedure 1b. Crude product was purified by column chromatography (silica as
stationary phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product
as colourless yellow oil (70 mg, 95%). 'H NMR (400 MHz, CDCls): 6 7.54 (d, J = 8.3 Hz,
2H), 7.42 (d, J = 8.1 Hz, 2H), 4.87 (g, J = 6.5 Hz, 1H), 3.18 (s, 1H), 1.42 (d, J = 6.4 Hz, 3H).
13C{!H} NMR (101 MHz, CDCls): & 151.51, 132.25, 126.13, 118.92, 110.62, 69.38, 25.29.
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OH

2

1-(2-Nitrophenyl)ethan-1-ol (B1o). Compound B1o was synthesized according to the general
procedure 1b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as yellow
liquid (82 mg, 99%). 'H NMR (400 MHz, CDCls): & 7.83 (dd, J = 18.8, 8.0, 1.1 Hz, 2H),
7.64 — 7.57 (m, 1H), 7.42 — 7.35 (m, 1H), 5.38 (g, J = 6.4 Hz, 1H), 2.49 (s, 1H), 1.53 (d, J =
6.4 Hz, 3H). 3C{'H} NMR (101 MHz, CDCls): 5 141.05, 133.73, 128.22, 127.69, 124.40,

65.66, 24.32.

OZNO)\

1-(4-Nitrophenyl)ethan-1-ol (B11). Compound Bi1 was synthesized according to the general
procedure 1b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as
colourless oil (95 mg, 99%). 'H NMR (400 MHz, CDClIs): 6 8.17 (d, J = 8.8 Hz, 2H), 7.53 (d,
J =85 Hz, 2H), 5.00 (g, J = 6.5 Hz, 1H), 2.05 (s, 1H), 1.51 (d, J = 6.4 Hz, 4H). 3C{1H}

NMR (101 MHz, CDClz3): & 153.20, 129.45, 126.26, 123.96, 69.65, 25.65.

OH

3

1-(2-(Trifluoromethyl)phenyl)ethan-1-ol (B12). Compound Bi2 was synthesized according
to the general procedure 1b. Crude product was purified by column chromatography (silica as

stationary phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product
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as colourless oil (94 mg, 99%). *H NMR (400 MHz, CDClz): 6 7.79 (d, J = 7.9 Hz, 1H), 7.57
(dd, J = 15.9, 7.8 Hz, 2H), 7.34 (t, J = 7.6 Hz, 1H), 5.30 (g, J = 6.1 Hz, 1H), 2.56 (s, 1H),
1.44 (d, J = 6.4 Hz, 3H). BC{'*H} NMR (101 MHz, CDCls): & 145.22, 132.47, 127.31,

126.69, 126.39, 125.37 (q, J = 5.9 Hz), 123.16, 65.74, 25.49.

OH
. F3C/©)\

1-(4-(Trifluoromethyl)phenyl)ethan-1-ol (B13). Compound Bis was synthesized according
to the general procedure 1b. Crude product was purified by column chromatography (silica as
stationary phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product
as colourless liquid (94 mg, 99%). 'H NMR (400 MHz, CDCls): 8 7.59 (d, J = 8.1 Hz, 2H),
7.46 (d, J = 8.1 Hz, 2H), 4.92 (q, J = 6.5 Hz, 1H), 2.30 (s, 1H), 1.48 (d, J = 6.4 Hz, 3H).
BBC{'H} NMR (101 MHz, CDCls): § 149.83, 129.89, 129.57, 125.87 — 125.39 (m), 122.95,

69.90, 25.43.

OH

Diphenylmethanol (B14). Compound B14 was synthesized according to the general procedure
1b. Crude product was purified by column chromatography (silica as stationary phase and a
mixture of ethyl acetate and hexane 1:9 as eluent) to give pure product as colourless oil (87.4
mg g, 95%). 'H NMR (400 MHz, CDCls): & 7.44 — 7.30 (m, 8H), 7.28 (dd, J = 7.0, 3.8, 1.7
Hz, 2H), 5.85 (s, 1H), 1.99 (s, 1H). 3C{!H} NMR (101 MHz, CDCls): & 143.94, 128.64,

127.72, 126.68, 76.41.
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OH

1-(Pyridin-2-yl)ethan-1-ol (Bis). Compound Bis was synthesized according to the general
procedure 1b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as
colourless oil (56 mg, 92%). 'H NMR (400 MHz, CDCl3): 6 8.53 (d, J = 4.1 Hz, 1H), 7.69
(dd, J = 12.1, 4.4 Hz, 1H), 7.31 — 7.25 (m, 1H), 7.20 (t, J = 5.9 Hz, 1H), 4.89 (q, J = 6.5 Hz,
1H), 1.50 (d, J = 6.4 Hz, 3H). 3C{*H} NMR (101 MHz, CDCls): & 163.49, 148.17, 136.86,

122.21, 119.83, 69.15, 24.18.

X
N\ s

1-(Thiophen-2-yl)ethan-1-ol (Bis). Compound Bis was synthesized according to the general
procedure 1b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane andethyl acetate 9:1 as eluent) to give pure product colourless
oil (57 mg, 90%). *H NMR (400 MHz, CDCls): 4 7.26 (dd, J = 5.0, 3.0 Hz, 1H), 7.15 — 7.12
(m, 1H), 7.07 (dd, J = 5.0, 1.2 Hz, 1H), 4.90 (q, J = 6.4 Hz, 1H), 2.79 (s, 1H), 1.48 (d, J = 6.4

Hz, 4H). 3C{*H} NMR (101 MHz, CDCls): § 147.41, 125.95, 125.73, 120.09, 66.34, 24.39.

\)Oi/

Pentan-3-ol (B17). Compound Biz was synthesized according to the general procedure 1b.
Crude product was purified by column chromatography (silica as stationary phase and a
mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as colourless liquid

(34 g, 81%). *H NMR (400 MHz, CDCls): § 3.43 — 3.33 (m, 1H), 2.36 — 2.14 (m, 1H), 1.52 —
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1.31 (m, 4H), 0.88 (dd, J = 10, 6.9, 2.5 Hz, 6H). 3C{*H} NMR (101 MHz, CDCls): § 13C
74.68, 29.61, 9.86.

OH

o

Cyclopentanol (Bis). Compound Bis was synthesized according to the general procedure 1b.
Crude product was purified by column chromatography (silica as stationary phase and a

mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as colourless liquid
(37 mg, 87%). *H NMR (400 MHz, CDCls): 6 4.32 (s, 1H), 1.83 — 1.68 (m, 4H), 1.59 — 1.51

(m, 4H). BC{tH} NMR (101 MHz, CDCls): 5 74.20, 35.70, 23.41.

OH

Cyclohexanol (B1g). Compound Big was synthesized according to the general procedure 1b.
Crude product was purified by column chromatography (silica as stationary phase and a
mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as colourless liquid
(41 mg, 83%). 'H NMR (400 MHz, CDCl3): & 3.61 (dt, J = 8.9, 4.2 Hz, 1H), 1.88 (dd, J =
9.1, 3.7 Hz, 2H), 1.75 — 1.50 (m, 4H), 1.31 — 1.19 (m, 4H). 3C{'H} NMR (101 MHz,

CDClz): 6 70.47, 35.67, 25.59, 24.26.
OH
o

Phenylmethanol (C1). Compound Ci was synthesized according to the general procedure 2b.
Crude product was purified by column chromatography (silica as stationary phase and a

mixture of hexane and ethyl acetate as 9:1 as eluent) to give pure product as yellow oil (53
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mg, 99%). IH NMR (400 MHz, CDCls): § 7.43 — 7.19 (m, 5H), 4.64 (s, 2H), 2.62 (s, 1H).

13C{IH} NMR (101 MHz, CDCls): § 140.92, 128.59, 127.65, 127.07, 65.20.

OH
CC
o-Tolylmethanol (C2). Compound C2 was synthesized according to the general procedure
2b. Crude product was purified by column chromatography (silica as stationary phase and a
mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as colourless liquid
(60 mg, 99%). H NMR (400 MHz, CDCls): & 7.38 — 7.31 (m, 1H), 7.27 — 7.15 (m, 3H), 4.64

(s, 2H), 2.53 (s, 1H), 2.35 (s, 3H). 2*C{H} NMR (101 MHz, CDCls): & 138.77, 136.07,

130.30, 127.72, 127.53, 126.05, 63.27, 18.65.

OH
/©AH

p-Tolylmethanol (Cs). Compound Cs was synthesized according to the general procedure
2b. Crude product was purified by column chromatography (silica as stationary phase and a
mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as colourless oil (59
mg, 97%). 'H NMR (400 MHz, CDCls): § 7.16-7.24 (dd, J = 7.9 Hz, 4H), 4.62 (s, 2H), 2.36
(s, 3H), 1.98 (s, 1H). 3C{*H} NMR (101 MHz, CDCls): & 138.02, 137.45, 129.32, 127.22,

65.27, 21.24.
OH

L
OMe

(2-Methoxyphenyl)methanol (C4). Compound C4 was synthesized according to the general

procedure 2b. Crude product was purified by column chromatography (silica as stationary
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phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as
colourless liquid (64 mg, 94%). *H NMR (400 MHz, CDCls): 5 7.28 (m, J = 5.2, 1.6 Hz, 2H),
6.95 (M, J = 7.4, 1.0 Hz, 1H), 6.91 — 6.87 (m, 1H), 4.68 (s, 2H), 3.86 (s, 3H), 2.34 (s, 1H).
BC{H} NMR (101 MHz, CDCls): 6 157.50, 129.14, 129.02, 128.80, 120.73, 110.29, 62.07,

55.33.

OH
o
.MeO

(4-Methoxyphenyl)methanol (Cs). Compound Cs was synthesized according to the general
procedure 2b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as
colourless liquid (63 mg, 93%). 'H NMR (400 MHz, CDCls): 6 7.27 (d, J = 8.3 Hz, 2H), 6.89
(dd, J = 9.0, 2.3 Hz, 2H), 4.57 (s, 2H), 3.80 (s, 3H), 2.47 (s, 1H). 3C{'H} NMR (101 MHz,
CDClz3): 6 159.28, 133.26, 128.75, 114.04, 65.05, 55.38.

OH
H

Cl

(3-Chlorophenyl)methanol (Cs). Compound Cs was synthesized according to the general
procedure 2b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as
colourless oil (64 mg, 91%). *H NMR (400 MHz, CDCls): 6 7.37 — 7.25 (m, 4H), 4.68 (s,
2H), 1.74 (s, 1H). BC{*H} NMR (101 MHz, CDCls): § 142.97, 134.59, 129.96, 127.85,

127.10, 124.98, 64.70.
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S

(4-Chlorophenyl)methanol (C7). Compound C7 was synthesized according to the general
procedure 2b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as while
solid (68mg, 96%). 'H NMR (400 MHz, CDCl3): & 7.33-7.27 (m, J = 8.4, 4.9 Hz, 4H), 4.63
(dd, J = 4.8, 2.3 Hz, 2H), 1.93 (s, 1H). 3C{'H} NMR (101 MHz, CDCls): & 139.45, 133.49,

128.79, 128.38, 64.60.

OH

@i”

r

(2-Bromophenyl)methanol (Cs). Compound Cs was synthesized according to the general
procedure 2b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as
colourless liquid (92 mg, 99%). 'H NMR (400 MHz, CDCls): & 7.55 (dd, J = 8.0, 1.0 Hz,
1H), 7.48 (dd, J = 7.6, 1.5 Hz, 1H), 7.33 (td, J = 7.5, 1.0 Hz, 1H), 7.16 (td, J = 7.7, 1.7 Hz,
1H), 4.76 (s, 2H), 1.82 (s, 1H). 3C{*H} NMR (101 MHz, CDCls): & 139.84, 132.70, 129.22,

129.00, 127.77, 122.67, 65.15.

OH
ﬁH
Br

(4-Bromophenyl)methanol (Co). Compound Co was synthesized according to the general
procedure 2b. Crude product was purified by column chromatography (silica as stationary

phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as white
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liquid (86 g, 99%). *H NMR (400 MHz, CDCls): § 7.50 — 7.39 (m, 2H), 7.19 (d, J = 8.3 Hz,
2H), 4.58 (s, 2H), 2.35 (s, 1H). 22C{*H} NMR (101 MHz, CDCl5): & 139.82, 131.68, 128.67,

121.49, 64.50.

OH

Methyl 4-(hydroxymethyl)benzoate (Ci0). Compound Cio was synthesized according to the
general procedure 2b. Crude product was purified by column chromatography (silica as
stationary phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product
as white liquid (77mg, 93%). 'H NMR (400 MHz, CDCls): 6 7.97 (d, J = 8.3 Hz, 2H), 7.38
(d, J = 8.3 Hz, 2H), 4.71 (s, 2H), 3.88 (s, 3H), 2.55 (s, 1H). BC{!H} NMR (101 MHz,

CDClg): 6 167.19, 146.25, 129.87, 129.22, 126.52, 64.60, 52.21.

o
NC

4-(Hydroxymethyl)benzonitrile (Ci1). Compound Ci1 was synthesized according to the
general procedure 2b. Crude product was purified by column chromatography (silica as
stationary phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product
as white liquid (40mg, 91%). *H NMR (400 MHz, CDClz): 8 7.55 (d, J = 8.3 Hz, 2H), 7.41
(d, J = 8.3 Hz, 2H), 4.68 (s, 2H), 3.35 (s, 1H). 3C{'H} NMR (101 MHz, CDCl3): & 167.19,
146.25, 129.87, 129.93, 110.58, 64.60.

OH
L
NO,
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(2-Nitrophenyl)methanol (Ci2). Compound Ci2 was synthesized according to the general
procedure 2b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as brown
oil (75.7 mg, 99%). *H NMR (400 MHz, CDCls): & 8.09 (dd, J = 8.2, 1.1 Hz, 1H), 7.74 (d, J
= 7.0 Hz, 1H), 7.67 (td, J = 7.6, 1.2 Hz, 1H), 7.51 — 7.41 (m, 1H), 4.97 (s, 2H), 2.43 (s, 1H).

13C{*H} NMR (101 MHz, CDCls): & 147.59, 136.97, 134.21, 129.83, 128.50, 125.04, 62.44.

OH
o
O,N

(4-Nitrophenyl)methanol (Ci3). Compound Cis was synthesized according to the general
procedure 2b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as
colourless oil (0.72 mg, 95%). H NMR (400 MHz, CDCls): & 7.62 (d, J = 8.0 Hz, 2H), 7.48
(d, J = 8.0 Hz, 2H), 4.77 (s, 2H), 2.05 (s, 1H). 3C{'H} NMR (101 MHz, CDCls): & 148.44,
147.26, 127.08, 123.77, 63.98.

OH
L
CF;

(2-(Trifluoromethyl)phenyl)methanol (Ci4). Compound Ci4 was synthesized according to
the general procedure 2b. Crude product was purified by column chromatography (silica as
stationary phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product
as colourless liquid (87mg, 99%). 'H NMR (400 MHz, CDCls): & 7.65 (dd, J = 7.8 Hz, 2H),
7.54 (t, J = 7.6 Hz, 1H), 7.37 (t, J = 7.6 Hz, 1H), 4.84 (s, 2H), 2.49 (s, 1H). 3C{'H} NMR
(101 MHz, CDCls): 6 139.34, 132.26, 128.83, 127.49, 127.15, 125.84 (q, J = 10.0, 4.4 Hz),

123.19, 61.34.
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OH

o
F3C

(4-(Trifluoromethyl)phenyl)methanol (Cis). Compound Cis was synthesized according to
the general procedure 2b. Crude product was purified by column chromatography (silica as
stationary phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product
as colourless oil (87 mg, 99%). 'H NMR (400 MHz, CDCls): 6 7.62 (d, J = 8.0 Hz, 2H), 7.48
(d, J = 8.0 Hz, 2H), 4.77 (s, 2H), 1.84 (s, 1H). 3C{'H} NMR (101 MHz, CDCl3): & 144.76,
129.86, 129.54, 125.38 (q, J = 3.8 Hz), 122.95, 63.95.

OH
H

Mesitylmethanol (Ci6). Compound Cis was synthesized according to the general procedure
2b. Crude product was purified by column chromatography (silica as stationary phase and a
mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as white crystalline
solid (64.5 mg, 86%). 'H NMR (400 MHz, CDCl3): & 6.88 (s, 2H), 4.71 (s, 2H), 2.40 (s, 6H),
2.27 (s, 3H), 1.39 (s, 1H) BC{'H} NMR (101 MHz, CDCls): & 137.84, 137.41, 133.86,

129.27,59.29, 21.08, 19.45.

OH

Pyridin-2-ylmethanol (Ci7). Compound Ciz was synthesized according to the general
procedure 2b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as

colourless liquid (48 mg, 89%). H NMR (400 MHz, CDCls): 6 8.49 (s, 1H), 7.65 (t, J = 7.4
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Hz, 1H), 7.29 (d, J = 7.5 Hz, 1H), 7.16 (s, 1H), 4.73 (s, 2H), 4.60 — 3.70 (s, 1H). BC{1H}

NMR (101 MHz, CDClz3): & 160.05, 148.22, 136.95, 122.21, 120.85, 64.27.

" "H
\_o

Furan-2-ylmethanol (Cis). Compound Cis was synthesized according to the general
procedure 2b. Crude product was purified by column chromatography (silica as stationary
phase and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as
colourless oil (44 g, 90%). 'H NMR (400 MHz, CDCls): 8 7.40 (dd, J = 1.8 Hz, 1H), 6.34
(dd, J = 3.1 Hz, 1H), 6.29 (d, J = 3.2 Hz, 1H), 4.60 (s, 2H), 1.96 (s, 1H). 3C{'H} NMR (101

MHz, CDCls): 6 154.12, 142.72, 110.49, 107.90, 57.59.

OH

A

Heptan-1-ol (Ci9). Compound Ci9 was synthesized according to the general procedure 2b.
Crude product was purified by column chromatography (silica as stationary phase and a
mixture hexane and ethyl acetate 9:1 as eluent as eluent) to give pure product as colourless
oil. (47 mg, 82%). 'H NMR (400 MHz, CDCl3): & 1H NMR (400 MHz, CDCl3) 3.64 (m, J =
6.6 Hz, 1H), 1.81 — 1.52 (m, 3H), 1.51 — 1.03 (m, 9H), 0.89 (m, J = 6.8 Hz, 3H). 3C{1H}

NMR (101 MHz, CDClz3): & 63.07, 32.81, 31.79, 29.06, 25.69, 22.55, 13.99.

NMR spectra of Ligand, complex 1,2 and some products:
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Figure 2.5.2. 'H NMR (400 MHz) spectrum of L2in CDClz at r.t.
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Chapter 3

Catalytic Transfer Hydrogenation of Lignocellulosic Biomass Model
Compounds Furfural and Vanillin with Ethanol by an Air-stable Iron(l1)
Complex

3.1 ABSTRACT:

The chemical transformation of biomass for the synthesis of various fine chemicals is the
necessity for the sustainable developments in the present age. Various components of
lignocellulosic biomass can be chemically reduced to numerous value added products and
this field of research has attracted enormous attentions. The scientific community has devoted
a significant research interest to develop catalysts for the reduction of cellulose and lignin
model compounds furfural and vanillin, respectively. In this context, an iron(ll) catalyst (1)
was readily synthesized by the facile coordination of NNO pincer ligand with FeCl».4H,O
salt as precursor. The air-stable complex 4 was utilized for the catalytic transfer
hydrogenation of cellulose and lignin model compounds furfural and vanillin, respectively,
using ecologically benign but challenging primary alcohol ethanol as the hydrogen source in
presence of catalytic amount of base. Secondary alcohol isopropanol was also utilized as the
sacrificial hydrogen donor. Complex 4 as a sustainable iron compound was proved to be a
very efficient catalyst for the transfer hydrogenation of furfural and vanillin under ambient
conditions with both primary and secondary alcohols as hydrogen donors. Under the present
catalytic protocol, various other biomass model carbonyl compounds and structurally related
aldehydes were effectively reduced to the corresponding alcohols. Kinetic studies for transfer
hydrogenation of vanillin with ethanol suggested first order kinetics in catalyst (complex 4)

and zeroth order in substrate vanillin. Based on the experimental evidences (isolation of
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intermediate by stoichiometric reactions and kinetic studies) and published reports, a catalytic
cycle for the transfer hydrogenations is proposed which proceed via iron(ll)-dialkoxides and
alkoxide-hydride intermediates. Finally, CHEM21 green metrics toolkit was utilized to

evaluate the sustainable and green credentials of the catalytic protocols.

3.2 INTRODUCTION:

In the present era, fossil fuels are extremely essential in every aspect of modern life as fossil
fuels are the most important sources for most important organic chemicals. The huge growth
of global population, enhancement of living standards and resultant ever-growing demand for
materials will certainly create shortage of petro-based resources which have limited reserves
and are shrinking day by day. Therefore, it is extremely vital for the humanity to search
alternatives to nonrenewable fossil fuels. In addition, increasing concerns on global warming
and related global climate change demand a serious reduction of the use of fossil fuel. Hence,
the effective use of sustainable biomass feedstock presents an indispensable opportunity and
the importance of bio-refineries is growing significantly.: 2 In present age, it is extremely
vital to transform renewable biomass into effective biofuels and varieties of valuable fine
chemicals.?® The chemical conversions of biomass into useful chemicals is ever expanding,
however, challenging field of research.®8 Every year the production of biomass worldwide is
near about 1.7 x 10! metric tons out of which a significant amount is lignocellulosic biomass
which has three major components (hemicellulose, cellulose and lignin). Lignocellulosic
biomass may be established as one of the most promising carbon feedstocks for the
sustainable development of biofuel and fine chemicals. Maximum numbers of bio-based fine
chemicals are obtained from cellulose and hemicellulose. One of the important examples is
furfural, a furan derived heterocyclic aromatic aldehyde which is one of the oldest renewable

chemicals besides sugar, ethanol and acetic acid. Approximately 2.5 x 10° metric tons of
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furfural is produced per anum from biomass and furfural is the direct source of furfuryl
alcohol obtained by partial reduction of furfural. Roughly 60 to 70% of total furfural
production is converted into furfuryl alcohol with wide applications. One of the major uses of
furfuryl alcohol is the syntheses of furan resins which have found wide applications. Furfuryl
alcohol is one of the potential biofuels which has been utilized as a fuel in rocketry. In
addition, furfuryl alcohol is an essential feedstock for the production of various downstream
fine chemicals with wide applications in chemical industries such as food additives, solvents,
fuels and pharmaceuticals (Figure 3.3.2).%1° Similar to cellulose and hemicellulose, lignin is
also a source of a wide variety of important chemicals and particularly aromatic phenolic
compounds are obtained from lignin. Vanillin as a monomeric aldehyde is one of the
prominent examples and more than 3 x 103 metric tons of vanillin are produced from lignin
each year. Vanillyl alcohol is produced from vanillin by biological or chemical reduction of
carbonyl functionality. Similar to furfuryl alcohol, vanillyl alcohol is a potential biofuel and it
is a source of various downstream fine chemicals (Figure 3.3.2). Furfuryl alcohol is
industrially produced by hydrogenation of furfural under high temperature and pressure in
presence of noble metal (e.g., Ru,11-12 Pd3, Aul4 and Pt!>-17) and base metal (e.g., Fe8, Co®®
21 and Cu?%27) heterogeneous catalysts. Heterogeneous catalysts also dominate the reduction
of vanillin to vanillyl alcohol and reactions were performed under harsh conditions.?-2 In
this context, there is a genuine need for the development homogeneous catalytic system that
can selectively reduce the aldehyde functionalities in furfural and vanillin to the
corresponding alcohols furfuryl alcohol and vanillyl alcohol, respectively, under mild

conditions maintaining the green sustainable aspects.

Figure 3.2.1. Furfural, furfuryl alcohol, vanillin, vanillyl alcohol and important
downstream fine chemicals by biomass valorization.
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The reduction of carbonyl compounds represents one of the most frequently utilized
fundamental transformations in small scale laboratory reactions as well as in large scale
industrial syntheses.30-34 Various hydride reducing reagents such as LiBH4, NaBHa4, LiAlH4
and DIBAL-H are commonly used reducing agents for carbonyl compounds in organic
syntheses. However, hydride reducing reagents are often hazardous and require
stoichiometric amounts (or excess). In addition, stoichiometric amount of byproducts is
formed and the production of a large amount of chemical waste is not acceptable from the
environmental point of view.® With an ever growing global environmental concern,
transition metal-catalyzed hydrogenation of carbonyls with molecular hydrogen presents an
effective waste-free process in chemical and pharmaceutical syntheses.36-37 However,
classical hydrogenation requires pressurized hydrogen, a very elaborate instrumental setup
and often high temperature for the reduction of carbonyl compounds. On the other hand,
transfer hydrogenation presents an easy alternative for the carbonyl reductions and interest is
immensely growing in industrial research as well as in academia.3®4! In recent times,

catalytic transfer hydrogenation is becoming the center of active research in this field due to
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the non-necessity of hazardous pressurized Hz gas, extreme conditions and expensive
instrumental setup.?4% In addition, the frequently used hydrogen donors used in transfer
hydrogenations are nicely available, very cheap, easy to handle and the side products can be
recycled in most of cases.*¢4” Transfer hydrogenation involves the transfer of proton and
hydride to the substrate from a non-Hx hydrogen source. In 1925 Meerwein and Verley
independently reported the first example of transfer hydrogenation (also known as
Meerwein—Ponndorf—Verley reaction), in which aluminum alkoxide promoted the reduction
of carbonyl compound in the presence of secondary alcohol utilized as a sacrificial hydrogen
source.*849 Although Meerwein—Ponndorf-Verley reaction has found wide applications in
both academic and industrial syntheses, presently the acceptability of this reaction has
declined significantly due to the use of large amount of moisture sensitive aluminium
alkoxides and undesirable side reactions. As an easy reduction alternative, transfer
hydrogenations of carbon-heteroatoms such as carbon-oxygen and carbon-nitrogen multiple
bonds have attracted a significant research interest and a wide variety of homogeneous
transition metal catalysts based on iron®0-55, cobalt®6-%8, iridium®2-63, ruthenium®4-69, nickel 0-74,
palladium’-78, etc. have been developed. Transfer hydrogenation of unsaturated compounds
using formic acid and secondary alcohol isopropanol as the solvent and sacrificial hydrogen
source is well established and widely used for various synthetic purpose.’82 In contrast,
transfer hydrogenation using primary alcohols as hydrogen donors is a very rare and
challenging reaction because of the unfavorable redox potentials of primary alcohols. DFT
calculations also supported the above fact by giving a AG value of + 4.4 kJ/mol for the
transfer hydrogenation of acetophenone with isopropanol in contrast to a AG value of + 24.2
kJ/mol for the same reaction with ethanol.83 There is another setback of using primary
alcohol in transfer hydrogenations. Isopropanol as secondary alcohol produce acetone as

byproduct while ethanol as primary alcohol generates aldehyde which is much reactive as
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compared to ketone byproduct and can undergo unwanted side reactions. However, ethanol is
an excellent hydrogen career with high wt% of hydrogen. In addition, ethanol is available
from natural sources such as natural gas, carbon dioxide and renewable biomass, which is
very attractive in the context of sustainability. Despite those benefits, ethanol is very rarely
utilized in the transfer hydrogenations primarily due to the unfavorable thermodynamics. In
2008, Gritzmacher et al. published the first example of transfer hydrogenation utilizing
ethanol as the hydrogen donor.8* Air sensitive rhodium(l)-phosphine complexes with
sterically bulky tridentate amido olefin ligand was highly efficient for the transfer
hydrogenation of ketones. Soon after the first report, similar rhodium(l)-phosphine or
carbonyl complexes with chiral bis(olefin)amine ligands were also used for the asymmetric
transfer hydrogenation of ketone in presence of ethanol as a liquid hydrogen career.8
Thereafter, Adlofason et al. reported asymmetric transfer hydrogenation of ketones in ethanol
using ruthenium catalyst by combining [Ru(p-cymene)Clz]> and an amino acid hydroxy-
amide ligand.8 Thiel et al. described transfer hydrogenation of aldehydes and ketones with
ruthenium(11)-phosphine complex of NNN pincer ligand under constant nitrogen flow to shift
the equilibrium to the right. Very recently, we published transfer hydrogenation of aldehydes
and ketones in ethanol catalyzed by air-stable ruthenium triazole complexes.?” In all those
five reports, noble metal catalysts were used. In contrast, Garcia et al. described first row
transition metal catalyzed transfer hydrogenation of ketones with ethanol at high temperature
(130 °C).88 Nickle(0)-COD complex in presence of various bisphosphine ligands were
utilized for the purpose. Utilizing ethanol as the hydrogen source, transfer hydrogenation of
other unsaturated substrates are also rarely reported. In 2018, Haung et al. described the
transfer hydrogenation of alkene using ethanol as hydrogen source catalyzed by iridium(l1I)-
hydride complex with NCP pincer ligand. In the following year, they reported selective

transfer hydrogenation of alkynes to E-alkenes in ethanol catalyzed by similar NCP pincer
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iridium complexes and sharp color change was utilized as a smart tool to avoid over
reduction to alkanes.®® Transfer hydrogenation of esters with ethanol catalyzed by
ruthenium(l1)-phosphine complex with tridentate SNS ligand was reported by Khaskin et al.%
Most of the reports published in recent years used second and third row transitions metals for
the transfer hydrogenation with ethanol, but examples of first-row transition metal catalysts
are very rare. To the best of our knowledge, only one report was published in 2018 by de
Vries et al. They used the base metal catalyst PNP pincer iron(ll)-hydride complex for the
transfer hydrogenation of esters in ethanol.°® Among all the other transition metals, iron is
extremely attractive candidate not only for being cheap, abundant and nontoxic, but also for
its unique electronic structure and catalytic activity in comparison with other transition
metals.?2 In the context of reduction of furfural and vanillin to furfuryl alcohol and vanillyl
alcohol, respectively, majority of the published reports utilized noble metal catalysts under
extreme conditions and this field is highly dominated by heterogeneous catalysts.%-% This
gives us the opportunity to develop a homogeneous catalyst with an earth-abundant, cheap,
nontoxic transition metal catalyst and iron is an attractive candidate. Herein, we report a
readily available and air-stable iron complex as an effective and sustainable catalyst for the
selective transfer hydrogenation of furfural and vanillin to furfuryl alcohol and vanillyl
alcohol, respectively, under mild conditions using ethanol and isopropanol as green hydrogen
careers as well as solvents (Figure 3.2.1). We also addressed the green credentials of the

catalytic protocols by using CHEM21 green metrics toolkit.%6-102

Figure 3.2.2. Transition metal catalysts for the transfer hydrogenation of carbonyls
using ethanol as hydrogen source.
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3.3 RESULT AND DISCUSSION

Ligand design is crucial in the development of transition metal complexes for homogeneous
catalysis. In past two decades, tridentate pincer ligands have been effectively utilized for the
developments of a wide variety of transition metal catalysts because of their unique
properties.1% Several groups such as pyridine, imidazole, triazole, ether or thioether moiety
may be easily lost as a monodentate ligand; however, they are bound firmly in a well-defined
meridional coordination sphere as a part of tridentate pincer ligands. In addition, pincer
ligands generally result thermally stable complexes, which is a crucial feature in
homogeneous catalysis. However, a large number of pincer ligands has one or multiple
phosphine moieties which are air-sensitive.194-19 Therefore, the development of phosphine-
free ligands for the syntheses of air-stable catalysts has attracted a significant attention in
recent years.107-113 |n this context, we designed a stable NNO pincer ligand (Ls) which was
readily synthesized in excellent yield by reacting 3-(2-methoxyphenyl)-1H-pyrazole with 2-
(chloromethyl)pyridine in presence of base (Scheme 3.3.1). Ligand Ls was characterized by
mass spectrometry, elemental analysis and H and 13C NMR spectroscopy. In the 'H NMR
spectrum of Ls, the methoxy and benzyl protons appear as singlets at 3.93 and 5.54 ppm,

respectively. The aryl, pyrozolyl and pyridyl resonances were observed in the aromatic range
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(6.87-8.68 ppm). Thereafter, facile coordination of tridentate NNO ligand L3 with
FeCl2.4H,0 resulted in the formation of complex 3 as yellow solid (Scheme 3.3.1). Complex
3 is air-stable and it was characterized by IR spectroscopy, mass and elemental analysis.
Complex 3 is NMR inactive suggesting high spin iron(1l) species. Mass spectrum of complex
3 shows the peak at 356.0230, which corresponds to [M - CI]*. In the IR spectrum of free
ligand Ls, a sharp band was observed at 1665 cm~! which is the characteristic peak for the
pyrazole stretching vibration of the N=N bond. The pyrazole N=N stretching bands are
slightly shifted to 1680 cm™! in complex 3. On the other hand, medium intense bands in the
range 3000 to 2800 cm~! were found in the IR spectra of complex 1 which are assigned as
symmetric and asymmetric stretching vibrations of C(sp3)-H bonds. The same vibrational
band was found at around 3310 cm~! in the free ligand. The vibrational bands in the range of
1400 to 1610 cm™! are assigned for pyridyl (C=N) and phenyl (C=C) ring stretching for both
ligands and complex 3. The identity of complex 3 was further confirmed by single crystal X-
ray analysis (Scheme 3.3.1). Single crystal XRD study revealed that complex 3 crystallized in
the monoclinic system with P2:/c space group.t* A neutral [Fe""(NNO)CI;] unit is present in
the asymmetric unit of the crystal structure. The coordination geometry around the metal
center in complex 3 can be best describe as distorted trigonal bipyramidal as supported by the
Addison parameter t of 0.55 (square pyramid, t = 0; trigonal bipyramid, t = 1; 1 = (a0 —
B)/60°, where a and B are the two major angles around the metal coordination sphere). It is
found that pyrazolyl nitrogen atom (N3) of the tridentate pincer ligand and two terminal
chloride ions occupy the trigones. The pyridyl nitrogen (N1) and methoxy oxygen (O1)
axially coordinate the metal center. Axial Fe—O1 (2.360 A) and Fe-N1 (2.171 A) bond
lengths and equatorial Fe—N3 (2.051 A) and Fe—Cl (2.294 A) bond lengths are in the
expected range. The bond lengths and bond angles in complex 4 are very consistent with

reported high spin iron(ll) complexes with trigonal bipyramidal geometry.11>-117 The solid-
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state packing of this complex is mainly stabilized by extensive m---m stacking interaction
between pyrazole and phenyl rings of two neighboring molecules with a centroid-to-centroid
distance of 3.947 A. In addition, C—H---Cl hydrogen bonding interactions and C—H---n

interactions contribute to the solid-state stability of complex 3.

Scheme 3.3.1. Synthesis of complex 3 with the molecular structure showing 50%
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aHydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (deg):
Fel-O1 2.360(3), Fel-N1 2.171(3); Fel-N3 2.051(3), Fel-Cl1 2.294(3); Fel-CI2 2.294(10)
and O1-Fel-N3 166.239(1), N1-Fel-N3 90.340(9), Cl1-Fel-CI2 133.153(9); N3-Fel-Cl11
110.473(8), N3-Fel-Cl12 110.473(9).

Thereafter, we tested the catalytic activities of complex 3 for the transfer hydrogenation of
vanillin using ethanol as a sacrificial hydrogen source as well as a solvent (Table 3.3.1). As
KOtBu was widely used base in successful transfer hydrogenations,118-121 we selected this
base in the following transfer hydrogenations. The first reduction of vanillin was conducted at
r.t. for 12 h with 5 mol% of catalyst 3 and 10 mol% of KOtBu as base and vanillin was
completely reduced to vanillyl alcohol (entry 1). Further reduction of reaction time to 8 h also
gave complete conversion (entry 1). Same result was obtained with lower base loading of 5
mol% (entry 2). Thereafter, catalyst loading was gradually reduced to 2 mol% and full
conversion was obtained in 8 h (entry 4) and roughly 90% yield was obtained in 7 h (entry 5).
Further reduction of catalyst loading to 1 mol% gave a little less than 70% yield (entry 6).
Transfer hydrogenations of vanillin either in the absence of base (entry 8) or complex 4
(entry 7) gave very poor yield or no yield at all. At r.t., the optimized reduction condition is
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following: 2 mol% complex 1, 5 mol% KO®BuU, 8 h (entry 4). Thereafter, we tested the effect
of temperature on the transfer hydrogenation of vanillin with ethanol. Under same catalyst
and base loading, complete conversions of vanillin to vanillyl alcohol were observed in 6
(entry 9) and 4 h (entry 11) at 50 and 70 °C, respectively. At 70 °C, the catalyst and base
loading was further reduced from 2 and 5 mol%, respective (entry 13, 14, 15 and 16).
Following condition was optimized at 70 °C for full conversion: 1 mol% complex 1, 3 mol%
KOtBu, 6 h (entry 15). If the reaction temperature was increased to 100 °C, only 4 h was
required for 100% yield under same catalyst and base loading (entry 17). Therefore, three
conditions were optimized for the complete reduction of vanillin to vanillyl alcohol at various
temperatures: A. 2 mol% complex 1, 5 mol% KOtBu, 8 h, r.t. (entry 4); B. 1 mol% complex
1, 3 mol% KOtBu, 6 h, 70 °C (entry 15) and C. 1 mol% complex 1, 3 mol% KOtBu, 4 h, 100
°C (entry 17).

Table 3.3.1. Catalytic performance of 3 for transfer hydrogenation of vanillin with
ethanol

(0]
o
complex 3 (x mol%) -~ o)
_o H o+ —on complex 3 (x mol%) OH P
KOtBu (y mol%) HO H
tempearature, time
vanillin vanillyl alcohol

ent. 3 KOBu temp. time yield?
(mol%) (mol%) (°C) (h) (%)

1 5 10 r.t. 12/10/8 >99

2 5 5 r.t. 8 >99 (98¢)

3 3 5 r.t. 8 >99

4 2 5 rt. 8 >99 (99¢)

5 2 5 r.t. 7/6/5/4/3/2/1 94/83/71/58/41/26/14

6 1 5 r.t. 8 67

7 No 5 r.t. 8 0

8 1 no r.t. 8 >10

9 2 5 50 8/6 >99
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10 2 5 50 4 70
112 5 70 4 >99 (99¢)
12 2 5 70 3 73

13 1 5 70 4 88

14 1 5 70 6 >99 (98¢)
15 1 3 70 6 >99

16 1 2 70 6 80

17 1 3 100 4 >99

18 1 3 100 3 92

“Reactions conducted in a vial (10 ml) with 0.50 mmol vanillin, 4 ml of ethanol, 10/5/3/2
mol% of KOBu and 5/3/2/1 mol% of complex 3. ?Yields of vanillyl alcohol were determined
by 'H NMR spectroscopy using THF (0.25 mmol) as standard. Isolated yields.

Thereafter, catalytic activity of complex 3 was tested for the transfer hydrogenation of
vanillin using isopropanol as a frequently used non-H> source of hydrogen (Table 3.3.2). We
started with the last optimized condition obtained using ethanol as hydrogen source (entry 17
of Table 3.3.1). Using 1 mol% catalyst and 3 mol% base loading, a complete conversion of
vanillin with quantitative isolated yield of vanillyl alcohol was obtained in 4 h at 100 °C in
isopropanol (entry 1 of Table 3.3.2). Full conversion of vanillin into vanillyl alcohol was also
obtained in 3 h under identical conditions (entry 2). However, a small amount of unreacted
starting vanillin was observed after 2 h of heating at 100 °C (entry 3). Reaction times of 4 and
5 h were required for the complete reduction of vanillin to vanilyl alcohol with same catalyst
and base loading at 70 (entry 5) and 50 °C, respectively. If the transfer hydrogenation was
conducted at r.t., the complete reduction of vanillin was achieved in 6 h with same catalyst
and base loading. Hence, milder reaction condition was needed for the room temperature
reduction of vanillin with isopropanol as reagent as well as reaction media.

Table 3.3.2. Catalytic performance of 3 for transfer hydrogenation of vanillin with
isopropanol
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o
(o) OH complex 3 (x mol%) O
~ H +
/K KOtBu (y moI/ )K
tempearature, tlme
vanillin vanlllyl alcohol

ent. 3 KOBu temp. time yield®
(mol%) (mol%) (°C) (h) (%)

11 3 100 4 >99 (99
2 1 3 100 3 >99 (989
3001 3 100 2 84

4 1 3 70 3 88

5 1 3 70 4 >99

6 1 3 50 4 87

7 1 3 50 5 >99

8 1 3 rt. 5 89

9 1 3 rt. 6  >99 (989

“Reactions conducted in a vial (10 ml) with 0.50 mmol vanillin, 4 ml of isopropanol, 3
mol% of KOBu and 1 mol% of complex 1. ?Yields of vanillyl alcohol were determined by
"H NMR spectroscopy using THF (0.25 mmol) as standard. “Isolated yields.

Generally, transfer hydrogenations of carbonyls are easier with secondary alcohol
isopropanol than primary alcohol ethanol. As expected, milder reaction condition such as
lower catalyst loading was needed for the room temperature reduction of vanillin with
isopropanol (entry 9 of Table 3.3.2: 1 mol% of 3, 3 mol% of KOtBu, 8 h) as compared to
challenging primary alcohol ethanol (entry 4 of Table 3.3.1: 2 mol% of 3, 5 mol% of KOtBu,
8 h). Thereafter, influence of the nature of alcohols as hydrogen donors was tested at various
temperature and transfer hydrogenation of vanillin with ethanol and isopropanol was
conducted for 3 h at various temperature (r.t., 50, 70 and 100 °C) under identical catalyst (1
mol%) and base loading (3 mol%) (Table 3.3.3 and Figure 3.3.3). As expected, better
conversion of vanillin to vanillyl alcohol was observed at all temperatures. For example,

vanillin was completely reduced to vanillyl alcohol in 3 h at 100 °C using isopropanol (entry
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8) and approximately 10% unreacted vanillin was left in ethanol as media under identical
conditions (entry 7).

Table 3.3.3. Catalytic performance of 4 for transfer hydrogenation of vanillin with
isopropanol

o ~ o OH
/\
\O/ H 3 (x mol%), KOtBu (y mol%), time, temperature \O/ H
2 (xmol%), KOfBu {y mol%), time, temperature
Furfural OH Furfuryl alcohol
ent. 3 KOBu Alcohol temp. time yield®
(mol%) (mol%) (°C) (h) (%)
1 1 3 Ethanol r.t. 3 26
2 1 3 isopropanol r.t. 3 44
3 1 3 Ethanol 50 3 48
4 1 3 isopropanol 50 3 74
5 1 3 Ethanol 70 3 67
6 1 3 isopropanol 70 3 88
7 1 3 Ethanol 100 3 91
8 1 3 isopropanol 100 3 >99

“Reactions conducted in a vial (10 ml) with 0.50 mmol vanillin, 4 ml of ethanol or
isopropanol, 3 mol% of KO'Bu and 1 mol% of complex 1. ?Yields of vanillyl alcohol were
determined by 'H NMR spectroscopy using THF (0.25 mmol) as standard.

Figure 3.3.3 Reduction of vanillin to vanillyl alcohol in ethanol and isopropanol at
various temperatures in 3 h using 1 mol% of complex 3 and 3 mol% KOtBu.
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Encouraged by the successful utilization of complex 3 for the reduction of vanillin to
vanillyl alcohol, we used complex 3 for the transfer hydrogenation of another biomass model
compound furfural using both ethanol and isopropanol (Table 3.3.4). Utilizing ethanol as
hydrogen donor (entry 1 to 9), we started with the optimized conditions used for the transfer
hydrogenation of vanillin at room temperature. Using 2 mol% catalyst and 5 mol% base
loading, furfural was completely reduced to furfuryl alcohol in 8 h at r.t. (entry 1). Further
decrease of reaction time gave incomplete reduction, a little less than 10% unreacted furfural
was noted (entry 2). Thereafter, higher temperatures (50, 70 and 100 °C) were tested. Using
identical catalyst and base loading, furfural was totally reduced to furfuryl alcohol in 6, 5 and
4 h at 50, 70 and 100 °C, respectively (entry 3, 5 and 7). Reducing catalyst loading (1 mol%
complex 1 and 3 mol% base), full conversion of furfural was observed in 5 h at 100 °C (entry
9). Thereafter, we used isopropanol (entry 10 to 14) and better catalytic activity was
observed. Using 2 mol% catalyst and 5 mol% base loading, complete reductions of furfural to
furfuryl alcohol were noted in 4, 3, 2 and 1 h at r.t.,, 50, 70 and 100 °C, respectively. In
summary, complex 3 displayed similar catalytic performances for the reduction of both
vanillin and furfural to the corresponding alcohols.

Table 3.3.4. Catalytic performance of 3 for transfer hydrogenation of furfural with
ethanol and isopropanol

~OH OH
° o W o
KOtBu (y mol%)
LT me e L
Furfuryl alcohol
Furfural OH
PN
ent. 3 KOBu alcohol temp. time yield?
p y
(mol%) (mol%) (°C) (h) (%)
1 2 5 ethanol r.t. 8 >99 (98¢)
2 2 5 ethanol r.t. 7 93
3 2 5 ethanol 50 7/6 >99
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4 2 5 ethanol 50 5 91

5 2 5 ethanol 70 5 >99 (98¢)
6 2 5 ethanol 70 4 94

7 2 5 ethanol 100 4 >99

8 2 5 ethanol 100 3 93

9 1 3 ethanol 100 5 >99 (99¢)
10 2 5 isopropanol .t 4 >99

11 2 5 isopropanol 50 3 >99

12 2 5 isopropanol 70 2 >99

13 2 5 1sopropanol 100 1 >99

14 1 3 isopropanol 100 4 >99

@Reactions conducted in a vial (10 ml) with 0.50 mmol furfural, 4 ml of ethanol or
isopropanol, 5/3 mol% of KOBu and 2/1 mol% of complex 4. *Yields of furfuryl alcohol
were determined by "H NMR spectroscopy using THF (0.25 mmol) as standard.

In our present time, it is extremely vital for the research community to develop new
synthetic protocol which is greener and hence, more sustainable as compared to the existing
synthetic processes. Therefore, we feel the obligation to evaluate the disadvantages and
benefits of the present catalytic protocols for the transfer hydrogenation of vanillin to vanillyl
alcohol and furfural to furfuryl alcohol with the green credentials based on “The 12 Principles
of Green Chemistry”.12! To evaluate the green aspects of the reduction of vanillin, six
previously optimized reaction conditions were considered for the transfer hydrogenation of
vanillin to vanillyl alcohol with ethanol (Method A, B and C) and isopropanol (Method D, E
and F) as the hydrogen sources and solvents (Scheme 3.3.2). Similarly, several optimized
reactions for the transfer hydrogenations of furfural were also analyzed (see ESI for details).
For all the chosen methods, gram-scale reactions were performed which is important to
express the practical potential of these transfer hydrogenations. Method A, B and C were
performed in ethanol at r.t., 70 and 100 °C, respectively. Similarly, method D, E and F were

carried out in isopropanol at r.t., 70 and 100 °C, respectively. We used 2 mol% catalysts and
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5 mol% base loading in method A. All other methods were conducted using 1 mol% catalysts
and 3 mol% base loading. Product vanillyl alcohol was isolated in all above methods and
purity of product was confirmed by H NMR spectroscopy.

Scheme 3.3.2. Gram-scale transfer hydrogenation of vanillin to vanillyl alcohol using
different optimized reaction conditions® b

Method A:
7 (e}
complex 3 (2 mol%) ~
-0 H o+ oy Somplex 3 (2 mol%) OH
KOtBu (5 mol%) HO
HO rt., 8h 100%
Method B:
1 (0]
complex 3 (1 mol%) -~
Lo M gy SOMPIOX3 (1 molth) o
KOtBu (3 mol%) HO
HO 70°C,6 h 100%
Method C:
i (0]
complex 3 (1 mol% ~
0 H + " 0H P ( o) OH
KOtBu (3 mol%) HO
HO 100°C, 4 h 100%
Method D:
i (e}
0,
_0 Hos OH complex 3 (1 mol%) -~ OH
KOfBu (3 mol%) HO
HO rt.,6h 100%
Method E:
i (e}
_0 0o OH complex 3 (1 mol%) ~ OH
)\ KOtBu (3 mol%)
HO
HO 70°C, 4 h 100%
Method F:

o (0]

OH complex 3 (1 mol%) -~
KOtBu (3 mol%)

100°C, 3 h 100%

-

g
<

HO

“Reactions conducted in a flask (100 ml) with 10.0 mmol vanillin, 50 ml of
ethanol/isopropanol, 3/5 mol% of KOBu and 1/2 mol% of complex 3. *Yields of vanillyl
alcohol were determined by isolation of pure product.

Above six optimized catalytic protocols for the transfer hydrogenations of vanillin (Method
A, B, C, D, E and F) were evaluated using the CHEM21 green metrics toolkit which is
essentially a quantitative reflection of “The 12 Principles of Green Chemistry” (Table 3.3.5).
At first, we calculated the yield, conversion, selectivity, atom economy and reaction mass
efficiency as functions of all six methods with the used mass of reagents and solvent and
isolated mass of product vanillyl alcohol. Complete conversion, quantitative yield and

excellent selectivity were obtained in all six methods and all these methods earn green flags
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for yield, conversion and selectivity. Very good atom economy and reaction mass efficiency
were also found. A little less than 80% atom economy and reaction mass efficiency were
obtained for method A, B and C with ethanol as solvent. Lower atom economy and reaction
mass efficiency were obtained for method D, E and F with solvent isopropanol with higher
molecular weight. Both ethanol and isopropanol are considered green solvents and all
methods receive green flags for solvents. We utilized iron catalyst for these catalytic transfer
hydrogenations of vanillin. As iron is one of most abundant (thus sustainable) metal, all
methods again receive green flags. All six methods receive amber flag for reactor as we
carried out the reductions in batches (not continuous flow process). We utilized simple
workup techniques commonly used for organic syntheses and thus, all methods earn green
flags for work up. Thereafter, these six transfer hydrogenation methods were analyzed using
energy norms. Acceptable temperature range is 0 to 70 °C. In addition, adequate reaction
temperature is expected to be 5 °C or more below the boiling point of solvents. Therefore,
method A and D earn green flags as these reactions were performed at r.t. Similarly, method
B and E also gets green flags as the reactions were conducted at 70 °C. In contrast, method C
and F receive red flags as these catalytic reactions were conducted at 100 °C which is outside
the acceptable temperature range and also higher than the reflux temperatures of both
solvents. Finally, health and safety measures were taken into account and all six methods
were evaluated. As the reagents, solvent, catalyst and products in all catalytic protocols do
not have any health and safety concerns, all six methods earn green flags. In summary, we
can say that these six optimized methods have mostly green and sustainable features.
However, method C and F are energetically most unfavorable as reflected by red flags.
Although, rest four methods are green under energy parameter, method A and C are most
favored as they were carried out at ambient temperature. Between method A and C, method

A is more attractive as this method has slightly higher atom economy and reaction mass
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efficiency although slightly higher catalyst loading was used in method A. In addition, using
ethanol as a sustainable source of hydrogen is very attractive for method A.

Table 3.3.5. Comparison of the five different methods of transfer hydrogenations from
the CHEMZ21 Green Metrics Toolkit Calculation

Metric Method A Method B  Method C  Method D Method E Method F

Yield 100 ~ 100 ~ 100 ~ 100 ~ 100 ~ 100 ~
Conversio 100 . 100 ~ 100 ~ 100 ~ 100 ~ 100 ~

n

Selectivity 100 ~ 100 ~ 100 ~ 100 . 100 ~ 100 .

Atom 77.8 77.8 77.8 72.6 72.6 72.6
economy

Reaction  77.8 77.8 77.8 72.6 72.6 72.6
mass
efficiency

Solvent EtOH ~ EtOH ~ EtOH ~ iPrOH ~ iPrOH~ iPrOH ~
Catalyst Yes ~ Yes . Yes ~ Yes ~ Yes ~ Yes ~
Element Fe ~ Fe . Fe ~ Fe ~ Fe ~ Fe ~

Reactor Batch Batch Batch Batch Batch Batch

Work up Filtration  Filtration  Filtration  Filtration Filtration Filtration

evaporatio evaporatio evaporatio Evaporatio Evaporatio Evaporatio
n n n n n n

Energy r.t. ~ 70 °C ~ 100 °C~ r.t. ~ 70 °C ~ 100 °C~
Health & . . . . . ~

safety

Thereafter, we utilized the most favored optimization conditions (method A: 2 mol%
complex 1, 5 mol% KOtBu, ethanol, r.t., 8 h) for the transfer hydrogenation of structurally
related aldehydes and biomass model aldehyde compounds (Scheme 3.3.3). As vanillin is a
substituted benzaldehyde, we performed the transfer hydrogenation of benzaldehydes with a
wide variety of substituents. Under stated conditions, benzaldehyde (M1) was completely
reduced to benzyl alcohol (N1) with quantitative isolated yield. Similarly, benzaldehydes with
electron donating substituents (M2, Ms) were complete converted to the corresponding
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substituted benzyl alcohols (N2: 99%, Ns: 99%). A structurally related biomass model
compound veratraldehyde (Ma), a widely used flavorant and odorant, was also reduced to the
corresponding alcohol (Na4: 97%) in excellent yield. Thereafter, various substituted
benzaldehyde with a various electron withdrawing functionalities (Ms, Ms, M7, Ms, Mg, M1o
and M) were subjected to transfer hydrogenation using above reaction conditions.
Substituted benzaldehyde with mild electron withdrawing halo (Ms, Ms and M7), moderate
electron withdrawing ester and cyano (Ms and Ma1) and strong electron withdrawing nitro
and trifluoromethyl groups (Mg and Maio) were completely reduced to the corresponding
alcohols in excellent isolated yields (Ns: 94%, Ne: 96%, N7: 94%, Ns: 89%, No:99%, Nuo:
91% and Ni1: 92%). The transfer hydrogenation is selective to aldehyde and other reducible
functionalities such as cyano, nitro and ester were unaltered. Thereafter, we successfully
tested a couple of furfural derivatives 5-methyl furfural (M12) and 5-ethyl furfural (Mus)
which are also biomass model compounds. In addition, another heteroaryl aldehyde 2-
pyridinecarboxaldehyde (Mi4) was successfully reduced to the corresponding alcohols 2-
pyridinemethanol (N14: 95%) in excellent yields.

Scheme 3.3.3. Transfer hydrogenation of structurally related aldehydes and biomass
model aldehyde compounds using ethanol catalyzed by 1¢
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“Reactions conducted in a vial (10 ml) with 0.50 mmol aldehyde substrate, 4 ml of ethanol,
5 mol% of KO7Bu and 2 mol% of complex 1. <Isolated yields.

The catalytic pathway for the transfer hydrogenation of carbonyls using alcohol is well
established.®” Based on the previous reports, we propose a plausible reaction mechanism for
the transfer hydrogenation of vanillin or furfural or related aldehydes with ethanol or
isopropanol as hydrogen source and solvent (Scheme 3.3.4). At first, precatalyst complex 1
reacts with base (KOtBu) and transmetalation results in the formation of iron(ll)-tert-
butoxide complex A with the elimination of KCI. Thereafter, intermediate A reacts with
alcohol solvent (ethanol or isopropanol) to form the corresponding iron(ll)-alkoxide
(ethoxide or isopropoxide) species B as the active catalyst. Hence, the catalytic cyclic starts

with the activation of precatalyst 1 with KOtBu and alcohol to yield active alkoxide (ethoxide
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or isopropoxide) complex B. In the following step, [1-hydride elimination from the alkoxide
complex B resulted in the formation of iron(Il)-hydride complex C with the elimination of
the corresponding carbonyl compound (either acetaldehyde or acetone) as byproduct.
Thereafter, hydride transfer takes place to the aldehyde substrate which leads to the formation
of iron(ll)-alkoxide complex D. In the final step, hydrogen transfer from ethanol/isopropanol
to the alkoxy moiety D discharges the reduced product with the regeneration of active
catalyst B.

Scheme 3.3.4. Proposed catalytic cycle for the transfer hydrogenation of carbonyls with
methanol/ethanol catalyzed by complex 3

KOtBu
OH L.Fe—Cl ———— L ,Fe—

/o -KClI kCHs

HO
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OH H3C HaC
w (R=Hor Me (ethanol: R H
H

isopropanol: R = Me)

furfuryl alcohol H

Tew HECAR
(ethanol: R H
isopropanol: R =
L,Fe—H
L,Fe— n"e
C

D

H H \/
W :@)L
furfural anillin

A stoichiometric reactivity study was performed to shed light on the suggested reaction
mechanism (Scheme 3.3.4). At first a stoichiometric reaction of complex 3 with base was
performed in the absence of alcohol isopropanol. Addition of KOtBu to a solution of complex
3 in THF at r.t. showed an instant color change from yellow to red. This reaction resulted in
the formation of a NMR inactive iron(ll) di-tert-butoxide species 4 as red solid which was
characterized by HRMS and elemental analysis. Thereafter, complex 3 was reacted with
KOtBu in presence of excess isopropanol (in the absence of aldehyde substrate). The reaction

is expected to proceed via iron(ll) iso-propoxide species which ultimately gives iron(ll)
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hydride species by B-hydride elimination. Mass analysis was performed from the above
reaction mixture at very early stage, which clearly showed characteristic mass peaks for
iron(I1) di-iso-propoxide species 5 (m/z 439.1538) and iron(Il) isopropoxide hydride species
6 (m/z 381.1094). Mass spectrum also showed a peak for iron(ll) iso-propoxide tert-butoxide
species (5") which clearly indicates that above reaction proceeds via iron(ll) di-tert-butoxide
(5) intermediate. Finally, iron(ll) isopropoxide hydride species 6 was isolated as the final
product which was again characterized by HRMS and elemental analysis. Iron(ll)
isopropoxide hydride species 6 was also isolated if iron(ll) di-tert-butoxide species 5 was
treated with excess isopropanol (a very similar mass spectrum was also observed). Despite
many attempts, we could not get structural data of 4 and 6 by single crystal X-ray analysis
due to the poor quality of crystals. In addition, we were interested to determine the nature of
byproducts coming from the secondary and primary alcohol as hydrogen source (Scheme
3.3.4) and 5c). It is well established that acetone is formed as byproduct if isopropanol is
used. However, ketone or aldehyde byproduct might undergo further changes in the reaction
media and it is important to verify it. Therefore, we performed a transfer hydrogenation of
vanillin in isopropanol and at the end we analyzed the content of the reaction by mass
analysis (Scheme 3.3.4). We detected only acetone as byproduct. Similarly, transfer
hydrogenation of vanillin in ethanol was performed and we analyzed the reaction mixture by
mass analysis (Scheme 3.3.5). Acetaldehyde is the expected byproduct in this reaction with
ethanol, however, the mass analysis did not detect acetaldehyde. Instead, we detected ethyl
acetate as byproduct which is not surprising as reactive acetaldehyde formed ethyl acetate as
a highly stable byproduct. Formation of ethyl acetate byproduct for transfer hydrogenation in
ethanol was also reported previously.87:89

Scheme 3.3.5 a) Stoichiometric reactivity study with complex 3; b) and c) formation of
byproducts from alcohols as hydrogen source.
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In addition to the above mentioned stoichiometric reactions, we wanted to check the
reaction kinetics. A detailed kinetic analysis was carried out for the transfer hydrogenation of
vanillin as a model substrate. At first, we checked the influence of the concentration of base
on the rate of the catalytic transfer hydrogenation of vanillin. Transfer hydrogenation of
vanillin was performed using various base loading (5, 7.5, 10, 12.5, 15, 17.5 and 20 mol%)
keeping other parameter constant (2 mol% complex 3, r.t., 4 h, isopropanol). With respect to
the iron complex 1, 2.5 to 10 equivalent of base was used; however, no effect on the reaction
rate was observed (see ESI for details). This clearly suggests that base only acts as the
activator of the precatalyst (complex 3) and the role of base in the catalytic cycle is
insignificant. Similar observation was reported by the Pidko et al. in their study on
manganese-catalyzed transfer hydrogenation of ketone.123 Thereafter, the reaction progress
i.e. the conversion of vanillin and formation of vanillyl alcohol at r.t. were monitored using 2
mol% of catalyst loading (Figure 3.3.4 a). The linear fall of the amount of vanillin or linear
growth of the amount of vanillyl alcohol is indicative of zeroth order Kkinetics in substrate
vanillin. The respective concentrations of vanillin were also plotted against time (Figure 3.3.4
b) and we observed a linear decrease of substrate concentration with time which suggested
saturation kinetics or zero-order kinetics in substrate (rate constant = 16.9 mM h1). The rate
of consumption of substrate was also plotted against the concentration of substrate (Figure
3.3.4 ¢) and we observed a constant rate (69.1 mmol h™!) of substrate consumption. The
reaction kinetics with respect to alcohol was not studied as alcohol was used as solvent (huge
excess). Finally, we investigated the influence of the concentration of catalyst (complex 3) on
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the rate of the transfer hydrogenation of vanillin. Transfer hydrogenations of vanillin in
ethanol with 1, 2, 3, 4 and 5 mol% catalyst loading were performed for 1 h (see ESI for
details) and the rate of consumption of vanillin was plotted against concentration of catalyst
(Figure 3.3.4 d). The reaction rate increased linearly with the catalyst concentration and this
is in agreement with first order kinetic in catalyst. Zeroth order kinetics in substrate and first
order kinetics in catalyst was also reported previously for transfer hydrogenation of
carbonyls. The zeroth order kinetic in substrate suggests that substrate binding and activation
is not the rate-limiting step. The B-hydride elimination step to convert iron-alkoxide species
B (isopropoxode and ethoxide for isopropanol and ethanol donor, respectively) to iron-
hydride species C is expected to be the rate-determining step in the catalytic cycle.

Figure 3.3.4. Kinetic analyses for the conversion of vanillin to vanillyl alcohol.
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3.4 CONCLUSIONS:

In conclusion, a readily accessible tridentate NNO pincer ligand (L1) was developed and
utilized for the synthesis of an air-stable iron(ll) complex (1) from a cheap precursor iron(ll)
chloride tetrahydrate. Complex 3 proved to be an efficient catalyst for the transfer
hydrogenation of cellulose and lignin model compounds furfural and vanillin, respectively,
using environmentally benevolent and economically sustainable but challenging primary
alcohol ethanol as the hydrogen source in presence of catalytic amount of base. Ecologically
benign secondary alcohol isopropanol was also used effectively for the same purpose. The
substrate scope was easily extended to various other biomass model carbonyl compounds and
structurally related aldehydes. In presence of other reducible functionalities such as cyano,
nitro and ester group, good chemoselectivity towards the reduction of aldehyde moiety was
observed. Stoichiometric reactivity and kinetic studies were performed to shed light on the
proposed reaction pathway which is believed to proceed via iron(ll)-alkoxide (B), -hydride
(C) and -alkoxide (D) intermediates with B-hydride elimination step for the formation of iron-
hydride species C as the rate-determining step. This catalytic system is robust as several
gram-scale transfer hydrogenations were successfully concluded. Several optimized catalytic
methods (method A to F) were selected and the green and sustainable credentials were
analyzed by using the CHEM21 green metrics toolkit. Method A (2 mol% complex 1, 5
mol% KOtBu, ethanol, r.t., 8 h) was concluded as the most favored one. To the best of our
knowledge, this is the first example of iron-catalyst for the transfer hydrogenation of
carbonyls using challenging primary alcohol ethanol. For the reduction of biomass model
compound furfural and vanillin, most of the previous works reported noble metal catalysts
under extreme conditions and this field is highly dominated by heterogeneous catalysts.
Hence, utilizing iron complex as an effective homogeneous catalyst is valuable as this non-
toxic first row transition metal is the most abundant transition metal on earth crust. In
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addition, it is extremely crucial to convert renewable biomass into effective biofuels and fine
chemicals. Therefore, this catalytic protocol for the transfer hydrogenation of biomass model
compounds furfural and vanillin is an important development in the field of biomass
valorization. Notably, present green catalytic system might be realistic for possible future
application particularly because of the use of environmentally benign and sustainable
hydrogen source ethanol and the utilization of non-toxic, cheap, earth-abundant and thus,

sustainable iron catalyst.

3.5 EXPERIMENTAL SECTION

General experimental. Syntheses of ligand and iron complex were carried out in air. All
solvents (acetonitrile, dichloromethane, diethyl ether, hexanes, ethyl acetate, Isopropanol,
ethanol, DMF-DMA and tolune) and chemicals were purchased from commercial suppliers
and used without further purification. All THs were performed under inert condition and
degassed ethanol and isopropanol were used. For recording NMR spectra, CDClz and DMSO-
ds was purchased from Sigma-Aldrich and used without further purification. 'H and '3C
NMR spectra were recorded at Bruker AV-400 and JEOL-400 ('H at 400 MHz and '3C at 101
MHz). 'H NMR chemical shifts are referenced in parts per million (ppm) with respect to
tetramethylsilane (6 0.00 ppm) and '*C{1H} NMR chemical shifts are referenced in ppm with
respect to CDCl3 (6 77.16 ppm). The coupling constants (J) are reported in hertz (Hz). The
following abbreviations are used to describe multiplicity: s = singlet, bs = broad signal, d =
doublet, t = triplet, q = quadtrate, m = multiplate. High resolution mass spectra were recorded
on a Bruker micrOTOF-Q II Spectrometer. Elemental analysis was carried out on a EuroEA
Elemental Analyser. Infrared (IR) spectra were recorded on a Perkin-Elmer FT-IR
spectrophotometer. Crystal data were collected with a Rigaku Oxford diffractometer and with

an INCOATEC micro source (Mo-Ka radiation, A = 0.71073 A, multilayer optics) at 293 K

144



Synthesis and characterisation of Lz and 3

0]
|
DMF-DMA/Reflux ©\H/\/N\ Hydrazine hydrate
TN
o 3 days, N, 0. O Ethanol, reflux,2h O N-NH

a1

Synthesis of ai: Compound 3-(2-methoxyphenyl)-1H-pyrazole is a known compound and
was synthesized using following procedure. A solution of 2-Methoxy acetophenone (3.00 g,
20.0 mmol) in a 1:1 mixture of DMF-DMA (20 ml) was reflux for 3 days under inert
condition to give an orange brown solution. Removal of solvents under vacuum gave brown
oil. Thereafter, ethanol (8.0 mL) and hydrazine hydrate (1.28 g, 40 mmol) was added and the
reaction mixture was refluxed for 2 hours. The resulting yellow solution was cooled to room
temperature and cold water (15 mL) was added giving an off-white precipitate. The mixture
was kept at 0-4 °C overnight to allow complete precipitation and the solid was collected after
filtration. The solid was washed with cold water (3 x 20 mL) to give a white solid as pure
product (3.34 g, 96%). 'H NMR (CDClIs): & 12.50 (br, 1H), 7.73 (m, 1H), 7.69 (s, 1H), 7.09

(m, 2H), 6.67 (s, 1H), 4.02 (s, 3H).

Synthesis of Ls: In a pressure tube, 3-(2-methoxyphenyl)-1H-pyrazole (1.74 g, 10.0 mmol),
2-(chloromethyl) pyridine hydrochloride (1.64 g,10.0 mmol), NaOH solution (40%, 5.0 mL)
and toluene (15 mL) were added and the reaction mixture was stirred at r.t. for 15 mins. Then
tert-butylamonium hydroxide (4.0 mL) was added and the reaction mixture was stirred at
130°C temperature for 24 h. The resulting red mixture was cooled down to r.t. and extracted
with ethyl acetate (3 x 50 mL). All volatiles were removed under high vacuum to give L1 as
pure procedure (2.27 g, 73%). *H NMR (CDClIs): 4 8.58 (s, 1H), 8.0 (d, J = 6.0 Hz, 1H), 7.6
(t, J = 8.0 Hz, 3H), 7.31-7.09 (m, 2H), 7.03-6.9 (m, 3H), 6.88 (s, 1H), 5.54 (s, 1H), 3.92 (s,

3H). BC{IH} NMR (CDCls): 155.26, 148.22, 147.39, 134.79, 130.10, 129.33, 123.45,
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121.29, 122.25, 122.76, 121.79, 121.27, 113.75, 56.11, 55.22 HRMS (ESI-TOF) m/z: [M —
H]* calcd for C16H1sN3O 265.1256; found 265.1289. Anal. Calcd for C1sH1sN3O (265.12):

C, 72.43; H, 5.70; N, 15.89. Found: C, 72.41; H, 5.65; N, 15.71.

g N S /N
\N/ 1\\1
CH;CN, RT
N/ \ + FeCl,.4H,0 ; . O—Fe——-N/ \
(|) _ 24 h [ /\ =
L, 3

Synthesis of 3: A mixture of L1 (0.267 g, 1.00 mmol) and FeCl..4H,0O (0.126 g, 1.00 mmol)
in acetonitrile (25 mL) was stirred at r.t. for 24 h resulting in a yellow precipitate. All
volatiles were removed under high vacuum to give a light yellow solid which was extracted
with dichloromethane (20 mL). All volatiles were removed under high vacuum to give a
yellow solid as pure complex 4 (0.321 g, 79%). X-ray quality single crystals were obtained
by slow diffusion of diethyl ether into a solution of 1 in dichloromethane. HRMS (ESI-TOF)
m/z: [M — CI]* calcd for CisHisCIFeN3O 356.0248; found 356.0230. Anal. Calcd for

C16H1sCl2FeNsO (390.54): C, 49.02; H, 3.86; N, 8.08. Found: C, 49.21; H, 3.87; N, 8.01.

General procedure for the transfer hydrogenation of vanillin and furfural

o OH
Fe complex (1-3 mol%) H 0
Hy ~oH - + )J\
base (5-10 mol%) HO H
HO RT-100%%, time, o
0o -
- Ethanol
K, B4

General condition for reaction optimization using ethanol (Procedure 1a): A solution of
Vanillin (0.076 g, 0.5 mmol), complex 3 (3/ 2/ 1 mol %) and KOtBu (10/ 5/ 3 mol%) in

ethanol (4 mL) was transferred into a pressure tube fitted with a magnetic stir-bar. The
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reaction mixture was heated at appropriate temperature (r.t. / 50 °C/ 70 °C/ 100 °C) in an oil
bath for appropriate time (1 to 12 h). Thereafter, the reaction mixture was cooled down to r.t.
and dried under high vacuum. The resultant oily mixture was dissolved in ethyl acetate (3
mL) and passed through a short silica column to remove metal complex. All volatile was
removed under high vacuum to give crude product. The crude product was analysed by H
NMR spectroscopy. Occasionally the crude product was purified by column chromatography

using silica as stationary phase and a 9:1 mixture of hexanes and ethyl acetate as eluent.

OH
0 (0]
/@)k )\ Fe complex (1-3 mol%) H . )J\
base (5-10 mol%) HO H
RT-1000c, time, 0
Isopropanol
K, B2

General condition for reaction optimization using isopropanol (Procedure 1b): A
solution of Vanillin (0.076 g, 0.5 mmol), complex 3 (3/ 2/ 1 mol %) and KOtBu (10/ 5/ 3 mol
%) in isopropanol (4 mL) was transferred into a pressure tube fitted with a magnetic stir-bar.
The reaction mixture was heated at appropriate temperature (r.t. / 50 °C/ 70 °C/ 100 °C) in an
oil bath for appropriate time (1 to 12 h). Thereafter, the reaction mixture was cooled down to
r.t. and dried under high vacuum. The resultant oily mixture was dissolved in ethyl acetate (3
mL) and passed through a short silica column to remove metal complex. All volatile was
removed under high vacuum to give crude product. The crude product was analysed by H
NMR spectroscopy. Occasionally the crude product was purified by column chromatography

using silica as stationary phase and a 9:1 mixture of hexanes and ethyl acetate as eluent.

O
Complex 1 (1-2 mol%) o (0]
mo + <~ OH > w/\OH +
base (2-5 mol%) H
Ks (RT-100°C), time, B3
ethanol
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General condition for reaction optimization furfural using ethanol (Procedure 2a): A
solution of Furfural (0.048 g, 0.5 mmol), complex 3 (3/ 2/ 1 mol %) and KOtBu (10/ 5/ 3
mol%) in ethanol (4 mL) was transferred into a pressure tube fitted with a magnetic stir-bar.
The reaction mixture was heated at appropriate temperature (r.t. / 50 °C/ 70 °C/ 100 °C) in an
oil bath for appropriate time (1 to 12 h). Thereafter, the reaction mixture was cooled down to
r.t. and dried under high vacuum. The resultant oily mixture was dissolved in ethyl acetate (3
mL) and passed through a short silica column to remove metal complex. All volatile was
removed under high vacuum to give crude product. The crude product was analysed by H
NMR spectroscopy. Occasionally the crude product was purified by column chromatography

using silica as stationary phase and a 9:1 mixture of hexanes and ethyl acetate as eluent.

General condition for reaction optimization furfural using isopropanol (Procedure 2b):
A solution of Furfuryl (0.048 g, 0.5 mmol), complex 3 (3/ 2/ 1 mol %) and KOtBu (10/ 5/ 3
mol %) in isopropanol (4 mL) was transferred into a pressure tube fitted with a magnetic
stir-bar. The reaction mixture was heated at appropriate temperature (r.t. / 50 °C/ 70 °C/ 100
°C) in an oil bath for appropriate time (1 to 12 h). Thereafter, the reaction mixture was cooled
down to r.t. and dried under high vacuum. The resultant oily mixture was dissolved in ethyl
acetate (3 mL) and passed through a short silica column to remove metal complex. All
volatile was removed under high vacuum to give crude product. The crude product was
analysed by 'H NMR spectroscopy. Occasionally the crude product was purified by column
chromatography using silica as stationary phase and a 9:1 mixture of hexanes and ethyl

acetate as eluent.

NMR data of products
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OH
HO

N
Vanillyl alcohol. Vanillyl alcohol as white solid (76 mg, 99%) was synthesized according to
the general procedure. TH NMR (400 MHz, DMSO-ds): 6 8.81 (br, 1H), 6.89 (d, J = 6 Hz,
1H), 6.75 (d, J = 6 Hz, 1H), 5.03 (m, 1H), 3.75 (s, 3H). 3C{*H} NMR (101 MHz, DMSO-

de): & 147.75,119.59, 115.48, 111.48, 63.43, 55.93.

o)

L oH

Furfuryl alcohol. Vanillyl alcohol as colourless liquid (47 mg, 99%) was synthesized
according to the general procedure. *H NMR (400 MHz, CDCls): 6 7.40 (m, 1H), 6.35 (m,
1H), 6.28 (m, 1H). 3C{*H} NMR (101 MHz, CDCls): & 154.01, 142.25, 116.38, 110.72,

57.28.

OH
o
Phenylmethanol (N1). Compound Nz as yellow oil (53 mg, 99%) was synthesized according
to the general procedure. 'H NMR (400 MHz, CDCl3): 6 7.43 — 7.19 (m, 5H), 4.64 (s, 2H),

2.62 (s, 1H). 3C{H} NMR (101 MHz, CDCl3): § 140.92, 128.59, 127.65, 127.07, 65.20.

OH
Cr
o-Tolylmethanol (N2). Compound N2 as colourless liquid (60 mg, 99%) was synthesized
according to the general procedure. *H NMR (400 MHz, CDCls): 6 7.38 — 7.31 (m, 1H), 7.27
— 7.15 (m, 3H), 4.64 (s, 2H), 2.53 (s, 1H), 2.35 (s, 3H). 3C{*H} NMR (101 MHz, CDCls):

6 138.77, 136.07, 130.30, 127.72, 127.53, 126.05, 63.27, 18.65.
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OH

o
.MeO

(4-Methoxyphenyl)methanol (Ns). Compound N3 as colourless liquid (68 mg,99%) was
synthesized according to the general procedure. *H NMR (400 MHz, CDCls): 6 7.27 (d, J =
8.3 Hz, 2H), 6.89 (dd, J = 9.0, 2.3 Hz, 2H), 4.57 (s, 2H), 3.80 (s, 3H), 2.47 (s, 1H). 13C{H}

NMR (101 MHz, CDCl3): & 159.28, 133.26, 128.75, 114.04, 65.05, 55.38.

OH
o

O\
(3,4-Dimethoxyphenyl)methanol (N4). Compound N4 as colourless liquid (82 mg, 97%) was
synthesized according to the general procedure. *H NMR (400 MHz, CDCls): 4 6.93-6.84 (m,
3H), 4.62 (s, 2H), 3.89 (s, 3H), 3.88 (s, 3H). 3C{'H} NMR (101 MHz, CDCls): & 149.10,
133.41, 119.40, 110.07, 110.48, 65.75, 55.38.

OH
H

Cl
(3-Chlorophenyl)methanol(Ns). Compound Ns as colourless oil (67 mg, 94%) was
synthesized according to the general procedure. *H NMR (400 MHz, CDCls): 6 7.37 — 7.25
(m, 4H), 4.68 (s, 2H), 1.74 (s, 1H). BC{*H} NMR (101 MHz, CDCls): 6 142.97, 134.59,

129.96, 127.85, 127.10, 124.98, 64.70.

S

(4-Chlorophenyl)methanol (Ns). Compound Ne was synthesized according to the general

procedure. Crude product was purified by column chromatography (silica as stationary phase
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and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as while solid
(68mg, 96%). H NMR (400 MHz, CDCl3): § 7.33-7.27 (m, J = 8.4, 4.9 Hz, 4H), 4.63 (dd, J
= 4.8, 2.3 Hz, 2H), 1.93 (s, 1H). 13C{H} NMR (100 MHz, CDCls): & 139.45, 133.49, 128.79,

128.38, 64.60.

OH

@QH

r

(2-Bromophenyl)methanol (N7). Compound N7 as colourless liquid (86 mg, 94%) was
synthesized according to the general procedure. *H NMR (400 MHz, CDClIs): 8 7.55 (dd, J =
8.0, 1.0 Hz, 1H), 7.48 (dd, J = 7.6, 1.5 Hz, 1H), 7.33 (td, J = 7.5, 1.0 Hz, 1H), 7.16 (td, J =
7.7, 1.7 Hz, 1H), 4.76 (s, 2H), 1.82 (s, 1H). 8C{*H} NMR (101 MHz, CDCls): & 139.84,

132.70, 129.22, 129.00, 127.77, 122.67, 65.15.

o
NC

4-(Hydroxymethyl)benzonitrile (Ns). Compound Ns as white liquid (59 mg, 89%) was
synthesized according to the general procedure. *H NMR (400 MHz, CDCls): 6 7.55 (d, J =
8.3 Hz, 2H), 7.41 (d, J = 8.3 Hz, 2H), 4.68 (s, 2H), 3.35 (s, 1H). 3C{'H} NMR (101 MHz,
CDCls): 6 167.19, 146.25, 129.87, 129.93, 110.58, 64.60.

OH
o

NO,
(2-Nitrophenyl)methanol (Ng). Compound Ng¢ was synthesized according to the general
procedure. Crude product was purified by column chromatography (silica as stationary phase

and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as brown oil

(75.7 mg, 99%). H NMR (400 MHz, CDCls): § 8.09 (dd, J = 8.2, 1.1 Hz, 1H), 7.74 (d, J =
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7.0 Hz, 1H), 7.67 (td, J = 7.6, 1.2 Hz, 1H), 7.51 — 7.41 (m, 1H), 4.97 (s, 2H), 2.43 (s, 1H).

13C{IH} NMR (101 MHz, CDCls): § 147.59, 136.97, 134.21, 129.83, 128.50, 125.04, 62.44.

OH

o
FsC

(4-(Trifluoromethyl)phenyl)methanol (N1o). Compound Nio as colourless oil (80 mg, 91%)
was synthesized according to the general procedure. 'H NMR (400 MHz, CDCls): & 7.62 (d,
J = 8.0 Hz, 2H), 7.48 (d, J = 8.0 Hz, 2H), 4.77 (s, 2H), 1.84 (s, 1H). 3C{'H} NMR (101
MHz, CDCls): § 144.76, 129.86, 129.54, 125.38 (q, J = 3.8 Hz), 122.95, 63.95.

OH

H
©)

O

Methyl 4-(hydroxymethyl)benzoate (Ni1). Compound Ni1 as colourless liquid (76 mg,
92%) was synthesized according to the general procedure. 1H NMR (400 MHz, CDCls): 7.97
(d, J = 8.3 Hz, 2H), 7.38 (d, J = 8.3 Hz, 2H), 4.71 (s, 2H), 3.88 (s, 3H), 2.55 (s, 1H). 3C{1H}

NMR (101 MHz, CDCl3): 6 167.19, 146.25, 129.87, 129.22, 126.52, 64.60, 52.21.

O
T on

(5-Methylfuran-2-yl)methanol (N12). Compound N1z as colourless liquid (52.50 mg, 90%)
was synthesized according to the general procedure. *H NMR (400 MHz, CDCls): 6 6.18 (d,
J = 4 Hz, 1H), 5.99 (d, J = 4 Hz, 1H), 4.53 (s, 2H). 3C{*H} NMR (101 MHz, CDCl3):5

155.34, 108.43, 106.20, 57.15, 13.40.

)

WOH
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(5-Ethylfuran-2-yl)methanol (Ni3). Compound Nis as colourless oil (55 mg, 88%) was
synthesized according to the general procedure. TH NMR (400 MHz, CDCl3): § 6.14 (d, J =4
Hz, 1H), 6.15 (d, J = 4 Hz, 1H), 4.51 (s, 2H), 2.42 (q, 2H), 2.55 (t, J = 8 Hz, 3H). 3C{*H}

NMR (101 MHz, CDCls): 6 157.94, 132.25, 108.19, 104.58, 57.20, 21.13,12.04.

OH

Pyridin-2-ylmethanol (Nis). Compound Nis was synthesized according to the general
procedure. Crude product was purified by column chromatography (silica as stationary phase
and a mixture of hexane and ethyl acetate 9:1 as eluent) to give pure product as colourless
liquid (48 mg, 89%). 'H NMR (400 MHz, CDCls): & 8.49 (s, 1H), 7.65 (t, J = 7.4 Hz, 1H),
7.29 (d, J = 7.5 Hz, 1H), 7.16 (s, 1H), 4.73 (s, 2H), 4.60 — 3.70 (s, 1H). 3C{*H} NMR (101

MHz, CDCls): 6 160.05, 148.22, 136.95, 122.21, 120.85, 64.27

()

(E)-3-phenylprop-2-en-1-ol (Nis). Compound Nis as colourless oil (55 mg, 84%) was
synthesized according to the general procedure. 1H NMR (400 MHz, CDCI3): 6 7.24-7.41
(m, 5H), 6.63 (d, J = 15.9 Hz, 1H), 6.37 (m, 1H), 4.33 (d, J = 5.7 Hz, 2H), 2.04 (s, 1H).

13C{1H} NMR (101 MHz, CDCI3) 6 136.87, 131.19, 128.68, 128.70, 127.75, 126.57, 63.68.

Mechanistic analysis

Stoichiometric reactivity study.

f| 2.5 KOtBu KI WO~ g5,

—Fe - N—Fe.

k THF, rt. k | \o/l‘BU
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Synthesis of iron(ll) di-tert-butoxide species 5. Solid KOtBu (0.028 g, 0.25 mmol) was
added to a solution of complex 1 (0.039 g, 0.1 mmol) in THF (5.0 mL) at r.t., which shows an
instant color change from yellow to red. The reaction mixture was stirred at r.t. for 1 h. All
volatiles were removed from the mixture under high vacuum resulting in a red solid. The
solid was extracted with dichloromethane (3 x 5 mL) and dried under high vacuum to give
red solid as pure complex 2 (0.035 g, 76%). HRMS (ESI-TOF) m/z: [M — H]* calcd for
C24H32FeN3Os 466.1788; found 466.1788. Anal. Calcd for CasHssFeNsOs (467.14): C,

61.68; H, 7.12; N, 8.99. Found: C, 61.67; H, 7.16; N, 8.97.

B-hydride
r | 2. 5 KOtBu r | WO~ ellmlnatlon (‘ | \\O\

iPr

K, /PrOH r.t. &| \O/:Pr - acetone kl \

Synthesis of iron(ll) isopropoxide hydride species 6. Solid KOtBu (0.028 g, 0.25 mmol)
was added to a solution of complex 1 (0.039 g, 0.01 mmol) in isopropanol (3 mL) at r.t. The
reaction mixture was stirred for 5 mins and subjected for ESI-mass analysis. The reaction
mixture was stirred for 16 h at r.t. and subjected for ESI-mass analysis. All volatiles were
removed from the mixture under high vacuum resulting in an orange-yellow solid. The solid
was extracted with dichloromethane (3 x 5 mL). and dried under high vacuum to give yellow-
orange solid as pure complex 4 (0.030 g, 80%). HRMS (ESI-TOF) m/z: [M — H]* calcd for
C19H23FeN30O2 381.1094; found 381.1134. Anal. Calcd for Ci9H24FeN3O2 (382.10.): C,

59.86; H, 6.08; N, 14.65. Found: C, 59.89; H, 6.05; N, 8.97.

X-ray structure determination

Crystallographic data and structure determinations details are compiled in Table 3.5.1. The
crystals were obtained by slow diffusion of diethyl ether into a solution of 1 in DCM at r.t.

The crystals were coated with silicon oil on a glass slide and a suitable single crystal was
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mounted on a glass fibre. Crystal data were collected with a Rigaku Oxford diffractometer
and with an INCOATEC micro source (Mo-Ka radiation, A = 0.71073 A, multilayer optics) at
293 K. The structure was determined using direct methods employed in ShelXT, $4 OleX,S°
and refinement was carried out using least-square minimization implemented in ShelXL.S6
All nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen
atom positions were fixed geometrically in idealized positions and were refined using a riding
model. CCDC 2157166 (for complex 3) contains the supplementary crystallographic data for

this paper.

Table 3.5.1. Crystallographic Data and Refinement Parameters for complex 3

Empirical formula C16H15Cl2FeN3O

CCDC 2157166

Formula weight (g mol?) 392.07

Temperature 100.00(10)

Wavelength 0.71073

Crystal system Monoclinic

Space group P2./c

a (A) 13.1315(6)

b (A) 16.5901(8)

c (A) 8.1561(4)

o (deg) 90

£ (deg) 102.191(5)

v (deg) 90

volume (A3) 1736.76(15)

Z 4

Dcalc (g Cmf?’) 1.4993

U (mm-) 9.845

F(000) 200.2

Crystal Size 0.2x0.1x0.1 mm?

6 Range (deg) 6.88-136.5

Index Ranges -16<h<7,-20<k<20,-10<1<10

Reflections collected 12691

Independent reflections (Rint) 3160 (0.0890)

Completeness to theta = 25.07° 99.60

Refinement method Full-matrix least-squares on F?

Data/Restraints/parameters 3160/0/209

Goodness-of-fit on F2 1.025

Final R indices [1>25(1)] R1=0.0716,
wR2 = 0.1670

R indices (all data) R1 =0.0974,
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WR2 = 0.1815

Largest diff. peak/hole (e A-3)

1.39/-1.06

Figure 3.5.1. Molecular Structure of complex 3 showing 50% Ellipsoids [Hydrogen atoms

are omitted for clarity. Selected bond distances (A) and angles (deg): Fe1-O1 2.360(3), Fel-

N1 2.171(3); Fel-N3 2.051(3), Fel-Cl1 2.294(3); Fel-Cl2 2.294(10) and O1-Fel-N3

166.239(1), N1-Fe1l-N3 90.340(9), Cl1-Fe1-Cl2133.153(9); N3-Fel-Cl11 110.473(8), N3-

Fe1-Cl2110.473(9)

1H AND 13 C NMR spectra of ligand L3 and some products:
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Chapter 4

Base Metal Iron Catalyzed Sustainable Oxidation of Vanillyl Alcohol to
Vanillic Acid in Deep Eutectic Solvent and Implementation of Vanillic Acid
for Fine-Chemical Synthesis

4.1 ABSTRACT: Inthe modern era, sustainable developments for the productions of fine

chemicals from abundant biomass by utilizing various chemical transformations have become
a strong trend of research in the scientific community. This may provide a sustainable
alternative to petrochemicals as the major source of fine chemicals. Lignin is an alternative
major source of monomeric phenolic compounds and the syntheses of fine chemicals by
oxidising lignin-based monomeric phenolics are gaining serious attention. For instance,
biomass derived vanillin or vanillyl alcohol can be oxidized to vanillic acid which has been
employed as a new building block for the syntheses of various value-added products. In this
context, an air-stable iron(I1) complex has been synthesized and utilized as an excellent base-
metal catalyst for the selective oxidation of vanillyl alcohol to vanillic acid. We used
hydrogen peroxide and tert-butyl hydroperoxide as green oxidants. These peroxidative
oxidations of vanillyl alcohol to vanillic acid were performed in metal-free type-111 deep
eutectic solvents as green and sustainable reaction media. After the first set of oxidations, the
catalyst and the reaction medium were recycled five times without any noticeable change in
catalytic performance. CHEM21 green metrics toolkit was also used to examine the
sustainable and green features of the optimized oxidation protocol for the conversion of
vanillyl alcohol to vanillic acid. Low E-factors (4.65) suggest waste minimized sustainable
oxidations of vanillyl alcohol to vanillic acid. Finally, vanillic acid was used as a starting
material for the syntheses of several fine chemicals with various (potential) applications such

as flavorant, odorant, surfactant and bio-based plasticizer.

177



4.2 INTRODUCTION: Fossil fuels are undoubtedly the primary source of the majority

of useful organic chemicals and their needs are ever growing to satisfy the demand of the
rising human population with better quality of living standards. But petro-based resources
have limited reserves and they are non-renewable. Hence, their exponentially growing
demand will certainly cause shortage in the foreseeable future. In addition, extensive use of
fossil fuels has generated various serious environmental concerns. Therefore, searching for
alternatives to non-renewable petroleum resources has become a strong trend in research in
present era. In this context, the proper use of biomass feedstock, which is renewable, can
certainly provide a vital alternative to fossil fuels. Thus, bio-refineries may play an important
role in biomass valorization and the use of biorefinery to produce a wide range of fine
chemicals has attracted a serious attention. 2 Hemicellulose, cellulose and lignin are the three
primary component of lignocellulosic biomass. Most of the bio-originated fine chemicals are
aliphatic in nature and cellulose is considered as their major source.® In contrast, lignin
contains a wide variety of aromatic compounds and thus, the effective valorization of lignin
in the biorefinery is an essential task. Already, lignin, as the second largest resource of
biomass, has been established itself as a major source of aromatic fine chemicals including
fuel-grade compounds and several synthetic protocols of lignin-valorization are presently
operational.* ® Lignin produced from wood and cashew nutshell liquid is an important source
of aromatic phenolic compounds such as p-coumaryl, p-sinapyl, coniferyl, veratryl and
vanillyl alcohol.® In this context, oxidation of lignin-based aromatic phenolic compounds to
value-added products has attracted a significant research interest. Vanillyl alcohol is
considered as one of the most studied lignin-derived monomeric phenolic compounds which
is further oxidized to vanillin, an aroma molecule with wide application in industry.”® In
addition, reactive groups in vanillin can be functionalized easily and thus, vanillin is also an

interesting building block.1% 11 Various groups have developed synthetic catalytic protocols
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for the oxidation of vanillyl alcohol to vanillin. Recently, we reported a sustainable copper-
catalyzed aerobic oxidation protocol for the selective oxidation of vanillyl alcohol to
vanillin.12 So far, the research community has paid little attention to the selective oxidation of
vanillyl alcohol to vanillic acid which is often found as an over-oxidation product (along with
other by-products) during the oxidation of vanillyl alcohol to vanillin. However, vanillic acid
has a huge potential as a building block for the syntheses of various functional materials. For
example, several simple esters of vanillic acids such as methyl, ethyl and butyl vanillate are
effective perfuming agents in various commodities such as deodorants, room deodorizers,
skin- and haircare products, cosmetics and toiletries. Ito and co-worker systematically
evaluated the antioxidative properties of methyl, ethyl and butyl vanillate in multiple
antioxidant assays and compared with well-known antioxidants.'® Ma and co-workers utilized
vanillic acid for the synthesis of thermoplastic polyesters with improved mechanical
properties.14 Gauthier and co-workers used vanillic acid for the synthesis of polyesters as bio-
based alternative to commonly used polyethylene terephthalate (PET).1®> These vanillic acid-
based polyesters exhibited good thermal stability. D’Arrigo and Griffini and coworkers
utilized vanillic acid for the development of biobased polyurethane coatings with high
biomass content, enhanced thermal stability and good adhesion performance.1® Recently,
Yang and coworkers synthesized vanillic diesters with different alkyl chains, which were
used as effective plasticizers for poly(vinyl chloride) (PVC).1” These bio-based vanillic
diesters has provided good alternative to traditional phthalate plasticizers and the resulted
PVC materials showed similar or better flexibility and stretchability as compared to PVC
blend of dioctyl phthalate. Therefore, it is of high importance to develop efficient catalytic
protocol for the selective oxidation of vanillyl alcohol to vanillic acid with high potential

applicability.

Scheme 4.2.1. Catalytic oxidation of vanillyl alcohol
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wide (potential) applications

Selective oxidation vanillyl alcohol to vanillic acid has been very much ignored in contrast to
the selective oxidation vanillyl alcohol to vanillin. In a process of targeted oxidation of
vanillyl alcohol to vanillin, vanillic acid has often been found as an over-oxidation product.!®
25 There are few reports for the selective oxidation vanillyl alcohol or vanillin to vanillic acid.
In a very old report, stoichiometric amount of silver oxide (in situ generated from AgNO3
and NaOH) was used as an oxidant to convert vanillin to vanillic acid.26 The reaction was
performed in basic aqueous solution at elevated temperature. Recently, Repo and coworkers
reported heterogeneous gold nanoparticles supported on titania and alumina as catalyst for the
selective oxidation of vanillin to vanillic acid.?” The oxidation was performed in aqueous
alkaline medium at elevated temperature (80 °C) using pressurized oxygen at oxidant. Very
recently, Jiang and Wei and coworkers reported selective oxidation of vanillyl alcohol to
vanillic acid (95% conversion and 86% isolated yield) using inorganic ligand-supported
FeMo6 system as heterogeneous catalyst.?® The oxidation was performed in water at 70 °C
using O2 as oxidant and KCI as additive. In addition, a few reports described enzymatic
oxidation of vanillin to vanillic acid using unheated milk,? soil bacteria®® and freshly
prepared liver slices of guinea-pig.3! Compared to the oxidation of vanillin to vanillic acid,

relatively difficult oxidation of vanillyl alcohol to vanillic acid is very rare and often
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accompanied by the formation of significant amount of byproducts (Scheme 4.2.1). Ali and
Hamid and coworkers used heterogeneous mixed metal oxide (CoTiO3) for the peroxidative
oxidation of vanillyl alcohol in various organic solvents and high selectivity to vanillic acid
could be obtained.3? However, a significant amount of byproducts such as vanillin and
guaiacol were also noted. Immobilized methyltrioxo rhenium has also been used as
heterogeneous catalyst for the same purpose.3® The peroxidative oxidation was performed in
acetic acid. Microwave assisted peroxidative oxidation of vanillyl alcohol to vanillyl acid by
using metal salts (particularly CrCI3 and MnCl2) is also reported in a mixture of water and
organic solvent.3* In both cases, selectivity to either vanillic acid (10-12%) or vanillin (50-
60%) was not good. In contrast to those reports, we have developed a highly selective
catalytic protocol for the peroxidative oxidation of vanillyl alcohol to vanillic acid at r.t.
(Scheme 4.2.1). Utilization of base metal iron catalyst (in low loading) is also advantegeous.
In contrast to the use of organic solvents, the use of environmentally benign deep eutectic

solvent is beneficial.

The oxidation of alcohols to the corresponding carbonyl compounds or their complete
oxidation to acids are among the central reactions in organic chemistry and are of interest for
the development of environmentally benign processes, production of new materials and
energy sources.®® 36 Various hypervalent iodine compounds,3’ chromium salts,38 activated
DMSO compounds®® and manganese dioxide*® have been used as stoichiometric oxidants for
alcohol oxidation. Stoichiometric oxidations are still in common use, despite the formation of
a large amount of undesirable by-products. Therefore, there is a need of oxidants which are
environmentally benign. Recent environmental compatibility and sustainable approach lead
to two types of oxidations which are aerobic oxidation and peroxidative oxidation and
various metal-catalysts have been developed. Mostly hydrogen peroxide*l-43 and tert-butyl

hydrogen peroxide***® have been used as green oxidants and the by-products are non-
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hazardous. However, aerobic oxidation utilize air as the cheapest, most sustainable and green
oxidant. In addition, by-products are water and hydrogen peroxide which are environmentally
benign. However, pressurized oxygen cylinders are often used. Although various metal-
catalysts (both homogeneous and heterogeneous) have been developed,*®-%° copper is a
heavily used metal in aerobic oxidation of alcohols.6%-64 In the context of aerobic oxidation of
lignin-model compound vanillyl alcohol, research community has particularly focused on the
transformation of vanillyl alcohol selectively to vanillin with wide applications in commodity
products. Various heterogeneous catalysts particularly a wide range of metal oxides and
mixed metal oxides have been utilized for the selective aerobic oxidation of vanillyl alcohol
to vanillin.5>76 However, high temperature and high oxygen pressure have been used in most
of the reports. In this context, the use of homogeneous catalysts is often beneficial; however,
the number of reports is limited for the selective aerobic oxidation of vanillyl alcohol to
vanillin.”7-® We have also contributed in this field by developing air-stable and recyclable
copper catalysts. Similar to aerobic oxidation, there are only a few examples of homogeneous
system for peroxidative oxidation of vanillyl alcohol to vanillin.8-82 Although selective
aerobic oxidation of vanillyl alcohol to vanillin as an important aroma chemical has been
studied extensively, selective oxidation of vanillyl alcohol to vanillic acid has been ignored.
In the present report, we describe the development of a base-metal catalyzed peroxidative
oxidation protocol for selective oxidation of vanillyl alcohol to vanillic acid (Scheme 4.2.1).
An air-stable iron-complex has proved to be an excellent catalyst in various deep eutectic
solvents at r.t. in the absence of added additives. We also demonstrated the syntheses of

various vanillic esters and diesters as (potential) value-added chemicals.
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4.3 RESULT AND DISCUSSION: Pincer ligands are considered as one of the most

well-known, widely used and important class of ligands and coordination chemists have
successfully utilized these tridentate ligands for the syntheses of a wide variety of transition
metal complexes.®- 8 A large majority of those complexes have found applications in
varieties of catalytic transformations in the last twenty years. Often one or more phosphine
donor arms are found in a large number of pincer ligands such as PNP, PNN and PCP and
these phosphine-containing pincer ligands generally form air-sensitive metal complexes. In
addition, alkylidene and carbanions are central in various other pincer ligands which also
result in air-sensitive metal complexes. Therefore, phosphine-free (and carbene-free) ligand
synthesis are important for the development of air-stable complexes and gaining serious
attention in homogeneous catalysis.8>8 Particularly, air-sensitive metal complexes are of no
use in the field of oxidation of alcohol. Therefore, we wanted to use a tridentate NNN pincer
ligand which is expected to give good stability of the resulted metal complex by tridentate
coordination and might give an air-stable metal complex. We selected a known NNN pincer
ligand L4 which can be readily synthesized from cheap commercially available starting
materials (Scheme 4.3.1). The condensation of 2-pyridinecarboxaldehyde with 2-morpholino
ethylamine in ethanol under reflux yielded the Schiff base imine intermediate which was
further reduced with sodium borohydride to get the desired amine ligand L4 (Scheme 4.3.1).
Ligand L4 was characterized by standard characterization techniques such as 'H and 3C
NMR spectroscopy. Thereafter, we focused on the synthesis of metal complex. We selected
iron as it is non-toxic, cheap and earth-abundant (most abundant transition metal and second
most abundant metal). Facile coordination of L4 with cheap iron(ll) acetate at r.t. in air

resulted in the formation of complex 7 as an air-stable solid (Scheme 4.3.1).

Scheme 4.3.1: Synthesis of complex 7 (the molecular structure of complex 7 showing 70%
ellipsoids and all hydrogen atoms expect N-H are omitted for clarity).
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Complex 7 was NMR silent and was characterized by FT-IR, mass and elemental analysis. In
the mass spectrum, a peak was observed at 395.0230 which corresponds to [M — H]+.
C(sp3)—H symmetric and asymmetric stretching bands of ligand L4 were noticed at 2900-
2750 cmt. The corresponding C-H stretching bands were shifted to 3000-2900 cm-1 for
coordinated ligand in complex 1. Similar shifting of band from 1658 cm-! to 1632 cm was
also observed for pyridyl C=N stretching. The broad N-H stretching appeared around 3400
cm-1 in the IR spectrum of the free ligand L7, but a sharp peak at 3200 cm-1 indicates the
presence of a characteristic Fe-NH moiety in complex 7.9-92 Further, the geometrical identity
of complex 1 was confirmed by single crystal x-ray crystallography. Complex 7 crystallized
in orthorhombic system with space group Pna2l. X-ray analysis reveals that asymmetric unit
has one [Fe(L1)(OAc)2] unit and the geometry around the iron center is distorted octahedral
with the acetate groups occupied the equatorial sites. The pyridyl nitrogen (N1) and
morpholine nitrogen (N3) coordinated axially to the metal center. The Fe-Npyridyl bond
distance is 2.207(2) A while the Fe-Nmorpholine distance is 2.378(2) A. Rest of the bond
distances and angles are in good agreement with previously reported similar iron(ll)

complexes with octahedral geometry.9-%5 It is worth to mention that the distance between
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amine nitrogen(N2) and iron is 2.179(19) A which is similar to the previously reported Fe-
Namine distances.96-98 Extensive N-H---O and C-H---O hydrogen bonding interactions as

well as C-H---m interactions are also observed in the solid-state structure of complex 7.

With the air-stable iron complex (7) in hand, we explored the catalytic activity of complex 7
for the peroxidative oxidation of vanillyl alcohol by using tert-butyl hydroperoxide (TBHP)
as standard oxidant (Table 4.3.1). Most homogeneous -catalytic systems for the
peroxidative/aerobic oxidation operate in hazardous organic solvents such as acetonitrile,
toluene and dichloromethane. However, we wanted to perform the oxidation of vanillyl
alcohol in sustainable reaction medium. Previously, we utilized mixtures of water and green
organic solvents such as acetone, methanol and ethanol for the selective aerobic oxidation of
vanillyl alcohol to vanillin. Finding new green reaction media for sustainable chemical
transformations is important and we continued our searched for other potential sustainable
reaction media as alternative to water or other non-hazardous organic solvents. We fixed our
attention to deep eutectic solvent (DES). In 2003, Abbott and coworkers reported DES for the
first time as eutectic mixtures of urea and various quaternary ammonium salts.%® DES,
eutectic mixture of a hydrogen bond acceptor and a hydrogen bond donor, is considered as an
emerging type of sustainable and green reaction media because of their minor economic and
environmental impact. DESs come with several advantages over ionic liquids which are
associated with several serious drawbacks such as high cost, high toxicity, complex synthesis
and purification processes, and nonbiodegradability.100-19% So far, DESs have limited use as
solvents in organic reactions. With our goal of finding alternative sustainable reaction media,
we decided to use a common DES, 1:2 (molar ratio) mixture of choline chloride and glycerol,
as the reaction medium for the peroxidative oxidation of vanillyl alcohol (Table 4.3.1). We
started using 2 eq. of TBHP as oxidant. Using 5 mol% of catalyst loading, we obtained

complete conversion (with near quantitative yield) of vanillyl alcohol to vanillic acid in 3 h at
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r.t. (entry 1). Reducing the catalyst loading to 3 (entry 2) and 2 mol% (entry 3) also gave full
conversion to vanillic acid in 3 h at r.t. If the reaction time was shortened to just 1 h,
complete conversion of vanillyl alcohol to vanillic acid was observed in presence of 2 mol%
of catalyst loading (entry 3). If the catalyst loading was further reduced to just 1 mol%,
vanillyl alcohol could not be completely oxidised to vanillic acid in 1 h at r.t. (entry 4). The
obvious trend of decreasing catalytic activity with decreasing catalyst loading was observed
from entry 3 to entry 4. 2 mol% catalyst loading is enough for full conversion of vanillyl
alcohol (0.25 mmol) in 1 h, but 1 mol% catalyst loading is not capable of doing complete
oxidation of 0.25 mmol vanillyl alcohol in 1h. Vanillin as intermediate oxidation product was
also observed if the peroxidative oxidation of vanillyl alcohol was run for just half an hour in
presence of 2 mol% catalyst loading at r.t. (entry 5). However, vanillyl alcohol was
completely oxidized to vanillic acid in just half an hour if the reaction temperature was
increased to 70 °C (entry 6). Thereafter, we used hydrogen peroxide instead of TBHP and
much reduced yield of vanillic acid was obtained in 1 h along with decent amount of vanillin
as intermediate oxidation product (entry 7). Thereafter, we increased the reaction time to 3 h
in presence of hydrogen peroxide as oxidant and complete conversion of vanillyl alcohol to
vanillin was noted (entry 8). If the reaction was performed in air without adding any other
peroxide oxidant, we did not observe any oxidation of vanillyl alcohol to vanillic acid; less
than 10% vanillin formation was noted (entry 9). So, TBHP was the best oxidant in the
present system. Although slightly inferior than TBHP, hydrogen peroxide also acted as a
good oxidant in the present transformation. We also carried out the peroxidative oxidation of
vanillyl alcohol with TBHP in commonly used organic solvents such as acetonitrile (entry
10), toluene (entry 11) and dichloromethane (entry 12); however, poor conversion to vanillic
acid was noted and presence of vanillin as well as unreacted vanillyl alcohol were also

detected. Very poor conversion (<10%) was noted in absence of any iron catalyst (entry 13).
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In presence of iron salts such as Fe(NO3)s and Fe(OAc)z, small amount of vanillic acid

(<30%) was formed (entry 14 and 15). Peroxidative oxidation of vanillyl alcohol with TBHP

was also performed under inert condition (in absence of dioxygen) using optimized reaction

condition and complete conversion of vanillic acid was noted.

Table 4.3.1 Catalytic performance of complex 7 for the peroxidative oxidation of vanillyl
alcohol to vanillic acid in a mixture of choline chloride and glycerol (1:2 molar ratio).2

HO complex 7 ([Fe]: x mol%) HO
OH + oxidant

solvent, temperature, time

[0}
\

0]
\

OH
: 0

Vanillyl alcohol Vanillic acid
Ent. 7 Oxidant ~ Solvent  Temp. Time Yield®
(mol%) (eq.) (%) (h) (%)

1 5 TBHP DES r.t. 12/6/3 >99 (96°)
@

2 3 TBHP DES r.t. 3 >99 (979
@

3 2 TBHP DES r.t 3/2/1 >99 (979
@

4 1 TBHP DES r.t. 1 78 (75°)
@

5 2 TBHP DES r.t. 05 72 (68°)
@

6 2 TBHP DES 70 0.5 >99 (96°)
(&)

7 2 H,0, (2) DES r.t. 1 60

8 2 H,0, (2) DES r.t 3 >99 (979

9 2 air DES r.t. 1 0

10 2 TBHP MeCN r.t. 1 57
@

11 2 TBHP toluene r.t. 1 46
(&)

12 2 TBHP DCM r.t. 1 53
@

13 no TBHP DES r.t. 1 <10
@

14 Fe(NOs)s TBHP DES r.t. 1 24
@

15 Fe(OAc), TBHP DES r.t. 1 28

@

The best optimized reaction conditions for the peroxidative oxidation of vanillyl alcohol to

vanillic acid are the following: A. 1 mol% complex 7, 2 eq. TBHP, choline chloride/glycerol

(1:2) as reaction medium, 1 h and r.t. (entry 3 in Table 4.3.1, depicted in bold) and B. 1 mol%

complex 7, 2 eq. hydrogen peroxide, choline chloride/glycerol (1:2) as reaction medium, 3 h
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and r.t. (entry 8 in Table 4.3.1, depicted in bold). So, we successfully used a common DES
(choline chloride/glycerol (1:2)) as a sustainable reaction media. We also wanted to check the
catalytic performance of complex 1 for the peroxidative oxidation of vanillyl alcohol to
vanillic acid in various other DESs. Therefore, we prepared a series of DESs (total ten) by
combing various hydrogen-bond acceptor such as choline chloride (ChCIl), tetramethyl
ammonium chloride (TMAC), tetra butyl ammonium bromide (TBAB) and methyl triphenyl
phosphonium bromide (MTPB) and various hydrogen bond donors such as glycerol, urea,
thiourea and ethylene glycol. The catalytic oxidation of vanillyl alcohol was performed using
TBHP as oxidant in the above DESs using previously optimized reaction condition (condition
A, entry 3 in Table 4.3.1) and the results are summarized in Table 4.3.2. Complete oxidations
of vanillyl alcohol to vanillic acid with almost quantitative isolated yields were observed in
ChCl/glycerol (1:2) and ChCl/urea (1:2) (entry 1 and 2). Excellent yields of vanillic acid (92-
93%) were also obtained in TBAB/glycerol (1:3) and ChCl/thiourea (1:2). (entry 3 and 4).
Using MTPB/glycerol (1:3) and MTPB/ethylene glycol (1:2) as reaction media, we noted 76
and 65% vyields of vanillic acid respectively (entry 5 and 6). A bit more than 50% vyields of
vanillic acid was observed if the oxidations of vanillyl alcohol were carried out in
ChCl/ethylene glycol (1:2) and TMAC/ethylene glycol (1:2) (entry 7 and 8). Very poor yields
(30-35%) of vanillic acid were noted in TMAC/glycerol (1:2) and TMAC/glycerol (1:3) as
reaction media (entry 9 and 10). In case of incomplete oxidation to vanillic acid, we observed
unreacted starting material vanillyl alcohol as well as vanillin as intermediate oxidation
product. Therefore, it can be concluded that ChCl/glycerol (1:2) and ChCl/urea (1:2) are the

best reaction media for the catalytic peroxidative oxidation of vanillyl alcohol to vanillic acid.

Table 4.3.2. Catalytic performance of complex 7 for the peroxidative oxidation of
vanillyl alcohol in various DESs.?
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OH
HO@—\ complex 7 ([Fe]: 2 mol%) HO@—<
OH + 2 TBHP o)
o DES,|temperature, time o]
\ \
Vanillyl alcohol Vanillic acid
Ent. 7 Solvent Temp. Time  Yield®
(mol%) () (h) (%)
1 2 ChCl/ glycerol (1:2) r.t. 1 97
2 ChCl/urea (1:2) r.t. 1 95
3 2 TBABI/glycerol (1:3) r.t. 1 93
4 2 ChCl/thiourea (1:2) r.t. 1 92
5 2 MTPB/glycerol (1:3) r.t. 1 76
6 2 MTPB/EG (1:2) r.t. 1 65
7 2 ChCI/EG (1:2) r.t. 1 56
8 2 TMACIEG (1:2) r.t. 1 52
9 2 TMAC/glycerol (1:2) r.t. 1 35
10 2 TMAC/glycerol (1:3) r.t. 1 30

aReactions conducted in a vial (10 ml) with 0.25 mmol of vanillyl alcohol, 0.50 mmol of TBHP, 2 mol% of
complex 7 in 2 mL of DES (molar ratio) as solvent at r.t. blsolated yields of vanillic acid. ChCl, TBAB, TMAC,
MTPB, MTAC and EG stand for choline chloride, tetra butyl ammonium bromide, tetramethyl ammonium
chloride, methyl triphenyl phosphonium bromide and ethylene glycol, respectively.

Table 4.3.3 Calculation of different metrics of vanillyl alcohol oxidation under optimized

condition.

Method: A
OH
HO@—\ complex 7 ([Fe]: 2 mol%) HO
OH + 2 TBHP o)
o rt,1h g
\ ChCl/Glycerol (1:2) \
Vanillyl alcohol Vanillic acid
Method: B
OH
HO@—\ complex 7 ([Fe]: 2 mol%) HO
OH + 2 H,0, o
g rt,3h S
\ ChCl/Glycerol (1:2) \
Vanillyl alcohol Vanillic acid
Met. Yield Conv. Select. A.E. M.E.
A 99 100 99 68.9 49.9
[ [ [
B 99 100 99 89.4 75.0
[ [ [
Met.  Optimum Mass Solvent Catalyst Catalyst
Efficienc Intensity Recovery
y
A 72.4 20.0 ChCligly Yes Yes
c
[ (] [ ]
B 83.9 19.4 ChCl/igly Yes Yes
c
(] (] [ ]
Met. Media Element Reactor Work up Energy
Recovery
A Yes Fe Batch Extraction r.t.
[ [ [ [
B Yes Fe Batch Extraction r.t.
(]

To establish the practical viability of the present catalytic protocol, we successfully

performed two gram-scale reactions using two previously optimized reaction conditions and
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the product vanillic acid was isolated in almost quantitative yield (Method A and B in Table
4.3.3). We also used CHEM21 green metrics toolkit to examine the green and sustainable
features of the optimized catalytic protocol for the peroxidative oxidation of vanillyl alcohol
to vanillic acid (see ESI for details).107-110 The results are summarized in Table 4.3.3 (green
flag, amber flag and red flag stand for an acceptable process, acceptable process with
concerns and undesirable process, respectively). Almost quantitative yield, conversion and
selectivity were noted for both Method A and B and these metrics were assigned with green
flags. Method B is better than Method A in terms of atom economy (A.E.), reaction mass
efficiency (M.E.) and optimum efficiency. This is due to the formation of lighter byproduct
water in Method B as compared to the formation of heavier byproduct tert-butanol in Method
A. Environmentally benign solvent was used for these catalytic oxidations and thus, both
solvent and catalyst metrics got green flags. Base metal iron was used as catalyst and element
metrics of both methods received green flags. In addition to the use of cheap and abundant
base metal-based catalyst, it is important to recycle and reuse a catalyst for sustainable
catalytic development. The role of solvent is equally important as solvents in a chemical
reaction often produce the most amount of chemical waste. As a consequence, recycling the
reaction media is even more important than catalyst recycling. Therefore, we set out to
explore the possibility of catalyst and reaction media recovery and reuse. After performing
the catalytic oxidation of vanillyl alcohol to vanillic acid using standard optimized reaction
conditions, we extracted the product vanillic acid with ethyl acetate, another green solvent.
For both Method A and B, the leftover mixture of reaction media and catalyst was reused for
the second set of peroxidative oxidation of vanillyl alcohol. We did not observe any
noticeable change in catalytic activity (isolated yields of vanillic acid: 97% in Method A and
96% in Method B). After the second set of reactions, the recovered reaction media and

catalyst were reused for another four times without any significant change in activity for both
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methods. Therefore, the solution of the iron catalyst in DES (ChCl/glycerol (1:2)) was
effectively recycled five times. TON of 49 was obtained for the first run of both methods. If
all six consecutive oxidations are considered, a rough TON of 290 was calculated. We also
calculated the E-factor, a reliable measure to estimate the quantity of waste generated for the
production of one kilogram of desired product.11-112 A favourable process should have a E-

factor of 1 to 5. The calculated E-factor for both Method A and B is 4.65.

In our catalytic oxidation protocol, vanillic acid was synthesized from vanillyl alcohol which
is a renewable and abundant biomaterial derived from lignin biomass. Recently, vanillic acid
has been utilized for the syntheses of various value-added derivatives with wide potential
applications.’3-17 Finally, we tested the practical applicability of the present catalytic protocol
for the oxidation of vanillyl alcohol to vanillic acid and the scope of this optimized oxidation
protocols was extended in real-life applications. The robustness of this catalytic process
motivated us to test its applicability in synthesizing various esters with proven applications
(Scheme 4.3.2). At first we targeted the carboxylic moiety of vanillic acid to synthesize
various vanillic esters with different alkyl chains (Scheme 4.3.2). Vanillic acid was reacted
with various alcohols in presence of p toluenesulfonic acid and the corresponding vanillic
esters Ela, Elb, Elc, E1d and Ele were isolated in excellent yields (E1a: 97%, E1n: 96%, Exc:
97%, Eiq: 94% and Eie. 98%). Methyl, ethyl and butyl vanillate (Eia, E1n and Eic) are
effective aroma chemicals used as perfuming agents in various commodities. Long chain
fatty esters find possible application as surfactants. In the following step, we targeted the
syntheses of several vanillic diesters which were previously used as effective plasticizers for
poly(vinyl chloride). We used butyl vanillate as starting material and esterification of
hydroxyl moiety of butyl vanillate with acyl chloride in presence of triethylamine resulted in
the formation of various vanillic diesters (Scheme 4.3.2). Four vanillic diesters Eza, E2n, E2c

and Ezq were isolated in excellent yields (Eza: 95%, E2n: 98%, E2c: 91% and Ezq: 93%).
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Scheme 4.3.2 Application of vanillic acid in the syntheses of vanillic esters and diesters with

(potential) applications.
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4.4 CONCLUSION: An air-stable phosphine-free NNN pincer ligand L4 was readily

synthesized from cheap commercially available reagents. Facile coordination of the tridentate
pincer ligand L4 with cheap iron(ll) acetate resulted in the formation of a mononuclear
octahedral complex 7 which was characterized by IR spectroscopy, mass spectrometry,
elemental analysis and single crystal X-ray diffraction study. Complex 7 was proved to be an
efficient catalyst for the selective peroxidative oxidation of vanillyl alcohol to vanillic acid
(via vanillin as an intermediate oxidation product). Selective oxidation of vanillyl alcohol to
vanillin as an important aroma molecule is well studied. Although vanillic acid as an
abundant renewable biomaterial has proven to be an interesting building block in recent
studies, selective oxidation of vanillyl alcohol to vanillic acid is ignored by research
community. Developing sustainable catalytic protocol for selective oxidation of vanillyl
alcohol to vanillic acid is an important development. Previously demonstrated methods,
utilized heterogeneous metal oxides or metal salts based on non-abundant metal in organic
solvents. Very rarely green solvent such as water was used; however, large amount of salt-
additive was used. In contrast, using base metal iron catalyst is undoubtedly advantageous as
iron is cheap, non-toxic and second most abundant metal on earth crust. Instead of using
commonly used hazardous organic solvents for alcohol oxidations such as acetonitrile,

toluene and dichloromethane, the use of environmentally friendly DES as reaction media is
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also sustainable. A major setback of the previously reported processes is the generation of
significant or large amount of by-products. In contrast, our catalytic oxidation method is
extremely selective to desired product vanillic acid. Purification of final product was carried
out by simple work-up process (extraction with ethyl acetate). Although catalyst recycle was
done in a previous report, the recovery and reuse of reaction medium was not done for the
oxidation of vanillyl alcohol to vanillic acid. In the present work, the catalyst and reaction
media were recovered and recycled effectively without any noticeable change in catalytic
activity. This helps to minimize the waste generated in the present process and it is reflected
in low E-factors (4.65). As solvents produces huge amount of waste in most of the chemical
process, the recycle of reaction medium in the present catalytic oxidation method is beneficial
for the environment. In addition, the optimized condition used a metal-free type-111 DES and
the components glycerol and choline chloride are not harmful (as reflected by green H-
codes). Gram-scale syntheses of vanillic acid shows the robust nature of this catalytic
oxidation protocol. In previous reports, catalytic methods showed the oxidation of vanillyl
alcohol or vanillin to vanillic acid; however, further utilization of vanillic acid was not
demonstrated. In the present report, the potential applicability of this oxidation process is
illustrated by synthesizing various vanillic esters and diesters with (potential) applications in
real-life. This base metal catalyzed oxidation of vanillyl alcohol to vanillic acid is realistic for
possible future use in industry. However, we performed the catalytic oxidant in batches.
Oxidation in continuous flow reactor would be more attractive. In future, we will explore the
possibility of performing this selective oxidation of vanillyl alcohol to vanillic acid in
continuous flow reactor. Our peroxidative oxidation protocol requires H20O. and TBHP as
oxidants and produces water and tert-butabol (though green) as by-product waste. Aerobic
oxidation using air as most sustainable oxidant is more attractive and we will focus on

developing base metal catalyst for aerobic oxidation of vanillyl alcohol to vanillic acid.
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4.5 EXPERIMENTAL SECTION:

Syntheses of ligand and corresponding iron complex

General experimental. Syntheses of ligand and iron complex were carried out in air. All
solvents (acetonitrile, dichloromethane, diethyl ether, hexanes, ethyl acetate, ethanol,
methanol) and chemicals were purchased from commercial suppliers and used without further
purification. For recording NMR spectra, CDCls and DMSO-ds was purchased from Sigma-
Aldrich and used without further purification. *H and 3C NMR spectra were recorded at
Bruker AV-400 and JEOL-400 (*H at 400 MHz and 13C at 101 MHz). *H NMR chemical
shifts are referenced in parts per million (ppm) with respect to tetramethylsilane (6 0.00 ppm)
and 13C{*H } NMR chemical shifts are referenced in ppm with respect to CDCl3 (6 77.16
ppm). The coupling constants (J) are reported in hertz (Hz). The following abbreviations are
used to describe multiplicity: s = singlet, bs = broad signal, d = doublet, t = triplet, g =
quadtrate, m = multiplate. High resolution mass spectra were recorded on a Bruker
micrOTOF-Q |1 Spectrometer. Elemental analysis was carried out on a EuroEA Elemental
Analyser. Infrared (IR) spectra were recorded on a Perkin-Elmer FT-IR spectrophotometer.
Crystal data were collected with Rigaku Oxford diffractometer and with INCOATEC micro

source (Mo-Ka radiation, A = 0.71073 A, multilayer optics) at 293 K.

Synthesis of (E)-N-(2-morpholinoethyl)-1-(pyridin-2-yl)methanimine. In a pressure tube,
picolinaldehyde (1.07 g, 10.0 mmol) in ethanol (5mL) was added dropwise to a solution of 2-
morpholinoethan-1-amine (1.30 g,10.0 mmol) in ethanol (15mL). The reaction mixture was
allowed to stirred for 24 h at 65 °C. Then the reaction mixture was cooled down to room
temperature and solvent was removed under reduced pressure to obtained the pure product as
reddish liquid (2.12 g, 97%). *H NMR (CDCls): & 7.16 (t, J=6 Hz, 1H), 6.90 (d, J = 6.0 Hz,

1H), 6.85 (t, J = 8.0 Hz, 1H), 6.73 (t, J=7 Hz, 1H), 5.85 (s, 1H), 5.54 (s, 1H), 3.43 (t, J=4 Hz,
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4H), 2.80 (t, J= 3 Hz, 2H), 2.66 (t, J=3 Hz, 2H), 2.45 (t, J=3 Hz, 4H), 3C{IH} NMR

(CDCls): 155.26, 125.34, 1123.69, 118.37, 114.56, 56.76, 44.68, 48.56, 44.27.

Synthesis of L4. To a solution of (E)-N-(2-morpholinoethyl)-1-(pyridin-2-yl)methanimine
(2.19 g, 10.0 mmol) in methanol, NaBH4 (1.11 g, 30 mmol) was added slowly at 0 °C and
the resultant reaction mixture was stirred at r.t. for 24 hours. After completion of the reaction,
all the volatiles were removed under high vacuum. The product was extracted with
dichloromethane (20 mL) to give a reddish liquid as pure compound (1.98 g, 90%). *H NMR
(CDCl3): § 7.19 (t, J = 6 Hz, 1H), 6.98 (d, J = 6.0 Hz, 1H), 6.87 (t, J = 8.0 Hz, 1H), 6.77 (t,
J=7 Hz, 1H), 3.98 (s, 1H), 3.76 (t, J = 4 Hz, 4H), 2.73 (t, J = 3 Hz, 2H), 2.50 (t, J = 3 Hz,
2H), 2.43 (t, J = 3 Hz, 4H), 3C{'H} NMR (CDCls): 158.29, 128.66, 128.34, 122.62, 118.94,

116.34, 66.93, 57.42, 53.61, 52.41, 44.57.

Following are the 1H and 13C{*H} NMR spectra of L1:
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Figure 4.5.1. 'H NMR (400 MHz) spectrum of L4in CDCl3z at r.t.
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Figure 4.5.2. 83C{'H} NMR (400 MHz) spectrum of L4in CDClz at r.t.

Synthesis of 7. A mixture of L1 (0.221 g, 1.00 mmol) and Fe(OAc)2 (0.173 g, 1.00 mmol) in
acetonitrile (25 mL) under inert atmosphere was stirred at r.t. for 24 h resulting in a dark
yellow precipitate. All volatiles were removed under high vacuum to give a dark yellow solid
which was extracted with dichloromethane (15 mL). Then the solvent was removed under
high vacuum to give a yellow solid as pure complex 1 (0.272 g, 69%). X-ray quality single
crystals were obtained by slow diffusion of diethyl ether into a solution of 1 in
dichloromethane. HRMS (ESI-TOF) m/z: [M — H]+ calcd for C16H25FeN305 395.1029;
found 395.0230. Anal. Calcd for C16H26FeN305 (396.54): C, 48.50; H, 6.61; N, 10.60.

Found: C, 49.21; H, 6.87; N, 10.01.
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Figure 4.5.3. Mass spectrum of 7.
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Figure 4.5.5. IR spectrum of 7.

General procedure for oxidations (reaction optimization and). Vanillyl alcohol (0.038 g,
0.25 mmol) and complex 7 (5/ 3/ 2/ 1 mol %) and TBHP (75 pL, 0.50 mmol) were taken in
deep eutectic solvent (ChCl/glycerol (1:2 molar ratio): 2 mL) and was transferred into a seal
tube fitted with a magnetic stir-bar. The reaction mixture was heated at appropriate
temperature (r.t/ 100 °C) in an oil bath for appropriate time (1 to 12 h). Thereafter, the
reaction mixture was cooled down to r.t. (in case of heating) and was extracted using ethyl
acetate (3 X 5 mL). All volatiles were removed under reduced pressure to give white solid as

pure product. The product was analysed by 'H NMR spectroscopy using 1,3,5-

trimethoxybenzene as standard.

198



Note: 20 mg complex 7 was dissolved in 4 mL of DES to prepare a stock solution. Required

amounts of solutions were taken for oxidations using micropipette.

General procedure for gram-scale oxidation of vanillyl alcohol. Vanillyl alcohol (1.54 g,
10 mmol) and complex 7 (0.079 g, 0.20 mmol) and TBHP (2.8 mL) were taken in deep
eutectic solvent (ChCl/glycerol (1:2 molar ratio): 20 mL) and was transferred into a seal tube
fitted with a magnetic stir-bar. The reaction mixture was allowed to run for 1 hours at room
temperature. Thereafter, the reaction mixture was extracted with ethyl acetate (3 X 15 mL)
and all the volatiles were removed under reduced pressure to obtained white solid as pure

product. The purity of product was analysed by H NMR spectroscopy.

General procedure for the esterification of vanillyl alcohol. Vanillic acid (0.084 g, 0.50
mmol) and different alcohols (1.2 equivalent, 0.60 mmol) and p-toluenesulfonic acid (0.258
g, 1.5 mmol) were taken in dry toluene (3 mL) and transferred in a pressure tube. The
reaction mixture was allowed to run for 24 h at reflux condition. After completion of the
reaction the excess solvent and alcohol was removed using reduced pressure and solid was
obtained. The solid was dissolved in ethyl acetate (5 mL). Then, the organic solution was
washed with aqueous NaHCO3 solutions and dried by anhydrous Na>SOs, filtered, and
concentrated under reduced pressure to obtain oily liquid as crude product. The crude was

further characterised by H NMR spectroscopy and no further purification was needed.

General procedure for the recycling of media and calculation of E-factor and TON:

Method A: Vanillyl alcohol (1.54 g, 10 mmol), complex 7 (0.079 g, 0.20 mmol) and TBHP
(2.8 mL, 20 mmol) were taken into a round bottom flask with a magnetic stir-bar. Thereafter,
deep eutectic solvent (10 ml, (ChCl/glycerol (1:2 molar ratio)) was added into the mixture.
The resultant reaction mixture was allowed to run for 1 h at r.t. After completion of the

reaction, the reaction mixture was extracted using ethyl acetate (2 X 10 mL) and remaining
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mixture of catalyst in DES was used for next reaction run. The ethyl acetate solution was
dried under high vacuum to give pure vanillic acid (1.66 g, 99%). For the second run, vanillyl
alcohol (1.52 g, 10 mmol) and TBHP (1.8 ml) were added to recovered mixture of reaction
media and catalyst. The resultant reaction mixture was allowed to run for 1 h at r.t.
Thereafter, entire process was repeated for five times. The yields of vanillic acid in the next
five runs are the following: 2" run (1.63 g, 97%), 3 run (1.63 g, 97%), 4™ run (1.62 g, 96%)
5% run (1.62 g, 96%) and 6™ run (1.62 g, 96%). No significant change in catalytic activity
was observed. Finally, used ethyl acetate was further recovered using solvent distillation
technique (~80% recovered) and reused. The amount of media recovered is as follows: 1%t
run: 11.90 g; 2™ cycle: 11.75 g; 3 cycle: 11.64 g; 4t cycle: 11.57 g; 5 cycle: 11.49 g; 6t

cycle 11.37 g.

Overall E-factor for six consecutive reaction runs
Method A: 2 mol% of catalyst loading, r.t., 2 h in ChCl/glycerol (1:2)

Substrate: Vanillyl alcohol (10 mmol) =154¢g
TBHP (20 mmol) =257¢9

Catalyst: Complex 7 (2 mol %) =0.079¢g

Solvent: ChCl/glycerol (10 mL) x 1.190 =11.90¢g
Ethyl acetate (20 ml) x 0.90 =18.00¢

mass (waste)

E-factor =
mass (product)

15.42 g (TBHP) + 0.079 g (Iron catalyst) + 11.90 g (reaction
medium) + 18.00 g (EtOAc to extract Vanillic acid)

1.64g+1.63g+1.63g+1.62g+1.62+1.62 g (product)

= 4.65 kg waste / 1 kg of product

9.9 mmol (yield of vanillic acid)
TON (1st run) = =49
0.2 mmol (amount of catalyst)

(9.9+9.7+9.7+ 9.6 +9.6 +9.6) mmol (yield of vanillic acid)

TON (all 6 = "
(all 6 runs) 0.2 mmol (amount of catalyst)
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General procedure for the recycling of media and calculation of E-factor and TON:
Method B: Vanillyl alcohol (1.52 g, 10 mmol), complex 7 (0.079 g, 0.20 mmol) and H20>
(2.4 mL, 20 mmol) were taken into a round bottom flask with a magnetic stir-bar. Thereafter,
deep eutectic solvent (10 ml, (ChCl/glycerol (1:2 molar ratio)) was added into the mixture.
The resultant reaction mixture was allowed to run for 3 h at r.t. After completion of the
reaction, the reaction mixture was extracted using ethyl acetate (2 X 10 mL) and remaining
mixture of catalyst in DES was used for next reaction run. The ethyl acetate solution was
dried under high vacuum to give pure vanillic acid (1.66 g, 99%). For the second run, vanillyl
alcohol (1.52 g, 10 mmol) and H>O; (0.68 mL) were added to recovered mixture of reaction
media and catalyst. The resultant reaction mixture was allowed to run for 3 h at r.t.
Thereafter, entire process was repeated for five times. The yields of vanillic acid in the next
five runs are the following: 2" run (1.62 g, 96%), 3 run (1.63 g, 97%), 4™ run (1.62 g, 96%)
5% run (1.62 g, 96%) and 6™ run (1.61 g, 96%). No significant change in catalytic activity
was observed. Finally, used ethyl acetate was further recovered using solvent distillation
technique (~80% recovered) and reused. The amount of media recovered is as follows: 1t
run; 11.90 g; 2" cycle: 11.79 g; 3 cycle: 11.65 g; 4t cycle: 11.55 g; 5t cycle: 11.50 g; 6t
cycle 11.45g.

Overall E-factor for six consecutive reaction runs
Method B: 2 mol% of catalyst loading, r.t., 3 h in ChCl/glycerol (1:2)

Substrate: Vanillyl alcohol (10 mmol) =1540¢9
H202 (20 mmol) =2.67g

Catalyst: Complex 1 (2 mol %) =0.079¢g

Solvent: ChCl/glycerol (10 mL) x 1.190 =11.90¢
Ethyl acetate (20 ml) x 0.902 =18.00¢g
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mass (waste)

E-factor =
mass (product)

15.42 g (H,O,) + 0.079 g (Iron catalyst) + 11.9 g (reaction medium)
+ 18.00 g (EtOAc to extract Vanillic acid)

1.66 g+ 1.62g+1.63 g+ 1.62 g+ 1.62 +1.61 g (product)

= 4.65 kg waste / 1 kg of product

9.9 mmol (yield of vanillic acid)
TON (1Istrun) = =49
0.2 mmol (amount of catalyst)

9.9+9.6+9.7+9.6+9.6+9.6) mmol (yield of vanillic acid)

TON (all 6 = -
(all 6 runs) 0.2 mmol (amount of catalyst)

General procedure for the synthesis of vanillic diester: butyl 4-hydroxy-3-
methoxybenzoate (0.112 g, 0.5 mmol) and triethylamine (104 pL, 1.5 mmol) were dissolved
in dry DCM (5 mL) in a Schlenk tube under inert condition. The mixture was stirred in an ice
bath and under a N2 atmosphere, acetyl chlorides (1.2 equivalent, 0.60 mmol) was dropped
into the reaction mixture slowly for 10 min. Then, the temperature was warmed to room
temperature and the mixture was reacted for 6 h. The reaction mixture was washed three
times with distilled water (15 mL) and dried over with Na>SOa4. The solution was filtered and
organic solvent was removed under reduced pressure to give colourless oil as pure product.

The product was further dried for 1 h under reduced pressure.

NMR DATA OF PRODUCTS

)
OH

HO

Vanillic acid. Vanillic acid as white solid (42 mg, 98%) was synthesized according to the
general procedure. 1H NMR (400 MHz, DMSO-ds) 6 12.51 (bs, 1H), 9.86 (br, 1H), 7.54 —
7.33 (m, 2H), 6.84 (d, J = 8.4 Hz, 1H), 3.81 (s, 3H), 13C NMR (101 MHz, DMSO) & 167.68,

151.54, 147.67, 123.93, 122.04, 115.47, 113.12, 55.97.

202



HO

Methyl 4-hydroxy-3-methoxybenzoate(Eia) methyl 4-hydroxy-3-methoxybenzoateas as
colourless liquid (87 mg, 97%) was synthesized according to the general procedure. *H NMR
(400 MHz, CDCl3) § 7.52 (dd, J = 8.0, 1.8 Hz, 1H), 7.43 (d, J = 2.0 Hz, 1H), 6.83 (d, J = 8.0
Hz, 1H), 6.24 (bs, 1H), 3.78 (s, 3H), 3.77 (s, 3H). 13C NMR (101 MHz, CDCI3) § 167.12,

150.21, 146.33, 124.17, 122.02, 114.26, 111.86, 55.99, 52.01.

0
o™\

HO

Ethyl 4-hydroxy-3-methoxybenzoate (Eib). ethyl 4-hydroxy-3-methoxybenzoate as light
brown liquid (94 mg, 96%) was synthesized according to the general procedure. 'H NMR
(400 MHz, CDCl3) § 7.64 (dd, J = 8.3, 1.5 Hz, 1H), 7.55 (d, J = 2.0 Hz, 1H), 6.94 (d, J = 8.0
Hz, 1H), 5.98 (br, 1H), 4.35 (q, J = 7.0 Hz, 2H), 3.91 (s, 3H), 1.38 (t, J = 7.0 Hz, 3H) 13C
NMR (101 MHz, CDCI3) 6 166.59, 150.06, 146.26, 124.09, 122.47, 114.14, 111.78, 60.86,

56.03, 14.37.

HO

Butyl 4-hydroxy-3-methoxybenzoate (Eic). butyl 4-hydroxy-3-methoxybenzoate as
colourless liquid (108 mg, 97%) was synthesized according to the general procedure. H
NMR (400 MHz, CDCI3) § 7.64 (dd, J = 8.3, 1.8 Hz, 1H), 7.56 (d, J = 2.0 Hz, 1H), 6.94 (d, J
= 8.0 Hz, 1H), 6.38 (br, 1H), 4.30 (t, J = 6.0 Hz, 2H), 3.91 (s, 3H), 1.75 (m, 2H), 1.47 (m,
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2H), 0.98 (t, J = 7.5 Hz, 3H) 13C NMR (101 MHz, CDCI3) & 166.64, 150.05, 146.27, 124.07,

122.52, 114.13, 111.79, 64.75, 56.03, 30.82, 19.29, 13.78.

(0]

0NN
HO

N

Hexyl 4-hydroxy-3-methoxybenzoate (Eid). hexyl 4-hydroxy-3-methoxybenzoate as
colourless liquid (118 mg, 94%) was synthesized according to the general procedure. H
NMR (400 MHz, CDCI3) & 7.65 (dd, J = 8.3, 1.8 Hz, 1H), 7.56 (d, J = 1.8 Hz, 1H), 6.95 (d, J
= 8.3 Hz, 1H), 6.31 (br, 1H), 4.30 (t, J = 6.7 Hz, 2H), 3.93 (s, 3H), 1.82 — 1.67 (m, 2H), 1.38
(m, 6H), 0.91 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCI3) & 166.61, 150.02, 146.24,

124.07, 122.56, 114.11, 111.77, 65.04, 56.04, 31.48, 28.72, 25.72, 22.56, 14.01.

0
O/\/\/

HO

Pentyl 4-hydroxy-3-methoxybenzoate (Ei). Pentyl 4-hydroxy-3-methoxybenzoate as
colourless liquid (117 mg, 99%) was synthesized according to the general procedure. H
NMR (400 MHz, CDCI3) & 7.64 (dd, J = 8.3, 1.5 Hz, 1H), 7.56 (d, J = 2.0 Hz, 1H), 6.94 (d, J
= 8.0 Hz, 1H), 6.37 (br, 1H), 4.29 (t, J = 7.0 Hz, 2H), 3.91 (s, 3H), 1.83 — 1.71 (m, 2H), 1.46
—1.32 (m, 4H), 0.93 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCI3) & 166.63, 150.05,

146.27, 124.06, 122.53, 114.13, 111.79, 65.03, 56.03, 28.46, 28.21, 22.37, 13.99.
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Butyl 4-acetoxy-3-methoxybenzoate (Ez2a). butyl 4-acetoxy-3-methoxybenzoate as
colourless liquid (126 mg, 95%) was synthesized according to the general procedure. 1H
NMR (400 MHz, CDCI3) & 7.71 — 7.64 (m, 2H), 7.11 (d, J = 8.0 Hz, 1H), 4.34 (t, J = 6.5 Hz,
2H), 3.90 (s, 3H), 2.34 (s, 3H), 1.84 — 1.68 (m, 2H), 1.48 (dd, J = 15.0, 7.5 Hz, 2H), 0.99 (t, J
= 7.5 Hz, 3H). 13C NMR (101 MHz, CDCI3) & 168.50, 165.94, 151.03, 143.52, 129.23,

122.72,122.51, 113.40, 65.06, 56.05, 30.76, 20.63, 19.25, 13.75.

O/
NNV ©
o

Butyl 3-methoxy-4-(propionyloxy) benzoate (E2p). butyl 3-methoxy-4-(propionyloxy)
benzoate as colourless liquid (151 mg, 98%) was synthesized according to the general
procedure. 'H NMR (400 MHz, CDCls) & 7.70 — 7.63 (m, 2H), 7.09 (d, J = 8.0 Hz, 1H), 4.33
(t, J = 6.0 Hz, 2H), 3.88 (s, 3H), 2.60 (t, J = 7.0 Hz, 2H), 1.81 — 1.71 (m, 4H), 1.47 (m, 4H),
0.98 (m, 6H). 13C NMR (101 MHz, CDCl3z) 6 171.35, 165.97, 151.07, 143.67, 129.07,

122.72, 122.50, 113.35, 65.02, 56.00, 33.69, 30.76, 26.98, 22.15, 19.25, 13.71,13.74.

0/
NNV
o)

Butyl 3-methoxy-4-(octanoyloxy)- benzoate (Ezc). butyl 3-methoxy-4-(octanoyloxy)-
benzoate as colourless liquid (173 mg, 99%) was synthesized according to the general
procedure. 'H NMR (400 MHz, CDCls) & 7.70 — 7.63 (m, 2H), 7.09 (d, J = 8.0 Hz, 1H), 4.33
(t, J = 6.0 Hz, 2H), 3.88 (s, 3H), 2.59 (t, J = 8.0 Hz, 2H), 1.76 (m, 4H), 1.42 — 1.27 (m, 10H),

0.99 (t, J = 7.4 Hz, 3H), 0.90 (t, J = 6.0 Hz, 3H). 2*C NMR (101 MHz, CDCls) & 171.35,

205



165.96, 151.07, 143.68, 129.07, 122.72, 122.50, 113.35, 65.02, 55.98, 33.99, 31.69, 30.76,

28.95, 24.96, 22.60, 19.25, 14.06, 13.74.

0/
0}
NNV
(o)

Butyl 4-(dodecanoyloxy)-3-methoxybenzoat(Ezq). Butyl 3-methoxy-4-(octanoyloxy)-
benzoate as colourless liquid (197 mg, 97%) was synthesized according to the general
procedure. 'TH NMR (400 MHz, CDCls) 6 7.69 — 7.64 (m, 2H), 7.08 (d, J = 8.0 Hz, 1H), 4.33
(t, J = 6.0 Hz, 2H), 3.88 (s, 3H), 2.59 (t, J = 7.0 Hz, 2H), 1.76 (m, 4H), 1.52 — 1.41 (m, 4H),
1.28 (s, 14H), 0.98 (t, J = 8.0 Hz, 3H), 0.90 (t, J = 6.0 Hz, 3H). 1*C NMR (101 MHz, CDCl5)
0 171.32,165.94, 151.07, 143.68, 129.06, 122.71, 122.49, 113.34, 65.00, 55.96, 33.99, 31.91,

30.77, 29.72, 28.89, 24.96, 22.69, 19.25, 14.10, 13.74.
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Figure 4.5.6. TH NMR (400 MHz) spectrum of vanillic acid in DMSO-ds at r.t. (* marks as
water peak)
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Figure 4.5.6.13C {*H} NMR (101 MHz) spectrum of vanillic acid in DMSO-dg at r.t.

M0 — 0N M T Cd = oo r~
mininins « 0o & N
L N e T T w0 w w a2 i)
LT RS [ i
o”
N

) |
AW Ml I ,J [ Il Y
rany T L o)
q4 - Q (s} N W
a Q =] o) <=
O o — o m
T T T T T T T g T i T T T T T T T T T T T T T T T T T T T
8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0
f1 (ppm)

Figure 4.5.7. TH NMR (400 MHz) spectrum of methyl 4-hydroxy-3-methoxybenzoatein
CDClz atr.t.
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Figure 4.5.8.183C{*H} NMR (101MHz) spectrum of methyl 4-hydroxy-3-methoxybenzoate
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Figure 4.5.9. 13C {IH} NMR (101 MHz) spectrum of butyl 4-acetoxy-3-methoxybenzoate
in CDClz at r.t.

X-ray structure determination

Crystallographic data and structure determinations details are compiled in Table 4.5.1. The
crystals were obtained by slow diffusion of diethyl ether into a solution of 7 in DCM at r.t.
The crystals were coated with silicon oil on a glass slide and a suitable single crystal was
mounted on a glass fibre. Crystal data were collected with a Rigaku Oxford diffractometer
and with an INCOATEC micro source (Mo-Ka radiation, A = 0.71073 A, multilayer optics) at
100 K. The structure was determined using direct methods employed in ShelXT, OleX, and
refinement was carried out using least-square minimization implemented in ShelXL. All
nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atom
positions were fixed geometrically in idealized positions and were refined using a riding

model. CCDC 2243929 (for complex 7) contains the supplementary crystallographic data.

Table 4.5.1. Crystallographic Data and Refinement Parameters for complex 7
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Empirical formula CisH25FeN3Os
CCDC 2243929
Formula weight (g mol?) 395.24
Temperature (K) 100.00(10)
Wavelength 0.71073
Crystal system orthorhombic
Space group Pna2;

a (A) 12.6355(3)

b (A) 12.7504(4)

c (A 11.0033(3)

o (deg) 90

S (deg) 90

y (deg) 90
volume (A3) 1772.72(8)

Z 4

Deaic (g cm3) 1.4811

u (mm-1) 0.882
F(000) 832
Crystal Size 0.2 x0.2 x 0.1mm?
6 Range (deg) 7.16 t0 63.74

Index Ranges

-16<h<18,-18<k<18,-15<1<
15

Reflections collected 18716
Independent reflections (Rint) 4611 [Rint = 0.0440, Rsigma = 0.0395]
Completeness to theta = 25.07° 99.60
Refinement method Full-matrix least-squares on F?
Data/Restraints/parameters 4611/1/228
Goodness-of-fit on F2 0.761
Final R indices [1>25(1)] R1=0.0315,

wR2 = 00.0913
R indices (all data) R1 =0.0363, wR2 = 0.0976
Largest diff. peak/hole (e A-3) 1.39/-1.06
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Chapter 5

Iron Catalyzed Oxidation of Primary Alcohols: Reaction Media Induced
Chemodivergent Aldehyde and Acid Selectivity

5.1 ABSTRACT: Selective catalytic transformations are vital in organic syntheses and

chemodivergent synthesis has a special value. Selective oxidations of alcohols to the
corresponding carbonyls or complete oxidation to carboxylic acids are among the crucial
reactions in organic chemistry. In recent years, catalysis with base metal iron has received a
special significance because iron is highly abundant, cheap, non-toxic and sustainable.
Therefore, iron catalyzed oxidation of alcohols is an important research topic. We have used
a readily synthesized tridentate NNN ligand (L1) to synthesize an air-stable iron complex (1)
in almost quantitative yield. Complex 1 proved to be an effective catalyst for the selective
peroxidative oxidation of primary alcohols to aldehydes using tert-butyl hydroperoxide
(TBHP) under solvent-free condition. The same iron complex is highly efficient for the
selective oxidation of activated and unactivated primary alcohols to the corresponding
carboxylic acids in highly polar solvents such as water and deep eutectic solvent (DES). In
DES (choline chloride/glycerol (1:2)), ppm level (1 ppm) catalyst loading was used to give
very high TON (10000) and TOF (10000/h) for the selective oxidation of primary alcohol to
carboxylic acids. A wide variety of primary alcohols (benzylic, allylic and aliphatic) were
selectively converted to the respective carboxylic acids in good to excellent isolated yields.
This is excellent example of reaction media induced chemodivergent oxidation of primary
alcohols to aldehydes and carboxylic acids. Using green reaction media such as water and
type-111 DES (or no added solvent) in the present catalytic oxidation of alcohols is no doubt

sustainable.
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5.2 INTRODUCTION: Transition metal complexes have become the essential tools for

the efficient and selective organic transformations. Most of the significant industrial chemical
processes utilize a wide variety of transition metal catalysts and they are equally important in
academia for small lab-scale organic syntheses. A vast majority of those processes are
dominated by noble metal catalysts and their rarity on the earth-crust, high cost and toxicity
are detrimental for large-scale applications. In contrast, base metals are earth-abundant, cheap
and non-toxic (or much less toxic compared to their heavier counterparts) and thus, base
metal catalysts are ideal for organic syntheses. Iron is a particularly lucrative arsenal in the
toolbox of synthetic chemists as iron is the most abundant transition metal (and third most
abundant metal), very inexpensive, non-toxic and ecofriendly. In addition, iron enjoys several
stable oxidation states and several coordination geometries are accessible.! As a result, iron
complexes have found applications in all different fields of homogeneous catalysis.? In 2004,
Bolm et al. published a comprehensive review article which gave an excellent overview of
iron catalyzed reactions in organic transformations and this triggered a serious surge on the
developments of iron catalysts.? It is not surprising that iron complexes have found serious
attentions also in oxidation chemistry which is frequently used in academic laboratory as well
as in industry.* The oxidations of alcohols to carbonyl compounds or their full oxidation to
acids are among the central oxidation reactions in organic chemistry and are of interest for
the production of new fine chemicals and energy materials.> There is a large pool of
stoichiometric oxidants for the selective oxidation of alcohols to aldehydes or ketones, which
is an essential reaction in organic syntheses. Effective stoichiometric oxidants include
hypervalent iodine reagents,?¢ activated dimethyl sulfoxides,?* and metal-based oxidants such
as manganese dioxide?? and chromium salt.23 Selective oxidation of alcohols to carboxylic
acid, involving cascade oxidation of alcohol to carbonyl to carboxylic acid, is equally

important in organic chemistry. Several effective metal-based oxidants such as Jones reagent
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(CrO3/H2S04),'%  Collins reagent (CrOs3/2 pyridine),!! pyridinium chlorochromate,!?
pyridinium dichromate,!? ruthenium tetraoxide,'4 ruthenate and perruthenate ions!> have been
developed for this transformation. Most of these stoichiometric oxidants (particularly
cjromium-based) are carcinogenic and toxic. In addition, those stoichiometric oxidants
produce a huge amount of byproduct waste. Current trend to develop environmental
compatible and sustainable oxidation protocols lead to two types of oxidations namely
aerobic oxidations and peroxidative oxidations. Air is the most sustainable and green oxidant,
however, many synthetic protocols used pressurized oxygen cylinder. Various metal catalysts
including iron catalysts have been developed for the aerobic oxidation of alcohols.!¢ For the
peroxidative oxidations, hydrogen peroxide (H20:) and fert-butyl hydroperoxide (TBHP) are
generally used as green oxidants. Several transition metal catalysts such as iron,!” cobalt,!8
copper,'® ruthenium?® and palladium?' have been used the alcohol oxidation utilizing

ecofriendly peroxide oxidants.

Selective peroxidative oxidation of alcohols to carbonyl compounds or complete oxidation to
carboxylic acids is a challenging task. Peroxidative oxidation of secondary alcohols to
ketones selectively is considerably easy as further oxidation to acid is pretty difficult task as
the oxidation of ketones to acids involves the oxidative cleavage of C-C bond. A few iron
catalysts have been reported for the peroxidative oxidation of secondary alcohols to
ketones.?? In contrast, selective peroxidative oxidation of primary alcohol to aldehyde is
tough as aldehydes are reactive and cascade oxidation continues to give carboxylic acids.
Therefore, product obtained by peroxidative oxidation of primary alcohol often contains a
mixture of aldehyde and carboxylic acid and there are a few examples of iron catalyzed
protocols.?? Stefano et al. used imine-based iron complex for the peroxidative oxidation of
both primary and secondary alcohols using H>O,. Moderate conversion of primary alcohols

was noted; however, selectivity towards aldehyde was very poor.?*® Recently, Caselli et al.

221



also reported iron catalyzed (5 mol% catalyst loading) chemoselective peroxidative oxidation
(using H20, as oxidant) of primary alcohols to aldehydes.?’® Various substituted benzyl
alcohols were subjected to oxidation and decent to excellent (45-95%) conversions were
noted. However, selectivity to aldehyde was not great (70-90%) in most of substrates. Both
conversion and selectivity for the allylic alcohols were poor. The reported oxidation protocol
was virtually ineffective for unactivated aliphatic primary alcohols. A significant effort has
been devoted to develop efficient iron catalysts which can selectively oxidize primary
alcohols to aldehydes or selectively oxidize primary alcohols to carboxylic acid. However,
the number of reports on selective peroxidative oxidation of primary alcohols using iron
catalysts is very limited. Duan et al. reported a chemoselective peroxidative oxidation (using
H>O; as oxidant) of primary alcohols to aldehydes by using a recyclable and water-soluble
iron catalyst (2 mol% catalyst loading) (Scheme 5.2.1).>* Various benzylic and allylic
primary alcohols were oxidized to the corresponding aldehydes in good to excellent yields
with little formation of carboxylic acids. In addition, a few unactivated aliphatic primary
alcohols was also successfully oxidized to the corresponding aldehydes. There is only one
example of iron catalyst for the selective peroxidative oxidation of primary alcohol to
carboxylic acid. Schachner et al. reports air-stable iron catalysts (4 mol% catalyst loading) for
the selective oxidation of benzylic alcohols to the corresponding benzoic acids (Scheme
5.3.1).% However, the peroxidative oxidation was performed at elevated temperature (70 °C)
in presence of a large excess of H202 (6 eq.). An essential goal in synthetic chemistry is the
development of highly selective catalytic protocols and chemodivergent reaction is a vital
strategy for the efficient syntheses of diverse molecular structures from the common starting
materials. Several factors such as metal, ligand, additive, temperature, pressure, pH, time and
solvent can switch the chemoselectivity in a catalytic chemical transformation.?¢ To the best

of our knowledge, there is no example of iron catalyst (or any transition metal catalyst)
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capable of performing chemodivergent oxidation of primary alcohol selectively to aldehyde
and selectively to carboxylic acids. Herein, we report a reaction media induced
chemodivergent peroxidative oxidation of primary alcohols to aldehydes and acids catalyzed
by an iron complex (Scheme 5.2.1). The air-stable iron catalyst is extremely efficient (ppm
level catalyst loading) for the selective peroxidative oxidation of primary alcohols to
carboxylic acids in highly polar solvents and same iron catalyst is equally effective for the
selective peroxidative oxidation of primary alcohols to aldehydes in the absence of any

solvent.

Scheme 5.2.1. Iron catalyzed peroxidative oxidation of primary alcohol
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Present work: Iron catalyzed chemodivergent oxidation of primary alcohol to aldehyde and acid
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5.3 RESULTS AND DISCUSSION

Ligand selection is crucial for the development of effective metal catalysts. The capacity of
ligands to alter the steric and electronic properties of the metal core is considered as an
important factor in homogeneous catalysis. For example, Duan et al. utilized a tridentate
NNN ligand for the iron catalyzed peroxidative oxidation of primary alcohol selectively to
carboxylic acid. However, iron complex was in situ generated and the true identity of the iron
catalyst was unknown. In this regard, we wanted to develop a well-defined iron catalyst with

a tridentate NNN ligand which can be readily synthesized from cheap starting materials. The
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tridentate NNN coordination might well give good stability of the resultant metal complex. A
previously reported tridentate NNN ligand Li was chosen, which was synthesized by
condensation of 2-morpholino ethylamine with 2-pyridinecarboxaldehyde followed by
reduction of the Schiff base imine intermediate (Scheme 5.3.1). We selected iron precursor as
our goal was to develop sustainable base metal catalyst. Easy coordination of tridentate NNN
ligand L1 with cheap iron(Il) chloride precursor at r.t. in air yielded complex 8 as a NMR-
silent air-stable yellow solid (Scheme 5.3.2). Complex 8 was characterized by mass
spectrometry, IR spectroscopy and elemental analysis. In the mass spectrum of complex 8, a
peak was observed at 661.0831 which corresponds to the molecular ion peak [M-CI]*. In the
IR spectrum of unbound ligand L, a distinctive peak at 3200 cm™! was observed which is the
characteristic stretching vibration associated with the N—H bond. However, same N-H bond
stretching vibration has undergone slight displacement and was observed at 3194 cm™' for
complex 1. The IR spectra of complex 1 displayed medium intense bands in the range 3000
to 2800 cm™!, which are identified as the symmetric and asymmetric stretching vibrations of
aromatic C—H bonds.?’-?° The characteristic stretching vibrations of pyridyl (C=N) and
phenyl (C=C) ring was observed in the range 1400-1630 cm™!' for both the ligand and
complex 8. More importantly, C—O bonds, present in the backbone of both the ligand and
complex showed sharp bands within the range of 1260 to 1390 cm™!. Furthermore, the crystal
structure of the complex 8 was determined using Single crystal X-ray diffraction study.
Crystallographic refinement parameters and important bond lengths are given in ESI (Table
4.5.1) while ellipsoid view (30 % probability) of the complex molecule is displayed in
Scheme 5.3.2 along with atom numbering. For the sake of clarity in the image, hydrogens are
omitted except the hydrogen present in the amine nitrogen atom. Crystal structure reveal that
complex 8 crystallizes in the monoclinic system with P21/n space group. Complex 8 is a

centrosymmetric dimer with two bridging chlorides and one terminal chloride atoms around
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the metal centers. The asymmetric unit of 8 consists of half of the dimer along with a
chloroform molecule, placed in a general position. Each iron center in 8 is coordinated by
three nitrogen atoms of the ligand L1, two bridging chlorides and one terminal chlorine atom.
As evident form the bond angles (74.51(8)—172.71(6)°), the geometry of the metal center can
be best described as distorted octahedral. Inside the octahedral geometry, pyridyl nitrogen
(N1), amine nitrogen (N2), terminal chloride (CI3) and one of the bridging chlorides (CI1)
construct the basal plane while other bridging chloride (Cl1) and morpholine ring nitrogen
(N3) atom are in axial position. It is worth noted that the secondary amine nitrogen arm
contains one acidic proton which can easily be deprotonated in presence of an external base
to create vacant sites around octahedral geometry (often this geometry is consider as
catalytically less favourable due to poor scope of substrate binding). Moreover, bond
distances around the metal centers in 8 are in the range 2.203(2)-2.6382(7) A and the
distance between two iron centers is 3.656 A and all these bond lengths are consistent with
previously reported dichloro bridged Fe(Il) complexes.3%-33 A strong intramolecular hydrogen
bonding between amine proton and terminal chloride and various other intermolecular
hydrogen bonding such as C-H---Cl and C—H:--O provides the solid state stability in 8.
Additionally, the single proton in solvated chloroform is also involved in hydrogen bonding

with bridging chlorides and terminal chlorides as well.

Scheme 5.3.1. Synthesis of iron complex 8 with the molecular structures, using 50%
probability ellipsoids (Hydrogen atoms are omitted for clarity)
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With well-characterized and air-stable iron complex (1) in hand, we set out to investigate its
catalytic activity for the peroxidative oxidation of primary alcohol using TBHP as green
oxidant (Table 5.3.1). The reaction optimization was performed using benzyl alcohol as
standard substrate. As solvents produce most of the waste in a chemical transformation, we
chose to perform the peroxidative oxidation under solvent-free condition. We started the
peroxidative oxidation of benzyl alcohol with 2 eq. of TBHP in presence of 5 mol% catalyst
(complex 8) loading and the reaction was run for 6 h at r.t. (entry 1). Complete conversion of
benzyl alcohol to benzaldehyde with almost quantitative isolated yield (96%) of
benzaldehyde was obtained. Thereafter, the reaction time was gradually reduced to 1 h and
complete oxidation of benzyl alcohol to benzaldehyde was noted (entry 2). Encouraged by
the results, we steadily decreased the catalyst loading and complete oxidation of benzyl
alcohol to benzaldehyde was obtained in presence of 1 mol% catalyst loading (entry 3). The
catalyst loading was further reduced to 0.05 mol% and full oxidation of benzyl alcohol to
benzaldehyde with almost quatitative isolated yield was obtained in 1 h at r.t. (entry 5).

Further reduction of reaction time to 30 min lead to incomplete oxidation of benzyl alcohol to
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benzaldehyde with roughly 20% unreacted benzaldehyde (entry 6). In absence of TBHP
(entry 7) and complex 1 (entry 8), very poor conversion (less than 10%) of benzyl alcohol
was obtained. So, entry 5 (depicted as bold) was concluded as the optimized reaction
condition for the oxidation of benzyl alcohol to benzaldehyde. We also tested iron salt
FeCl2.4H;O0 as catalyst under very same reaction condition and very poor oxidation of benzyl
alcohol was noted (entry 9). It is worth to mention that present peroxidative oxidation of

benzyl alcohol was absolutely selective to aldehyde; formation of benzoic was not observed.

Table 5.3.1. Catalytic performance of 8 for the peroxidative oxidation of benzyl alcohol
to benzaldehyde.”

OH 8 ([Fe]: x mol%) CHO
+2 TBHP
neat, r.t., time

entry  catalyst TBHP time  conversion’ yield®
(mol%) (eq)  (h) (%) (%)

1 8(5) 2 6 >99 96

2 8(5 2 4/2/1  >99 95/96/96

3 8 (4/2/1) 2 1 >99 96/95/96

4 8(0.1) 2 1 >99 95

5 8 (0.05) 2 1 >99 96

6 8 (0.05) 2 0.5 82 76

7 8 (0.05) 0 1 <10 n.d.

8 8(0) 2 1 <10 n.d.

9 FeCL.4H,0O (0.05) 2 1 <15 n.d

“Reactions conducted with 5.0 mmol of benzyl alcohol, 10.0 mmol of TBHP and
5/4/2/1/0.1/0.05 mol% of 8. ®Conversions were determined by '"H NMR spectroscopy using
1,3,5-trimethoxybenzene as standard. ‘Isolated yields.

Since complex 8 proved to be an efficient catalyst for the peroxidative oxidation of benzyl
alcohol to benzaldehyde, the generality of the performance of complex 1 for the oxidation of

various primary alcohol was tested. Previously optimized oxidation protocol (Table 1, entry
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5: 5 mmol of substrate, 2 eq. TBHP, 0.05 mol% complex 8, r.t., 1 h) was utilized for
oxidation of various benzylic, allylic and aliphatic alcohols to expand the substrate scope
(Scheme 5.3.2). We started with substituted benzylic alcohol with electron donating
substituents such as methyl, methoxy, bromo and hydroxyl at ortho- and para-posititions and
excellent selectivity and yields of the corresponding aldehydes (B1: 94%, B2: 91%, B3: 86%
and B4: 91%) were obtained. Substituted benzylic alcohol with electron withdrawing
substituents such as trifluoromethyl, cyano and nitro groups were cleanly oxidized to the
corresponding aromatic aldehydes (Bs: 87%, Be: 85%, B7: 95% and Bs: 94%). Using present
catalytic protocol, substituted benzylic alcohols with multiple electron donating substituents
were also smoothly oxidized to the respective aldehydes (Bo: 94%, B1o: 82%, B11: 82% and
B12: 83%). So, the electronic nature of the substituents has no effect on the outcome of this
peroxidative oxidation. We also tested polycyclic and heteroaromatic primary alcohols and
excellent selectivity and yields of the corresponding aldehydes (B13: 86%, Bi4: 91% and Bis:
89%) were obtained. In addition to the benzylic alcohol, allyl alcohol as activated primary
alcohol was also tested. Representative example was illustrated, where cinnamyl alcohols
underwent facile peroxidative oxidation to give cinnamaldehyde selectively (Bie: 93%). In all
those peroxidative oxidations, no substrate was oxidized to carboxylic acid. Thereafter,
unactivated aliphatic primary alcohols were subjected to the optimized peroxidative oxidation
protocol. 3-(4-isopropylphenyl)-2-methylpropanal was selectively oxidized to the respective
aldehyde in excellent isolated yield (B17: 94%). 3-phenyl-1-propanol, n-hexanol, n-heptanol
and n-nonanol were oxidized to the corresponding aldehydes in good yields (Bis: 73%, Bio:
71%, B2o: 74% and B21: 69%). Although decent aldehyde selectivity (roughly 80%) was
observed for challenging aliphatic primary alcohols, we also observed the formation of over-

oxidation carboxylic acid product (roughly 20%). This catalytic system is applicable to a
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wide variety of primary alcohols and noteworthy functional group tolerance was also

observed.

Scheme 5.3.2. Substrate scope for the selective oxidation of primary alcohols to

aldehydes®”
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mol% of 8 at r.t. under neat condition for 1 h. *Isolated yields.
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Acetonitrile is a heavily used reaction medium for the oxidation of substituted benzyl
alcohols.*-3® Chlorinated solvents (for example DCM) is also frequently used for the same
purpose. However, acetonitrile and DCM are considered as hazardous solvents. Solvent
selection for sustainable catalytic transformations is a vital consideration. The nature of
solvent may directly influence the outcome of a homogeneous catalytic reaction, but the
effect of various solvent parameters on a catalytic process is often ignored. Moreover, Jessop
et al. nicely illustrated how a careful solvent selection can significantly increase the
performance of a homogeneous catalyst.>® Recently, Bagh et al. showed the influence of the
solvent polarity and coordination ability on the aerobic oxidation of vanillyl alcohol to
vanillin.4® Although nice selectivity to primary alcohol to aldehyde was observed for the
present catalytic oxidation protocol under solvent-free condition, we wanted to investigate the
effect of solvent on the present peroxidative oxidation of primary alcohols. We selected five
solvents DCM, acetone, acetonitrile and water with increasing solvent polarity and tested the
catalytic performance of complex 8 in those solvents (Table 5.3.2). At first, peroxidative
oxidations of benzaldehyde were performed with 2 eq. of TBHP in presence of 0.1 mol%
catalyst loading at r.t. for 30 mins in those five solvents. In the least polar DCM, a small
amount of benzaldehyde (16%) was formed and the rest was unreacted benzyl alcohol (entry
1). In acetone with a higher dielectric constant, amount of benzaldehyde increased to 34%
(entry 2). However, a large amount of unreacted starting material was present. Thereafter, the
peroxidative oxidation was performed in acetonitrile with even higher solvent polarity (entry
3) and interestingly we observed the formation of both benzaldehyde (25%) and benzoic acid
(40%). Finally, the peroxidative oxidation was performed in highly polar water (entry 5) and
full oxidation of benzyl alcohol was observed with a large amount of benzoic acid (78%) and
small amount of aldehyde (22%). Then, the reaction time was increased to 1 h and we were

pleased to see the complete and selective oxidation of benzyl alcohol to benzoic acid in water
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(entry 6). The optimized reaction condition for the selective peroxidative oxidation of benzyl
alcohol to benzoic acid is as follows: 5 mmol of substrate, 2 eq. TBHP, 0.05 mol% complex
8, r.t., 1 h and water as solvent (entry 6, depicted in bold). Hence, profound effect of solvents
on the outcome of benzyl alcohol oxidation was observed and selective oxidation of primary
alcohol to carboxylic acid was achieved in green solvent water. We also wanted to check the
catalytic performance of complex 8 in other green and sustainable solvents. In the last
decade, deep eutectic solvents (DESs) have emerged as an appealing ecofriendly and
sustainable reaction media with minor economic and environmental impact.*!*#*® In addition,
DESs are highly polar. So, we selected a non-toxic metal-free and commonly used type-III
DES which is a 1:2 mixture of choline chloride (ChCl) and glycerol and following
peroxidative oxidations of benzyl alcohol were carried out in this DES (entry 6-9). We tested
the peroxidative oxidation of benzyl alcohol in ChCl/glycerol (1:2) using previously
optimized reaction condition and complete oxidation of benzyl alcohol to benzoic acid was
observed in 1 h with 0.1 mol% catalyst loading (entry 6). Catalyst loading was further
reduced to 0.001 mol% and complete oxidation of benzyl alcohol to benzoic acid was noted
again in 1 h (entry 8). If the reaction time was reduced to 30 mins, benzaldehyde was also
observed along with benzoic acid (entry 9). Very low catalyst loading was achieved in DES
and entry 8 was considered as another optimized reaction conditions. Therefore, complex 8
was proved to be an extremely efficient catalyst in DES for the selective oxidation of benzyl
alcohol to benzoic acid.

Table 5.3.2. Catalytic performance of 1 for the peroxidative oxidation of benzyl alcohol
in different solvents.”

OH 8 ([Fe]: x mol%) ('? 9
()A +2 TBHP g Oy + CoH
solvent, r.t., time
entry catalyst8 time solvent dielectric benzaldehyde? benzoic acid?
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(mol%) (h) constant (g) (%) (%)

1 0.1 0.5 DCM 8.40 16 0

2 0.1 0.5 acetone 21.01 34 0

3 0.1 0.5 MeCN 36.64 25 40

4 0.1 0.5 water 78.54 22 78

5 0.1 1 water  78.54 0 >99 (959
6 0.1 1 DES? 83.74 0 >99 (95¢)
7 0.05/0.01 1 DES? 83.74 0 >99 (94¢)
8 0.001 1 DES 83.74 0 >99 (96°)
9 0.001 0.5 DES? 83.74 28 72

@Reactions conducted with 5.0 mmol of benzyl alcohol, 10.0 mmol of TBHP and
0.1/0.05/0.001 mol% of 8 in 2 mL of solvent. ?Conversions were determined by 'H NMR
spectroscopy using 1,3,5-trimethoxybenzene as standard. ‘Isolated yields. “DES stands for
ChCl/glycerol (1:2).

Since complex 8 displayed very high efficiency for the catalytic peroxidative oxidation of
benzyl alcohol to benzoic acid in highly polar solvents, the generality of the performance of
complex 8 for the oxidation of various primary alcohol was tested. Following two optimized
oxidation protocols were used for the peroxidative oxidation of various benzylic, allylic and
aliphatic alcohols to expand the substrate scope: A. Table 5.3.2, entry 9: 5 mmol of substrate,
2 eq. TBHP, 0.001 mol% complex 8, 2 mL ChCl/glycerol (1:2), r.t., 1 h and B. Table 5.3.2,
entry 6: 5 mmol of substrate, 2 eq. TBHP, 0.1 mol% complex 8, 2 mL water, r.t., I h (Scheme
5.3.3). At first various substituted benzylic alcohols with various electron donating and
electron withdrawing groups were subjected to oxidative under above mentioned optimized
reaction conditions. All substituted benzylic alcohols were selectively oxidized to the
corresponding carboxylic acids with excellent isolated yields (Ci: 93%, Cz: 98%, C3: 81%,

Cs: 94%, Cs: 91%, Ce: 97%, C1: 95%, Cs: 97%, Co: 97%, Ciro: 96%, Ci1: 96% and Ciz:
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88%). Polycyclic and heteroaromatic primary alcohols were also cleanly oxidized to the
corresponding carboxylic acids (Ci3: 86%, Ci4: 91% and Cis: 94%). Allylic alcohols were
also effectively oxidized to the respective carboxylic acids in high isolated yields (Cie: 76%,
Ci17: 86% and Cis: 84%). Finally, we tested unactivated aliphatic primary alcohols and they
were cleanly oxidized to the corresponding carboxylic acids in good isolated yields (Cio:
76%, Cz20: 76%, C21: 76%, C22: 86% and C23: 84%). Finally, optimized oxidation protocol in
water was also tested for a few selective primary alcohols and corresponding carboxylic acids
were isolated in good to excellent yields (Cz2: 94%, C4: 91%, C7: 91%, Co: 97%, Ci2: 85%,
Ci4: 87%, Cis: 90%, Ci17: 85%, C19: 72% and Czo: 74%).

Scheme 5.3.3. Substrate scope for the selective oxidation of primary alcohols to

carboxylic acids®”

O
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“Reactions conducted with 5.0 mmol of primary alcohol, 10.0 mmol of TBHP and 0.001
mol% of 8 in 2 mL of ChCl/glycerol (1:2) at r.t. for 1 h. “Reactions conducted with 5.0 mmol
of primary alcohol, 10.0 mmol of TBHP and 0.1 mol% of 1 in water (2 mL) at r.t. for 1 h.

It is important to recycle and reuse a catalyst for sustainable catalytic development. The role
of solvent is equally important as solvents in a chemical reaction often produce the most
amount of chemical waste. Therefore, recycling the reaction media is even more important
than catalyst recycling. Therefore, we set out to explore the possibility of catalyst and
reaction media recovery and reuse. After performing the catalytic oxidation of vanillyl
alcohol to vanillic acid using standard optimized reaction conditions, we extracted the
product vanillic acid with ethyl acetate, another green solvent. After the second set of
reactions, the recovered reaction media and catalyst were reused for another four times
without any significant change in activity for both methods. Therefore, the solution of the
iron catalyst in DES (ChCl/glycerol (1:2)) was effectively recycled five times

Finally, based on past reports, a plausible catalytic path is proposed.4’ First step involves
the reaction of TBHP with Fe(Il) complex to give oxidized Fe(Ill)-hydroxy species and tert-
butoxy radical. Fe(Ill)-hydroxy species further reacts with TBHP to give Fe(IlI)-peroxo
species. Then there are two possible paths. Path A involves the reaction of alcohol with zert-
butoxy radical to generate either carbon- or oxygen-center radical which finally reacts with
Fe(Ill)-peroxo species to give aldehyde and regenerate starting Fe(II) species. Path B
involves the formation of iron(IV)-oxo species which further reacts with carbon- or oxygen-
center radical to give aldehyde and regenerate Fe(Il)-hydroxy species.

Scheme 5.3.4. Plausible reaction path for complex 8 catalyzed alcohol oxidation
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Stepl: L,Fe' + Bu-0-0-H — L,Fe-OH + Bu-O

Step Il: L,Fe"-OH + tBu-0-O-H —> L,Fe'"-0-0-tBu + H,0

Path A:
Step Ill: H. . R
P 0 . 0 i
WH + tBu-O —> wH or )\ + tBu-OH
R™ 'H R™ “H R H
Step IV: . H.
P O O 1l Q
L,Fe"-0-0-tBu + )\H or ] T LoFe + Bu-0-0H + S
R” “H R H R H
Path B:
Step Ill: L,Fe"-0-0-tBu — L,Fe"V=0 + tBu-O
Step IV: H. . .
P 0 . 0 0
)\\\\H + tBu-O —> wH or )\ + tBu-OH
R”H R” “H R H
Step V: . H.
P LoFe'V=0 + iH or i — LFe'-OH + )Ol\
. .
R™ H R H R™ H
5.4 CONCLUSIONS

In conclusion, we have developed an air-stable iron catalyst for the efficient peroxidative
oxidation of activated and unactivated primary alcohols at ambient reaction conditions. Using
iron as a base metal catalyst is a significant development for selective oxidation of primary
alcohols. Under neat condition, the peroxidative oxidation of primary alcohol was highly
selective to aldehyde and various activated alcohols such as benzylic and allylic alcohols with
different functionalities were effectively oxidized to the corresponding aldehydes. A slight
loss of aldehyde selectivity was observed for challenging aliphatic alchols and small amount
of carboxylic acids were formed as over-oxidation product. In highly polar solvents such as
water deep eutectic solvent (ChCl/glycerol (1:2)), the catalytic peroxidation oxidation of
primary alcohol was selective to carboxylic acid. It is worth to mention that those oxidations

were performed in green reaction media such as water and type-III DES. A wide variety of
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activated and unactivated alcohols such as benzylic, allylic and aliphatic alcohols with
different functional groups were effectively oxidized to the corresponding carboxylic acids.
Thus, present catalytic protocol exhibited broad substrate scope and notable functional group
tolerance. This is an interesting example of reaction media induced chemodivergent oxidation
of primary alcohol. Very low catalyst loading particularly ppm level catalyst loading for the
oxidation of primary alcohol to carboxylic acid is realistic for possible industrial use. The
catalyst in deep eutectic solvent can be recycled several times. In conclusion, developing base
metal catalyzed sustainable catalytic protocols for chemoselective oxidation of primary
alcohols is a significant achievement. Further investigation will involve the use of the present

iron catalyst for the selective oxidation of secondary alcohols.

5.5 experimental section

Syntheses of ligand and corresponding iron complex

General experimental. Syntheses of ligand and iron complex were carried out in air. All
solvents (acetonitrile, dichloromethane, diethyl ether, hexanes, ethyl acetate, ethanol,
methanol) and chemicals were purchased from commercial suppliers and used without further
purification. For recording NMR spectra, CDClz and DMSO-ds was purchased from Sigma-
Aldrich and used without further purification. IH and 3C NMR spectra were recorded at
Bruker AV-400 and JEOL-400 (*H at 400 MHz and 3C at 101 MHz). *H NMR chemical
shifts are referenced in parts per million (ppm) with respect to tetramethylsilane (6 0.00 ppm)
and 13C{'H } NMR chemical shifts are referenced in ppm with respect to CDCl3 (8 77.16
ppm). The coupling constants (J) are reported in hertz (Hz). The following abbreviations are
used to describe multiplicity: s = singlet, bs = broad signal, d = doublet, t = triplet, g =
quadtrate, m = multiplate. High resolution mass spectra were recorded on a Bruker

micrOTOF-Q |1 Spectrometer. Elemental analysis was carried out on a EuroEA Elemental
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Analyser. Infrared (IR) spectra were recorded on a Perkin-Elmer FT-IR spectrophotometer.
Crystal data were collected with Rigaku Oxford diffractometer and with INCOATEC micro

source (Mo-Ka radiation, L. = 0.71073 A, multilayer optics) at 293 K.

Synthesis of 8. A mixture of L1 (0.221 g, 1.00 mmol) and FeCl».4H,0 (0.198 g, 1.00 mmol)
in acetonitrile (15 mL) was stirred at r.t. for 24 h resulting in a pale-yellow precipitate. All
volatiles were removed under high vacuum to give a light-yellow solid which was extracted
with dichloromethane (15 mL). Then the solvent was removed under high vacuum to give a
yellow solid as pure complex 1 (0.330 g, 95%). X-ray quality single crystals were obtained
by slow diffusion of diethyl ether into a solution of 1 in dichloromethane. HRMS (ESI-TOF)
m/z: [M — CI] * calcd for CasFezH3sCIsNeO2 661.0831; found 661.0831. Anal. Calcd for
CaaFe2H3ClsN6O2 (694.05): Elemental Analysis: C, 41.38; H, 5.49; Cl, 20.32; Fe, 15.87,

N,11.97; O, 4.58

General procedure for oxidations (reaction optimization and). Benzyl alcohol (0.540 g, 5
mmol) and complex 8 (5/ 3/ 2/ 1/ 0.05/0.01/0.005 mol %) and TBHP (0.50 mmol) were taken
in deep eutectic solvent and was transferred into a seal tube fitted with a magnetic stir-bar.
The reaction mixture was heated at appropriate temperature (r.t./ 50 °C/ 70 °C/ 100 °C) in an
oil bath for appropriate time (1 to 12 h). Thereafter, the reaction mixture was cooled down to
r.t. (in case of heating) and was extracted using ethyl acetate (3 X 5 mL) and all volatiles
were removed under reduced pressure to give white solid as pure product. The product was

analysed by *H NMR spectroscopy.

General procedure for the recycling of the reaction medium: benzyl alcohol (0.540 g, 5
mmol), complex 8 (0.01 mol %) and TBHP (0.50 mmol) were taken in deep eutectic solvent
and was transferred into a seal tube fitted with a magnetic stir-bar. The reaction mixture was

allowed to run for 2 hours at room temperature. After completion of the reaction the crude
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was extracted using ethyl acetate (15 mL) and reimaging DES was placed in seal tube
equipped with magnetic stir-bar. Vanillyl alcohol (0.076 g, 0.50 mmol) and complex 1 (2 mol
%) were taken and the reaction mixture was allowed to run 2 h at room temperature. The
entire process was repeated for four times and no change in catalytic activity was observed.

Vanillic acid was isolated almost < 99% in all reaction run.

NMR DATA OF SOME SUBSTRATE

Benzaldehyde (F1) Benzaldehyde as colourless liquid was synthesized according to the
general procedure. 1H NMR (700 MHz, CDC13) 6 1H NMR (700 MHz, CDCI3) 3 10.02 (s,
1H), 7.88 (d, J = 7.3 Hz, 2H), 7.70 — 7.59 (m, 1H), 7.59 — 7.44 (m, 2H). 13C NMR (176

MHz, CDCI3) § 192.40 (5), 136.41 (s), 134.47 (5), 129.37 (d, J = 129.5 Hz), 129.00 (s).

4-Methoxybenzaldehyde (F2) 4-Methoxybenzaldehyde was synthesized according to the
general procedure. IH NMR (700 MHz, CDCI3) 6 9.88 (s, 1H), 7.83 (d, J = 8.6 Hz, 2H), 7.00
(d, J = 8.7 Hz, 2H), 3.87 (d, J = 14.3 Hz, 3H). 13C NMR (176 MHz, CDCI3) & 190.86 (s),

164.63 (s), 131.99 (s), 129.94 (s), 114.32 (s), 55.58 (3).

2-Hydroxy-4-Methoxybenzaldehyde (F3) 2-Hydroxy-4-Methoxybenzaldehyde synthesized
according to the general procedure 1H NMR (700 MHz, CDCI3) 6 11.47 (s, 1H), 9.72 (s,
1H), 7.38 (t, J = 53.9 Hz, 1H), 6.87 — 6.22 (m, 2H), 3.86 (s, 3H) 13C NMR (176 MHz,
CDCI3) & 194.32 (s), 166.86 (s), 164.53 (s), 135.22 (s), 115.23 (s), 108.33 (s), 100.71 (s),

55.66 ().

3,5-Dibromo-2-Hydroxybenzaldehyde (F4) 3,5-Dibromo-2-Hydroxybenzaldehyde was
synthesized according to the general procedure 1H NMR (400 MHz, CDCI3) 6 11.53 (s, 1H),
9.83 (s, 1H), 7.92 (d, J = 2.3 Hz, 1H), 7.69 (d, J = 2.3 Hz, 1H). 13C NMR (101 MHz, CDCI3)
5 194.92 (s), 157.28 (s), 141.99 (s), 134.93 (s), 123.70 — 119.48 (m), 112.99 — 112.19 (m),
111.88 — 111.13 (m).
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Benzoic acid (D1) Benzoic acid was synthesized according to the general procedure 1H
NMR (400 MHz, CDCI13) & 10.36 (s, 1H), 8.23 — 8.11 (m, 2H), 7.65 (t, J = 7.4 Hz, 1H), 7.51
(t,J =7.7Hz, 2H). 13C NMR (101 MHz, CDCI3) & 172.41 (s), 133.84 (s), 130.24 (s), 129.36

(s), 128.51 (s).

3-Methylbenzoic acid (D2) 3-Methylbenzoic acid was synthesized according to the general
procedure 'H NMR (400 MHz, CDCl3) 4 7.95 (d, J = 8.5 Hz, 2H), 7.44 (s, 1H), 7.40 (d, J =
7.5 Hz, 1H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3) & 175.66 — 164.08 (m), 138.34 (5),

134.59 (s), 130.72 (s), 129.76 — 129.00 (m), 128.41 (s), 127.38 (s), 21.28 (s).

4-Methylbenzaldehyde (D3) 4-Methylbenzaldehyde was synthesized according to the
general procedure *H NMR (400 MHz, CDCls) 6 7.95 (d, J = 8.5 Hz, 2H), 7.44 (s, 1H), 7.40
(d, J=7.5Hz, 1H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3) 6 175.66 — 164.08 (m), 138.34

(s), 134.59 (s), 130.72 (s), 129.76 — 129.00 (m), 128.41 (s), 127.38 (s), 21.28 (S).

4-Methoxybenzoic acid (D4) 4-Methoxybenzoic acid was synthesized according to the
general procedure according to the general procedure *H NMR (400 MHz, CDCl3) 8 7.95 (d,
J=8.5Hz, 2H), 7.44 (s, 1H), 7.40 (d, J = 7.5 Hz, 1H), 2.45 (s, 3H). 13C NMR (101 MHz,
CDCl3) § 175.66 — 164.08 (m), 138.34 (s), 134.59 (s), 130.72 (s), 129.76 — 129.00 (m),

128.41 (s), 127.38 (s), 21.28 (5).

2-Hydroxy-4-Methoxybenzoic acid (D5) 2-Hydroxy-4-Methoxybenzoic acid was
synthesized according to the general procedure procedure according to the general procedure

IH NMR (400 MHz, CDCls) & 7.95 (d, J = 8.5 Hz, 2H), 7.44 (s, 1H), 7.40 (d, J = 7.5 Hz, 1H),
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2.45 (s, 3H). 13C NMR (101 MHz, CDCls) & 175.66 — 164.08 (m), 138.34 (s), 134.59 (s),

130.72 (s), 129.76 — 129.00 (m), 128.41 (s), 127.38 (s), 21.28 (S).
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NMR SPECTRA OF SOME SUBSTRATE
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X-ray structure determination

Crystallographic data and structure determinations details are compiled in Table S1. The
crystals were obtained by slow diffusion of diethyl ether into a solution of 7 in DCM at r.t.
The crystals were coated with silicon oil on a glass slide and a suitable single crystal was
mounted on a glass fibre. Crystal data were collected with a Rigaku Oxford diffractometer
and with an INCOATEC micro source (Mo-Ka radiation, A = 0.71073 A, multilayer optics) at
100 K. The structure was determined using direct methods employed in ShelXT, OleX, and
refinement was carried out using least-square minimization implemented in ShelXL. All
nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atom
positions were fixed geometrically in idealized positions and were refined using a riding

model.

Table 5.5.1. Crystallographic Data and Refinement Parameters for complex 7

Empirical formula C13H20ClsFeNzO
Formula weight (g mol?) 696.578
Temperature (K) 100.00(10)
Wavelength 0.71073

Crystal system monoclinic

Space group P21/n

a (A) 9.8542(5)

b (A) 14.7222(8)

c (A 14.3741(9)

o (deg) 90.000(5)

£ (deg) 108.889(6)

y (deq) 90.000(5)

volume (A3) 1973.09(8)

Z 4

Deaic (9 Cm73) 1.5477
u(mml) 1.446

F(000) 832

Crystal Size 0.2 x 0.2 x 0.1mm?®

6 Range (deg) 7.16 t0 63.74

Index Ranges -12<h<13,-20<k <20, -
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18<1<19

Reflections collected 18716
Independent reflections (Rint) 4611 [Rint = 0.0440, Rsigma = 0.0395]
Completeness to theta = 25.07° 99.60
Refinement method Full-matrix least-squares on F?
Data/Restraints/parameters 4611/1/228
Goodness-of-fit on F2 0.761
Final R indices [I>2c(1)] R1=0.0315,

wR2 = 00.0913
R indices (all data) R1=0.0427, wR2 = 0.0983
Largest diff. peak/hole (e A-3) 1.39/-1.06
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Chapter 6

(Summary of the thesis)

Reduction of different functional groups is one of the key transformations in organic
synthesis. To facilitate this, conventionally various hydrogenation methods have been
employed. Among them, catalytic transfer hydrogenation has gained widespread acclaim due
to its various advantages, such as being a highly atom-economical and efficient catalytic
process. This process has been well explored with secondary alcohols such as isopropanol
and formic acid. However, only a few reports are available for transfer hydrogenation using
challenging primary alcohols such as methanol and ethanol. In my second chapter | have
discussed Coordination of 1,4-disubstituted 1,2,3-triazoles ligands and [(p-cymene)RuClz].
followed by dehydrochlorination in the presence of a base resulted the formation of half
sandwich ruthenium complexes, which are tested for the transfer hydrogenation of aldehydes
and ketones in air using ecologically benign and cheap ethanol and methanol as the hydrogen
source in the presence of a catalytic amount of a base. A significant research interest has been
devoted to develop catalysts for the reduction of cellulose and lignin model compounds
furfural and vanillin, respectively. In my third chapter | have demonstrated an iron (l1)
complex was readily synthesized by facile coordination of NNO pincer ligand with
FeCl2.4H,0, which is efficiently utilized for the catalytic transfer hydrogenation of furfural

and vanillin using ethanol as sacrificial hydrogen donor.

Lignin is an alternative major source of monomeric phenolic compounds and the syntheses of
fine chemicals by oxidising lignin-based monomeric phenolics are gaining serious attention.
In this context, my fourth chapter contains an air stable iron (I1) complex employed for
selective peroxidative oxidation of biomass derived vanillyl alcohol to vanillic acid in metal
free type-1l1 deep eutectic solvent. Vanillic acid has been employed as a new building block

for the syntheses of various value-added products. In recent time, chemodivergent
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transformation has gain a significance attention in scientific community. The most of the
studies for switching the chemoselectivity rely on the catalyst, ligand, additive, solvent,
temperature, time, pressure, pH, and even small modifications in the substrate. In my last
working chapter, an air stable dimeric iron (I1) complex has developed by the facile
coordination of NNN pincer ligand and FeCl2.4H.O, which is capable in showing
chemodivergent transformation of primary alcohol to both aldehyde and acid by switching

the solvent condition.

255



