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The thesis titled “Regioselective Rhodium Catalyzed Isomerizing Hydroformylation and Iron
Catalyzed Hydroformylation of alkenes and Plant Qil” is divided into six different chapters.
Chapter-1 deals with detailed literature survey on the hydroformylation of olefins. Initial cobalt
(Co) based catalysts to recent rhodium (Rh) based catalysts and its impact on hydroformylation
process is discussed in great details." Role of alternative transition metals (apart from Co and Rh)
and earth abundant first row transition metal such as iron (Fe) in catalyzing hydroformylation is
highlighted.? In addition to this, isomerizing hydroformylation of olefins, challenges associated
with it and suitable ligand design to catalyze this process efficiently is presented. Chapter-2 deals
with the synthesis and characterization of a bulky bisphosphite ligand L1 and its application in
isomerizing hydroformylation of long chain internal olefins such as methyl oleate. Chapter-3
describes the methodology developed for the isomerizing hydroformylation of non edible plant
oils such as cashew nut shell liquid (CNSL) and Methyl ricinoleate (derived from castor seeds).
The iron catalyzed hydroformylation of olefins and the underlying mechanism is illustrated in
Chapter-4. Chapter-5 deals with the development of methodology for Fe catalyzed asymmetric

hydroformylation of olefins. Chapter-6 concludes the work and provides future direction.

Chapter 2. Regioselective Isomerizing Hydroformylation of Long Chain Internal Olefins

Today’s chemical world rely mainly on fossils fuel resources. However due to depleting fossils
fuel resources and consequently ever increasing prices of crude oil in global market, a sustainable
alternative is highly desirable. The prime source of olefins today is crude oil, which needs a
sustainable replacement. Plant oil derived fatty acids and cashew nut shell liquid can serve as an
alternative as they are highly abundant and have characteristic long methylene sequence with an
internal double bond. This internal double bond provides an excellent opportunity to further
functionalize the plant oil to useful chemicals and materials. Therefore it has been a long

cherished dream of organometallic chemists to isomerize the double bond to terminal position and



functionalize it selectively. However isomerization of internal double bond to terminal olefins is
thermodynamically unfavorable which makes the terminal functionalization of plant oil a
challenging transformation. In this chapter, synthesis of a bulky bisphosphite ligand L1 and its
implication in isomerizing hydroformylation of plant oil derived methyl oleate with an
unprecedented terminal selectivity of 75% is reported (Scheme 1).*> The formed linear aldehyde

was isolated and further converted to hydroxy-acid (AB type) bifunctional molecule.

[Rh]

H,/ CO
(1) Linear

Methyl oleate

(2) Branched

Scheme 1: Isomerizing hydroformylation of methyl oleate

Chapter 3. Isomerizing hydroformylation of non-edible plant oils

In this chapter, development of a methodology for isomerizing hydroformylation of cashew nut
shell liquid is discussed. Under optimized reaction conditions, monoene derived from CNSL led
to 28% terminal selective aldehyde (Scheme 2). When free —OH group of monoene was protected
in the form of -OMe, the terminal selectivity improved to 50%. The isomerizing
hydroformylation of crude cardanol was found to be highly selective and terminal selectivity as
high as 74% was obtained under mild conditions.* Thus various AB and AA type of difunctional

molecules were synthesized starting from CNSL (Scheme 3).

OR

OR @\/\/\/\_/\/\/\/\/CHO
L, [Rh] OR Linear: P1/P1
S CO/H, + R =H(P1); Me (P1')

R = H(81); Me (82) %F—AY_J

Branched:P2 CHoO

Scheme 2. Isomerizing hydroformylation of monoene
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Figure 1: Ligands used for I-HF of CNSL
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Scheme 3. Feedstock chemicals synthesized from isomerizing hydroformylation of CNSL

Chapter 4. Fe catalyzed hydroformylation of olefins under mild conditions: Evidence of an
Fe (11) catalyzed process

Earth abundant, first row transition metals offer a cheap and sustainable alternative to the rare and
precious metals. However, utilization of first row metals in catalysis requires harsh reaction
conditions, suffers from limited activity, and fails to tolerate functional groups. In this chapter we
report a highly efficient iron catalyzed hydroformylation of alkenes under mild conditions. This
protocol operates at 10-30 bars syngas pressure below 100 °C, utilizes readily available ligands
and applies to an array of olefins (Scheme 4).°> Thus, the iron precursor [HFe(CO)4(PhsPNPPhs)]
(1) in the presence of triphenyl phosphine catalyzes the hydroformylation of linear alpha olefins
as well as styrene and its derivatives. Remarkably, the addition of 1 mol% acetic acid promotes
the reaction to completion within 16-24 hours. Detailed mechanistic investigations revealed in-
situ formation of an iron-dihydride complex [H2Fe(CO),(PPhs);] (A) as an active catalytic
species. This finding was further supported by cyclic voltammetry investigations and
intermediacy of an Fe(0)-Fe(ll) species was established. A mechanism based on an Fe(ll)
catalyzed hydroformylation of olefins is proposed (Figure 1). Identification of methyl heptanoate,
derived from an iron-acyl intermediate (figure 1 D) further authenticates the mechanistic
proposal. Thus, combined experimental and computational investigations support the existence of
an iron-dihydride as the catalyst resting state, which then follows a Fe(ll) based catalytic cycle to

produce aldehyde and regenerates the di-hydride species A.



[HFe(CO),I
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n L, syngas n A
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Scheme 4: Fe catalyzed hydroformylation of olefins
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Figure 2: Proposed mechanistic cycle for Fe catalyzed hydroformylation of olefins

Chapter 5. Fe catalyzed asymmetric hydroformylation of olefins
An efficient methodology for Fe catalyzed asymmetric hydroformylation of prochiral olefins is
discussed in this chapter. Synthesized Fe precursor (1) is treated with chiral bidentate ligands to

induce chirality in formed aldehyde product (Scheme 5).

CHO
F
N e precursor
Chiral L

Scheme 5. Asymmetric hydroformylation of styrene using Fe complex




Chapter 6. Conclusions and outlook

This work summarizes the synthesis of a bulky bisphosphite ligand L1 which can be used for
isomerizing hydroformylation of long chain internal olefins such as plant oils. Thus, isomerizing
hydroformylation of plant oil derived methyl oleate using L1 led to 75% linear product.
Isomerizing hydroformylation of non-edible plant oil derived cardanol using a bulky
bisphosphine ligand yielded the formylated product with 74% selectivity to linear aldehyde. With
the help of developed methodology various bifunctional molecules were synthesized and
structurally characterized. Apart from use of renewable starting materials, use of earth abundant
metals in catalysis is highly desirable. Hence, a methodology based on Fe catalyzed
hydroformylation is discussed in great details. It has been found that a Fe (0) precursor
[HFe(CO)4] in presence of triphenyl phosphine catalyzes hydroformylation of an array of alkenes
under mild conditions (10-30 bar, 100°C) to corresponding aldehydes. Further advancements in

this area such as asymmetric hydroformylation has also been included.

References

(1) For recent reviews on hydroformylation see: (a) Torres, G. M.; Frauenlob, R.; Franke, R.; Boerner, A. Catal. Sci. Technol.
2015, 5, 34-54. (b) Deng, Y.; Wang, H.; Sun, Y.; Wang, X. ACS Catal. 2015, 5, 6828-6837. (c) Chikkali, S. H.; van der
Vlugt, J. I.; Reek, J. N. H. Coord. Chem. Rev. 2014, 262, 1-15. (d) Vilches-Herrera, M.; Domke, L.; Boerner, A. ACS
Catal. 2014, 4, 1706-1724. (e) Franke, R.; Selent, D.; Boerner, A. Chem. Rev. 2012, 112, 5675-5732 and the references
therein. (f) van Leeuwen, P. W. N. M.; Kamer, P. C. J.; Claver, C.; Pamies, O.; Diéguez, M. Chem. Rev. 2011, 111, 2077-
2118.

(2) Pospech, J.; Fleischer, 1.; Franke, R.; Buchholz, S.; Beller, M. Angew. Chem. Int. Ed. 2013, 52, 2852-2872.

(3) Pandey, S.; Chikkali, S. H. ChemCatChem 2015, 7, 3468-3471.

(4) Pandey, S.; Shinde D.; Chikkali, S. H. ChemCatChem 2017, 9, 3397-4004.

(5) Pandey, S.; Vipinraj, K.; Shinde, D. R.; Vanka, K.; Kashyap, V.; Kurungot, S.; Vinod, C. P.; Chikkali, S. H. J. Am. Chem.
Soc. 2018, 140, 4430-4439.



Chapter 1

Introduction




Chapter 1 Introduction

1.1: Introduction to Hydroformylation

1.1.1: Overview

Crude oil is rich in hydrocarbons. It would be quite interesting to functionalize the hydrocarbons
obtained from petrochemical resources to increase their applicability. The functionalization is
mainly concerned with introduction of oxygen into hydrocarbon chain. For this three methods are
widely known: oxidation, carbonylation and hydroformylation. Out of these three,
hydroformylation has gained significant attention due to its wider applicability in industrial
settings. Hydroformylation, also known as oxo process, is a powerful synthetic tool to convert
alkenes into aldehydes with perfect atom economy and valuable homologous aldehydes are
generated using cheap syngas as one carbon source (scheme 1.1). It is considered as World’s
largest homogenous reaction catalyzed on an industrial scale and produces more than 12 million

tons of oxo products per annum.*?

[M] CHO THO
/\/ +
R R)\

Linear

R

syngas
Branched

Scheme 1.1: General representation of a hydroformylation reaction

This process was accidently discovered by German industrial chemist Professor Otto Roelen at
Ruhrchemie in late 1930s when he was studying the Fischer-Tropsch reaction (syn-gas
conversion to liquid fuels) using a heterogeneous cobalt catalyst.® In a mechanistic experiment
Roelen studied whether alkenes were intermediates in this process of syngas to fuel. He found
that alkenes were converted to aldehydes or alcohols containing one more carbon atom. It took
more than a decade before the reaction was taken further, but now it was considered as desired
conversion of petrochemical hydrocarbons into oxygenates. Later on, it was concluded that the
reaction was not catalysed by the heterogenous cobalt oxide supported over silica but in fact by
homogenous [HCo(CO)4] which was formed in the liquid state.* The term hydroformylation was
coined by Adkins.

Hydroformylation is catalyzed by most of the late transition metals however most active catalysts

involve Co, Rh, Ru, Pd and Pt as active metal center.'®®

1.1.2: Cobalt Catalyzed Hydroformylation
The original Ruhrchemie processs involved cobalt tetracarbonyl hydride as catalyst to synthesize
propanal starting with ethane. These reactions were performed at high temperature (150-180 °C)

and high pressure (200-350 bar).” Catalyst separation was a major difficulty in this case.

Ph.D. Thesis : Swechchha Pandey
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Chapter 1 Introduction

To overcome the limitations of original Ruhrchemie process and also to increase the substrate

scope BASF developed an oxo process that relies on cobalt carbonyl based catalyst and uses
mostly higher olefins. The reaction conditions used in this case were similar to Ruhrchemie
process, however the recovery of cobalt from the reaction mixture was facilitated by its oxidation
to water soluble Co®* followed by the addition of aqueous formic or acetic acid.

Further modifications related to catalyst recovery was suggested in Exxon process, also known as,
Kuhlmann oxo process.® In order to recover the catalyst, an aqueous sodium hydroxide solution
or sodium carbonate was added to the organic phase. The cobalt carbonyl hydride was recovered
by extraction with olefin and neutralization of excess base by addition of sulfuric acid solution
under carbon monoxide pressure.

In 1950s Shell introduced the use cobalt complexes modified with monodentate phosphine
ligands for hydroformylation of C7-C14 olefins to get aldehydes which are directly hydrogenated
in the reaction mixture to get detergent alcohols.® C7-C14 olefins are mainly obtained either from
wax cracker (mixture of internal and terminal olefins) or from the ethylene oligomerization
process (internal olefins). Due to high isomerization activity offered by cobalt catalyst
[HCo(CO),], this process is still preferred by industries to form long chain linear alcohols.
Formed alcohols can easily be separated from catalyst by distillation. Due to use of phosphine
ligands, the olefins could be hydroformylated at relatively milder conditions such as 40-80 bar
syngas pressure and at temperature 150-180 °C.

The first and generally accepted mechanism for Co catalyzed hydroformylation was proposed by
Heck and Breslow™ in 1961 starting with [HCo(CO).] as an active catalyst (figure 1.1). The
Co,(CO)g first reacts with H; via a binuclear oxidative addition to give [HCo(CQ),]. Next, CO
dissociation from metal generates the vacant sites (A) required for the alkene and H,. The first
steps resemble hydrogenation in that an alkyl is formed by alkene insertion (B & C). Since at this
stage there is no hydride on the metal, so instead of being trapped by reductive elimination with a
hydride, as happens in hydrogenation, the alkyl undergoes a migratory insertion of CO to give the
corresponding acyl complex (D). In the last step dihydrogen reacts with the acyl complex to form
the aldehyde product (E) and to regenerate the starting complex hydrido cobalt carbonyl. In
cobalt-catalysed hydroformylation the last step is often rate determining. In an alternative
pathway, [HCo(CO)4] can also cleave the acyl to give the aldehyde by a binuclear reductive

elimination, but this is probably a minor pathway in the catalytic cycle.
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Figure 1.1: Heck and Breslow mechanism for Co catalyzed hydroformylation

The cobalt based processes suffer from low chemo and regioselectivity and significant amount of
alkane formation was observed. The reaction conditions employed are very harsh in the presence

of cobalt catalyst.

1.1.3: Rhodium Catalyzed Hydroformylation

The second generation of hydroformylation catalyst used rhodium as metal along with phosphine
ligands. The first Rh catalyzed hydroformylation process was reported in 1974 by Celanese,
followed by other companies such as UCC in 1976 and Mitsubishi Chemical Corporation in 1978.
All of these processes used triphenylphosphine as ligand.'* Rh based catalysts are not only more
active than cobalt resulting in milder reaction conditions (10-60 bar, 80-135 °C ) but also their
atom economy is much better than cobalt based systems. Since the reaction could be performed at
milder conditions, Rh based processes are often termed as low pressure oxo (LPO) process.? In
the mid seventees Rh based catalyst started replacing Co based systems in case of
hydroformylation of propene and butenes. For detergent alcohol production though, even today,
the cobalt systems are preferred, because there is no good alternative yet for the hydroformylation

of internal higher alkenes to mainly linear product.
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The third generation of hydroformylation catalysts concerned mainly with the catalyst recovery

and a biphasic system was developed in 1986 for hydroformylation of propene. This process is
popularly known as Ruhrchemie or Rhone—Poulenc process in which Rh was in aqueous phase
and substrate and product in the organic phase. A highly water soluble sulphonated triphenyl
phosphine is used in this case.™® The two-phase process is not suitable for higher alkenes because
of the low solubility of higher alkenes in water and the first-order dependency of the rate on
alkene concentration.

Along with phosphines, phosphite ligands emerged as an alternative candidates for
hydroformylation of higher olefins. Many bulky monophosphite (figure 1.2) and bisphosphites

ligands were designed to get selective terminal product.**

?X (2

o—
P-0
oo A Y

Figure 1.2: Typical examples of phosphite ligands

Apart from Co and Rh other late transition metals such as Ru is well explored in case of
hydroformylation of olefins. Platinum and palladium based catalysts have been studied and the
results of the Pd catalyzed hydroformylation seem very promising in the presence of basic
bidentate phosphine ligand and acid co-catalyst.’> Platinum has been known for many years to
have a high preference for the formation of linear products, but ligand decomposition hampers
applications.'® First row transition metal such as Fe has also been used to carry out this important
transformation, however the reports dealing with iron are very primitive (detailed discussion is

given in chapter 4).

1.2: Challenges and Opportunities

One of the key issue in hydroformylation process is the regioselectivity for the formed aldehydes.
As it is evident from previous section that hydroformylation process generates two types of
aldehyde : linear and branched. Both of these products have different commercial applications. In
general, the linear aldehydes are the desired species due to their potential consecutive chemistry.
For example, the aldehydes can be oxidized to corresponding acids or hydrogenated to the

alcohols which are valuable starting materials for synthesis of polymer plasticizers.” When
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terminal olefin is used as substrate, linear aldehyde is obtained in a highly selective manner. But it
would be extremely advantageous to utilize mixtures of linear monounsaturated olefins (for
example, raffinate I-111, mixture of positional and geometrical isomers) to directly produce the
same terminal aliphatic aldehyde. If an internal olefin is used as a substrate, the process is termed
as isomerizing hydroformylation (scheme 1.2), since it involves two different transformations,

isomerization and hydroformylation.

Cat. CHO R
RM _Lat R\)\M/ R v Classical-HF

CO/H, - CHO
Cat
CO/H,
Cat. R
P R R
el i G S
n COMz  oHC CHO n

Scheme 1.2: Hydroformylation vs isomerizing hydroformylation

In tandem isomerization and hydroformylation reactions,*® migration generally proceeds through
an alkyl mechanism (hydride mechanism) and terminal selectivity can be obtained if the catalyst
meets the following criteria (figure 1.3):

1) The isomerization of an internal olefin to a terminal olefin should be faster than the
hydroformylation event.

2) The rate of terminal formylation should be faster than the rate of internal formylation.

3) The catalyst should be selective towards terminal formylation.

In case of isomerizing hydroformylation mainly two types of phosphorus ligands are used:
phosphines & phosphites, apart from few random attempts. Out of these two, phosphites are
preferred over phosphines because of two reasons:

1) It is more economical to synthesize a P-O bond than a P-C bond as phosphites can easily
be synthesized from PCl; and alcohol. They are not as sensitive as phosphines to air
although they can hydrolyze in presence of moisture.

2) They generate an electronic asymmetry around the metal center as they are c-donor as
well as 7- acceptor, unlike phosphines that are mainly c-donor. Electronic asymmetry
around metal center may result in a better discrimination between the various internal
olefins and the terminal olefin and might led to increased rate of isomerizing

hydroformylation.
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Figure 1.3: Challenges in isomerizing hydroformylation

The first example of Rh catalyzed isomerizing hydroformylation of internal olefin to terminal
aldehyde was reported as early as 1987 by Billig and co workers™ with excellent selectivities (n:i
= 96:4) in case of isomerizing hydroformylation of 2-butene by using a chelating but sterically

demanding bisphosphite ligand (scheme 1.3).

[Rh]
N Ligand SO\ * ~_-~_-CHO
CHO

n:i =96:4

[o \) 2
CoHyg

CgHyg
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Scheme 1.3: First report of isomerizing hydroformylation
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However, due to the complex structure of ligand, it was very difficult to synthesize. These ligands

are thermally unstable and get decomposed over the time.
Subsequent investigation indicate that sterically demanding bisphosphite ligands or in some case

phosphine ligands provide better terminal selectivity. Later on Beller et.al®

used a dual catalytic
approach to systematically investigate the olefin isomerization under hydroformylation
conditions. They first tested the activity of rhodium (I11) acetate (0.01 mol%) in the presence of
100 equiv. triphenylphosphane, a well-known and common hydroformylation catalyst and
observed the formation of pentanal with n:i = 73:27 starting with 1-butene (Entry 1, table 1.1).
However the catalytic activity dropped drastically (by a factor of 10) when 2-butene was used as a

substrate (n:i = 7:93, entry 2).

Table 1.1: Isomerizing hydroformylation of 2- butene®

Entry | Substrate | Ligand | L/Rh | [Ru3(CO)y, | Conversion | n/i TOF
(mol %) | (%) (h
01. 1-butene | PPhs 100:1 | ------ 96 73:27 | 48000
02. 2-butene | PPhs 100:1 | ------ 10 7:93 | 5000
03. 2-butene | PPhs 100:1 | 0.03 77 4:96 | 1500
04. 2-butene | L2 51 | ---- 10 1:99 | 400
05. 2-butene | L2 5.1 0.5 10 56:44 | 2000
06. 2-butene | L2 0.5 <5 66:43 | 0.6

Conditions: Temp.: 120 °C, Syngas: 48 bar (CO/H,, 1:1); catalyst : 0.01 mol% Rh (111) acetate (3 h activation under

same conditions).

Use of [Ru3(CO)1z] as an isomerizing agent improved the total conversion with little
improvement in n/i ratio (entry 3). This can be explained by the fact that use of a large excess of
ligand (100 eq.) suppresses the activity of co-catalyst. In the absence of ligand, the rhodium
catalyst afforded a nearlyl:1 mixture of linear and branched aldehyde, regardless of the starting
olefin. This observation suggested the use of chelating phosphine phosphite ligand L2 (figure
1.5) which reacts with 1-butene with much higher reaction rate (tof 15800 h™*) making it a better
hydroformylation catalyst for terminal olefins compared to Rh/PPhs system. However, the use of
a ruthenium (0) carbonyl species leads to a fast equilibration of 2-butene to give a mixture of E/Z-
2-butene (95%) and 1-butene (5%). This olefinic mixture gives significantly higher n:i ratios
(56:44, entry 5) in the hydroformylation reaction than does the reaction of the internal olefin with
unmodified rhodium. Control experiment suggests the role of ruthenium (0) carbonyl as an
isomerizing agent (entry 6) as no significant oxo products could be detected in the absence of Rh
precursor. Although phosphite based ligands were active enough to give the linear oxo products

in case of isomerizing hydroformylation of internal olefins, their long term stability was very low.
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Studies by Casey and co-workers revealed high selectivities towards linear aldehydes can be
obtained with rigid diphosphanes with chelate bite angles close to 120°.%

In view of this Piet Van Leeuwen and co-workers described the synthesis of new
dibenzophospholyl and phenoxaphosphanyl-substituted xanthene ligands L3 and L4, and their
high activity and selectivity in the rhodium catalyzed isomerizing hydroformylation of internal

olefins (table 1.2) such as trans-2-octene and trans-4-octene.?

Table 1.2: Isomerizing hydroformylation of internal octenes®

Entry | Substrate | Ligand L/Rh | Conversion | n/i 1-nonanal | TOF
(%) (%) (h)
01. 2-octene | PPhs 10:1 8.5 0.9 46 39
02. 2-0ctene L3 10:1 10 9.5 90 65
03. 2-octene | L4 10:1 22 9.2 90 112
04. 4-octene | PPhs 10:1 9 0.3 23 2.4
05. 4-octene L3 10:1 54 6.1 86 15
06. 4-octene L4 10:1 67 4.4 81 20

#Conditions: Solvent = toluene, Temp. = 80 °C under an atmosphere of CO/H, (1:1) with an initial pressure of 20 bar,
catalyst precursor: [Rh(CO),(dipivaloylmethanoate)], [Rh].1.0 mm, Rh:P:1-octene.1:10:673.

In general, the regioselectivity of the hydroformylation is influenced by m- acceptor and o-donor
properties of the respective ligand. Higher regioselectivity is obtained with ligands that possess
strong m-acceptor and weak o-donor properties.?® Investigations based on the CO stretching
frequencies and *P NMR chemical shifts in RhCI(CO)L complexes show the high n-acceptor
character of 1-pyrrolylphosphanes® compared to phosphanes and even phosphites (figure 1.4)
and can significantly yield n-selective product when employed in hydroformylation of terminal

olefins such as 1-hexene.?®

@N\T’\@ @N\P—r@ @ :,3/@ G\P/C ©
N > > ©/P\©

n-acceptor c-donor

Figure 1.4: m-acceptor and s-donor properties of different P ligands

In view of this Beller and co-workers synthesized several novel substituted pyrrole phosphine
ligands and investigated their catalytic activities in isomerizing hydroformylation of internal
olefins for the first time.”® A ligand with increased -acidity was proved to be the best ligand for

isomerizing hydroformylation of 2- pentene. The best n/iso ratios of about 60:40 were obtained at
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low synthesis gas pressure (10 bar) in the presence of the simple P(pyrrolyl)s ligand (L5 and L6,

figure 1.5).

Later on good yield and excellent regioselectivities were obtained using binaphthyl substituted
Naphos ligand and its derivatives (IPHOS L7 and L8, figure 1.5) for isomerizing
hydroformylation of various internal olefins.?” They developed a simple and general strategy for
the synthesis of NAPHOS derivatives (mainly fluorinated substituents). In general, such electron
deficient substituents in aryl diphosphanes (with large bite angles) have a positive effect on the
activity and the linear : branched selectivity of hydroformylation catalysts.?® This can be
explained by a preference for the diequatorial over the equatorial- apical binding mode of the
ligand® and hence excellent regioselectivities were obtained in case of 2-pentene, 2-butene, 2-
octene and further challenging trans-4-octene.

Because of the high reactivity several novel phosphites have been synthesized. Boerner and co-
workers % synthesized an acylphosphite ligand (L9 and L10) and impressively demonstrated, for
the first time, the possibility of mainly n-selective isomerizing hydroformylation of long-chain
internal octenes through rhodium compounds.

In 2003, Behr etal reported synthesis of n-nonanal by a consecutive isomerization—
hydroformylation reaction of trans-4-octene using a homogeneous catalyst system consisting of
[Rh(acac)(CO),] and BIPHEPHOS (L11, figure 1.5). In the presence of syngas these two
precursor molecules form the catalytically active species in-situ. At a reaction temperature of 125
°C and a syngas pressure of 20 bar the linear C9-aldehyde is formed in 88% yield and only little
amount of the saturated hydrocarbon and the branched C9-aldehydes was detected.®* Later on in
2005 same group revisited this important transformation® using trans-4-octene as a substrate and
an improved terminal selectivity of upto 90 % was reported using thermomorphic
multicomponent solvent (TMS) system comprised of propylene carbonate/dodecane/p-xylene.
Catalyst recovery was one of the important features of this report in which product separation was
achieved with application of a thermomorphic multi-solvent catalytic reaction system which
changes from a two-phase to a single-phase system by simply raising the temperature. Here
propylene carbonate was used as a polar phase or catalyst phase and n-dodecane was used as non-
polar or substrate-product phase. A solvent of medium polarity for eg. p-xylene was used as
solvent mediator. At a reaction temperature of 80 °C these systems led to the formation of single
phase system for catalysis and again after lowering the temperature to 25 °C, two distinct phases
were observed. Selectivity to n-nonanal was found to be dependent on concentration of propylene
carbonate. This can be attributed to strong electronic impact of three electron withdrawing oxygen
atoms to the B-hydride atoms of 6-Rh complex. This interaction can possibly weaken the C-H
bond and hydride can be easily transferred to metal and thereby increasing the rate of

isomerization.
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Although this system was designed to recover the catalyst and also was successful to some extent

but these systems are far from being applicable to an industrial scale as a strong Rh leaching
(47%) was observed from ICP analysis. Higher the concentration of solvent mediator (p-xylene),
higher Rh leaching was observed. Hence a careful selection of solvent mediator is required to

make these systems an industrially relevant one in terms of catalyst recycling.
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Figure 1.5: Typical ligands used in isomerizing hydroformylation

Zhang and co-workers reported the design and synthesis of a conceptually new pyrrole based
tetraphosphorus ligand (L12) with enhanced chelating ability for the regioselective homogeneous
isomerizing-hydroformylation of internal olefins (table 1.3).% Zhang’s catalyst was proved to be

the most active catalyst for 2-olefins.
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Table 1.3: Isomerizing HF of various internal olefins catalyzed by tetraphosphorus ligand L12.2

Entry | Substrate | Temperature | Pressure | Time | n/i | Linear | TOF
(°C) (Bar) | (h) (%) | (™)

01. 2-0ctene 100 5 1 |51.7| 98.1 | 1500
02. 2-0ctene 100 5 12 38 | 974 | 642
03. | 2-hexene 100 5 1 |80.6| 98.8 | 2300
04. | 2-hexene 100 5 12 56 | 98.2 | 500

Conditions: Solvent = Toluene, S/C = 10000, [Rh] = 0.69 mM (for 2-hexene) and 0.57 mM (for 2-octene) ,
ligand/Rh = 3:1, linear to branched ratio was determined by GC.

Hydroformylated product was not observed within one hour when trans-4-octene was used as a
substrate possibly due to slow rate of isomerization and large steric bulk associated with the
ligand. Among 2-olefins also n/i ratio was better in 2-hexene compared to that of 2-octene. The
possible explanation could be presence of more amount of 1-hexene in statistical mixture at
equilibrium as compared to 2-octene since number of internal isomers will be less in 2-hexene.

The protocol of isomerizing hydroformylation is well documented for terminal as well as short-
chain internal olefins such as 2-octene, 3,-octene, 4-octene® etc but in case of long chain fatty
acid esters catalyst suffers from poor reactivity as well as selectivity. There are only two reports
in the public literature where long chain fatty acid esters are successfully converted to linear a-o

difunctional compounds following isomerizing hydroformylation.

In 2005 Behr et.al*® demonstrated that the isomerizing hydroformylation of methyl oleate can be
performed at relatively low temperature and syngas pressure (scheme 1.4). The best vyield
obtained in case of oleic acid ester was 26%. Chelating bisphosphite ligand BIPHEPHOS with
rhodium precursor ([Rh(acac)(CO),] in-situ generated the active species which was responsible

for above selectivity. Hydrogenation is believed to be the major side reaction in that case.
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O
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Scheme 1.4: Isomerizing hydroformylation of methyl oleate using chelating bisphosphite ligand

The same trend was observed by Nozaki and co-workers in 2013.% They developed a tandem
isomerization-hydroformylation-hydrogenation sequence using ternary catalyst system for methyl
oleate (figure 1.6).
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Figure 1.6: Catalyst components used by Nozaki et.al

The best yield in favor of linear alcohol from methyl oleate was 53%. Conversion of internal
olefins to terminal alcohols was obtained in a tandem isomerization-hydroformylation-
hydrogenation sequence by applying a rhodium/bisphosphite and Ru based Shvo’s catalyst. From
control experiments the co-existence of Shvo’s catalyst and Rh(I) was found to be essential.
Rh/bisphosphite system was required for isomerizing hydroformylation and Ru based Shvo’s
catalyst was necessary to convert the generated aldehyde into alcohols. Along with hydrogenation
of aldehydes Shvo’s catalyst was also involved in increasing the rate of isomerization. In case of
methyl oleate (double bond 9 carbon away from terminal position) another isomerizing
component [Ru3(CO)1,] was added to facilitate the isomerization.

In general, there could be two possible ways to promote renewable science. Utilization of plant
oils to feedstock chemicals would be one of the sustainable approaches (as discussed in previous
section). The second approach would be replacement of rare and precious transition metals with
earth abundant first row transition metals. For e.g. Hydroformylation of olefins is mainly
catalyzed by noble Rh metal and its extensive utilization in catalytic converter of automobile
exhaust limits its usage elsewhere. This is directly reflected in its cost (table 1.4). Fe is an earth
abundant first row transition metal and much cheaper than Co and Rh. Hence utilization of Fe as
an active metal in hydroformylation of olefins would be really advantageous and would certainly
provide new dimensions towards a sustainable future. However use of Fe in hydroformylation is

largely missing and this second approach is rarely reported.

Table 1.4: Comparison of cost of Fe with Co and Rh

01. Co 38.074
02. Rh 27,218.37
03. Fe 0.0643
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1.3: Setting the Goals

The past decade has witnessed significant advancements in the field of isomerizing
hydroformylation of olefins and several ligands have been designed and implemented to achieve
great success in case of I-HF of short chain olefins. However in case of isomerizing
hydroformylation of long chain internal olefins such as methyl oleate, there are very few reports,
and highest selectivity for terminal aldehyde is reported to be 26% only. Therefore, there is an
immense need of design and development of new ligands to catalyze the isomerizing
hydroformylation of methyl oleate in highly selective manner and to deliver the highest terminal
selectivity.

Thus, the aim of this work is to rationally design a bisphosphorus ligand and to develop an
efficient methodology for isomerizing hydroformylation of long chain internal olefins (figure
1.7). For this type of transformations bisphosphite and in some case bisphosphines are the most
suitable candidates, hence new bisphosphite ligands will be designed with a rigid backbone in
order to obtain fixed bite angle which is needed to achieve high linear selectivity. An attempt

will be made to understand the coordination behavior of these ligands aroun Rh.

Rigid backbone

Fixed bite angle —> Linear selectivity

i
N
Phosphite arm
X o donating & IT accepting
Favours B-H elimination
Enhanced isomerization

Figure 1.7: Rational designing of ligand

Three new bisphosphorus ligands are proposed with varying steric parameters (figure 1.8). Out of
which L2 and L3 were found to be highly unstable.
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Figure 1.8: Bisphosphite ligands

Although the renewable resources such as plant oils are highly abundant but methyl oleate falls
under the category of edible plant oils. Hence the next objective of this work will be to develop an
efficient methodology for non-edible plant oils such as cashew nut shell liquid to avoid direct
competition with food chain.

Since renewability is the main theme of present work, various renewable substrates will be
utilized for I-HF. Another approach of looking at renewability is replacement of noble metals
with earth abundant transition metals. Less natural abundance of Rh imposes economical
constraints to the existing methodology of hydroformylation of olefins. Hence an efficient
hydroformylation methodology using abundant and cheap alternate metal is highly desirable. An
iron catalyzed hydroformylation will be attempted. Efforts will be made to understand the
mechanism and various other aspects of this industrially relevant transformation.

In short, the goal of the present study is, 1) to synthesize novel bidentate phosphorus ligand and
utilize them for isomerizing hydroformylation of long chain internal olefins, 2) to develop an
efficient methodology for isomerizing hydroformylation of non-edible plant oils to synthesize
various feedstock chemicals, 3) to replace the noble metal Rh used in hydroformylation with earth

abundant Fe, 4) to understand modus operandi of Fe catalyzed hydroformylation.
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Chapter 2 Regioselective I-HF of Internal Olefins

2.1: Abstract

Isomerizing hydroformylation of internal olefins is mainly catalyzed by bulky bisphosphite
ligands, however most of the ligands are highly unstable and difficult to synthesize. The single-
step synthesis, coordination behavior, and application of a bis(phosphite) ligand [1,3-phenylene
tetra(naphthalen-1-yl) bis(phosphite)] in the isomerizing hydroformylation of internal olefins is
presented here. The desired complex was synthesized by treating ligand and metal precursor
[Rh(acac)(CO),] under syngas pressure. Interestingly, high pressure NMR spectroscopy
investigations revealed unexpected inequivalency of the two phosphorus nuclei, which display
bisequatorial coordination of the bis(phosphite) ligand in a trigonal bipyramidal rhodium
complex. Upon employment in the isomerizing hydroformylation of the exceedingly challenging
plant oil derived substrate methyl oleate, the bis(phosphite) rhodium complex revealed an

unprecedented linear selectivity of 75 %.

2.2: Introduction

Today’s chemical world rely on fossils fuel resources as most of the platform chemicals we get
from them. But due to their extensive use these fossils fuel resources are depleting day by day and
also it is promoting the emission of green -house gases.®” Currently there exists an intense focus
on production of transportation fuels and other chemicals from renewable resources because of
consistent rise in in crude oil prices.®® In this quest, there is significant contributions from
scientific community over the last decade, and various renewable resources have been
identified.*® The resurge in the renewable chemical industry has led to the successful launch of
several renewable products such as sugarcane-based polyethylene, polylactic acid, and
polyhydroxyalkanoates, to name a few.*> Among the various renewable resources, plant oils are
considered as an attractive alternative, as they provide direct entry to chemical modification.
Their easy access and high H/C ratios (almost equivalent to crude oil) make them substrates of
choice.* These attractive features are directly reflected in their 35% share in the renewable
chemical industry, although they contribute only 2% to the total biomass produced. Today plant
oils are the most important renewable raw material for the chemical industry (e.g., in Germany
30% of the 2.7 million tons of renewable raw materials in 2005 were plant oils; in total
approximately 10% of all resources were renewable) and are heavily used as raw materials for
surfactants, cosmetic products, and lubricants.** In addition, plant oils have been used for decades
in paint formulations, as flooring materials and for coating and resin applications. The probably

best known application example is Linoleum, which was already industrially produced in 1864
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and developed by F. Walton in London, UK.*® Its main component is linseed oil and it provides a
durable and environment friendly alternative to PVC floorings. From a chemists point of view,
plant oils offer a large variety of fatty acids with different chain lengths and functional groups as
well as different numbers and positions of C=C double bonds (figure 2.1). As plant oils mainly
consist of internal double bonds, these internal double bonds provide an excellent opportunity to
further functionalize plant oils to useful chemicals and materials. Therefore, it has been a long
cherished dream of organometallic chemists to isomerize the internal double bond to terminal
position and functionalize it selectively. However, isomerization of internal double bond to
terminal olefins is thermodynamically unfavourable which makes the terminal functionalization
of plant oils a challenging transformation. A very few attempts have been made to address this

bottle-neck in the past.**

\/\/\/\/Wi
— oH 1

12 9 o
/\/\/;/;/\/\/\)J\OH 2

15 12 9 o
_ _ _ OH 3

o

6

Wwwi
- OH 3

o) 9 o

OH 9 (0]
\/\/\/‘\/;/\/\/\)J\OH 7

Figure 2.1 : Fatty acids as starting materials for the synthesis of renewable platform chemicals:
oleic acid (1), linoleic acid (2), linolenic acid (3), petroselinic acid (4), erucic acid (5), vernolic

acid (6), ricinoleic acid (7).

Isomerizing hydroformylation of fatty acid methyl esters (FAMES) was first reported by Behr et
al.®® and very limited success was achieved (26% terminal aldehyde). The conversion is slightly
improved in case of isomerizing hydroboration (45%).* Isomerizing metathesis is of significant
importance®® and is successfully up scaled and various products such as candle waxes, cosmetics

etc. are claimed to be produced by this transformation.*” The most successful example is
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isomerizing alkoxycarbonylation (>95% terminal selectivity) which was first introduced by Cole-
Hamilton®® and later developed by Mecking et al.* (figure 2.2). This particular process has been
investigated mechanistically by Mecking et al.”® and provides an easy access to symmetrically
functionalized molecules having long chain segments. Attaining similar terminal selectivity in a
one-pot isomerizing hydroformylation reaction will be of paramount significance, as it would
provide a powerful tool for the hetero-functionalization of plant oils along with complete

feedstock utilization.

COOR
26%
H,/CO
[Rh]
COOR
T

COOR
DO
45%
HPB
[ir] H

I

B
o o

HPB =

95%

COOR

co [Ru/Mo]
[Pd]

Self-Metathesis
Cross Metathesis

..........................

Figure 2.2: Representative examples of metal catalysed isomerizing functionalization of plant

oils

This chapter aims to address the challenges associated with isomerizing hydroformylation of plant
oils and presents our attempts in the isomerizing hydroformylation of internal olefins and plant
oils by using a bis(phosphite)-Rh complex and further functionalization of the resultant linear

aldehydes to hydroxy-acid bifunctional molecules.

2.3: Results and discussion

Transition-metal-catalyzed hydroformylation is arguably one of the largest homogeneously
catalyzed reactions. Since its discovery in 1938, numerous aldehydes have been prepared by
using this transformation.2 A more recent addition to the fold of hydroformylation is tandem or

1920 |somerizing

isomerizing hydroformylation of internal alkenes to linear aldehydes.
hydroformylation has attracted increasing attention in recent years, as it offers a single-window
isomerizing-functionalization protocol for long-chain internal alkenes such as methyl oleate.®
We anticipated that a catalyst should meet the following criteria to ensure successful isomerizing

hydroformylation of internal olefins to linear aldehydes:
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1) The isomerization of an internal olefin to a terminal olefin should be faster than the
hydroformylation event
2) The rate of terminal formylation should be faster than the rate of internal formylation
3) The catalyst should be selective towards terminal formylation
The combined effect of the above factors will ensure higher selectivity to a linear aldehyde than
an internal aldehyde. The first challenge is to identify or design a catalytic system that would
meet the above criteria. A quick literature review indicated that the majority of the isomerizing
functionalization reactions employ bidentate phosphite ligands and in a few cases phosphine
ligands.*® Given the above stringent requirements and literature precedent, we envisioned that bis-
phosphites will most likely produce higher linear aldehyde. Thus, we set out to investigate
isomerizing hydroformylation of internal olefins using bis-phosphite ligand L1. In our pursuit to
realize this goal, we attempted synthesis of bis-phosphite ligand L1. Deprotonation of resorcinol
by n-BuLi, followed by addition of di(naphthalen-1-yl) phosphorochloridite 2 yielded the
anticipated bis-phosphite ligand L1 (scheme 2.1).

O o

e
-
OH L BuLi(21eq) o"Li O 2 ° P- °
<:2 THF
-78°C -78°C-RT

OH O Li* Stirred overnight 0 P- 0"
1.

L1

Scheme 2.1: Synthesis of L1

The 3P NMR of the reaction mixture displayed characteristic resonance at 130 ppm suggesting
presence of L1. The identity of L1 was unambiguously ascertained using a combination of
spectroscopic and analytical tools and L1 was isolated in 40% yield. The coordinating ability of

L1 towards neutral palladium complexes was evaluated.
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s N
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[(COD)PdCI,] P/'Pd \Cl
PY "YCI
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O—P(OR),

H
R = Q [Rh(acac)(CO),] .---th/co
[ —— ~
CO/H,
co
O—P(OR), M2

L1 F P=L1

Scheme 2.2: Coordination behaviour of L1

THF was added to the mixture of L1 and [(COD)PdCI;] (1:1) and the reaction mixture was stirred
at room temperature for 3 hours (scheme 2.2). The volatiles were evaporated and the residue was
dissolved in DCM. Appearance of a *'P NMR resonance at 84.5 ppm suggested formation of
desired metal complex and the existence of M1 was established using a combination of
spectroscopic and analytical tools.

It is well known that ligand coordination influences the regio-selectivity in a hydroformylation
reaction.’® In our pursuit to identify the catalyst resting state, we treated L1 with [Rh(acac)(CO)-]
in presence of syngas (10 bars) in an NMR tube experiment. In-situ high pressure *P NMR
analysis revealed a characteristic doublet of doublet at 144.1 (*Jrn.p = 240 Hz) and 135.9 ppm
({Jrn-p = 243 Hz). The observed chemical shifts and coupling constants are in good agreement
with previously reported data.>! The above splitting pattern indicates that the two phosphorus
nuclei are not identical. This observation (in-equivalent P-nuclei) support the equatorial-axial
coordination of the two phosphorus atoms in a trigonal bipyramidal rhodium [(bis-
phosphite)Rh(CO),H] complex. However, the in-situ high-pressure proton NMR displayed a
broad hydride resonance at -9.86 ppm without a large (> 30 Hz) %Jp.; trans-coupling.®® Thus, the
large “Jrn-p coupling constant and a small “Jgnn 2Jp.n coupling constants (3.5 Hz) supports the
accidental in-equivalency of the two phosphorus nuclei and formation of an equatorial-equatorial
complex of type M2 (scheme 2.2) as a catalyst resting state.®>*

After establishing the coordination behaviour, we evaluated performance of L1 in isomerizing
hydroformylation of internal olefins to linear aldehydes and table 1 summarizes the significant
findings. The anticipated catalytically active species was generated in-situ by mixing ligand L1
and rhodium precursor [Rh(acac)(CO),] in presence of syngas. To test our ligand, we started with
isomerizing hydroformylation of short-chain olefin, 1-Octene (S1). Our preliminary screening
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without much optimization displayed a linear to branched ratio of 68:32 at a L/M ratio of 2.
Similarly, slightly more challenging cis-2-Octene displayed linear to branched selectivity of 64:56
at L/M = 2. These results indicated preferred formation of linear aldehyde. Without further
experimentation with S1 & S2, we set out to evaluate L1 in the isomerizing hydroformylation of
exceedingly challenging substrate methyl oleate (S3). Note that the double bond has to isomerize

over 9-carbon atoms to reach to terminal position, which gives a statistical regio-selectivity of

11%.

Regioselective I-HF of Internal Olefins

Table 2 1: Isomerizing hydroformylation of internal olefins catalyzed by Rh complexes of L1.?2

H,/CO
Methyl oleate

| COOMe L1 m
[Rh]

N

T~ |
+//C:/’\/’\/\

CHO

:: ! :. :: COOMe
ST
| | | /)
\f\

(1) Linear (2) Branched

Run Sub. L:M Solvent Temp (°C) Syngas (bars) Time(h) Conv.%" L:B®
1 S1 1 Tol. 100 5 16 >99 66:34
2 S1 2 Tol. 100 5 16 >99 68:32
3 S1 3 Tol. 100 5 16 >99 63:37
4 S1 4 Tol. 100 5 16 >99 62:38
5 s2¢ 2 Tol. 100 5 18 >99 64:36
6 S1 2 Diox. 120 1 16 >99 54:46
7 S2 2 Diox. 120 1 16 >99 82:18
8 S3 2 Tol. 120 2.5 16 47 15:85
9 S3 2 Diox. 120 2.5 16 40 18:82
10 S3 2 DME 120 2.5 16 53 16:84
11 S3 2 NMP 120 2.5 16 11 5:95
12 S3 3 Diox. 120 2.5 16 50 10:90
13 S3 4 Diox. 120 2.5 16 50 6:94
14 S3 5 Diox. 120 2.5 16 49 5:95
15 S3 2 Diox. 100 2.5 16 47 8:92
16 S3 2 Diox. 80 2.5 16 93 5:95
17 S3 2 Diox. 60 2.5 16 >99 0:99
18 S3 2 Diox. 120 1 16 20 43:57
19 S3 2 Diox. 120 5 16 77 18:82
20 S3 2 Diox. 120 10 16 95 1:99
21 S3 2 Diox. 120 1 48 32 75:25
22 S3° 2 Diox. 120 2.5 16 16 0:99
23 S3 4 Diox. 120 2.5 16 NP NP ---
24 S3 - Tol 100 5 16 10 0:99

“Conditions: Sub. = Substrate, S/M = 100, S1 = 1-Octene, S2 = cis-2-octene, S3 = Methyl-oleate; *: Determined by *H

NMR; © Determined by GC; “S/M = 200, ®Xantphos as ligand, "In absence of [Rh(acac)(CO),], NP = No product was

found.
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Our initial screening of ligand to metal ratio in toluene displayed very poor selectivity of 15:85
(table 1, run 8). Screening of various solvents pointed at a slightly better selectivity (18:82) in
dioxane (run 8-11).Therefore, dioxane was used as a solvent of choice for rest of the isomerizing
hydroformylation experiments. Optimization of ligand to metal ratio suggested L/M = 2 as the
most suited combination, although at slightly lower conversion (run 9 versus run 12-14).
Decreasing the temperature form 120 °C to 60 °C resulted into better conversions, but at the
expense of diminishing selectivity (run 9 versus run 15-17). Thus, the best linear selectivity was
obtained at 120 °C, whereas fully branched aldehyde was obtained at 60 °C. This observation
suggests that high temperature is necessary to facilitate the consecutive B- hydride elimination
and internal to terminal double bond isomerization process.

Next, the effect of syngas pressure on the regio-selectivity was investigated. A surprisingly higher
linear to branched ratio of 43:57 was observed at a low syngas pressure of 1 bar (run 18). The
higher linear selectivity at low syngas pressure indicates decreased rate of internal
hydroformylation at lower pressure. Further to our delight, prolonged reaction time at 1 bar
syngas pressure provided the highest linear selectivity of 75%, importantly with enhanced total
conversion (run 21).

We attribute the dramatically enhanced selectivity to the reduced rate of internal
hydroformylation, as syngas pressure further lowers (lower than 1 bar, as it is consumed for the
hydroformylation process) down over a period of time. Control experiments such as use of
bisphosphine ligand (xantphos) and in the absence of either ligand or metal precursor resulted in
very poor conversions (run 22-24). Under optimized reaction conditions for methyl oleate (run 9),
smaller internal olefin such cis-2-octene resulted in 82% terminal selectivity (run 7), that further
supplements our hypothesis. To our knowledge, the linear/internal selectivity of 75:25 is the
highest linear selectivity ever reported in the isomerizing hydroformylation of methyl oleate.

In our pursuit to confirm the existence of linear aldehyde, 1 was isolated as a colourless
liquid after column chromatography. A proton resonance at 9.77 ppm can be ascribed to the
terminal aldehyde proton (proton of the internal aldehyde appears at 9.40 ppm). Due to the
versatile reactivity of the aldehyde, 1 can be easily transformed into AA or AB type monomers

and platform chemicals (scheme 2.3).
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COOMe COOH
B
CHO NH,

l (1) ®)

L J

Scheme 2.3: Plant oil derived a, o-functionalized monomers/platform chemicals

In our pursuit to demonstrate the utility of the linear aldehyde, the isolated linear aldehyde was
treated with KOH followed by acidic workup®* to yield the anticipated 19-hydroxynonadecanoic
acid (3), which is unprecedented to the best of our knowledge.> A characteristic broad proton
resonance at 11.95 and a broad triplet at 5.33 ppm indicated presence of acidic and hydroxyl
protons respectively. The existence of 3 was unambiguously ascertained using a combination of
1-2D NMR spectroscopy (details are given in section 2.4: experimental section). These linear
a,m-acid-hydroxy functionalized molecules can act as AB type monomers to produce polyesters.
Such linear long-chain polyesters have been reported by Mecking and co-workers.**® However a
diol and diacid was required to prepare these polyesters and maintaining the exact stoichiometry
is usually a limiting step to achieve high molecular weight polymers in these reactions. The
reported compound 3 can circumvent this limitation as it can act as a single monomer to produce

same polyesters.

2.4: Experimental Section

2.4.1: General methods and materials

Unless noted otherwise, all manipulations were carried out under an inert atmosphere using
standard Schlenk techniques or m-Braun glove box. All solvents were distilled from sodium,
sodium/benzophenone under argon atmosphere. [Rh(acac)(CO),] was procured from Acros
organics and used without further purification. Pyridine was supplied by Spectrochem Pvt. Ltd.
and distilled and dried before use. Syngas (1:1 mixture of CO:H;) was supplied by Ms. Vadilal
Chemicals Ltd., Pune, India. 1-naphthol, resorcinol and PCl; were purchased from Alfa Aesar and

Spectrochem Pvt. Ltd. respectively and used without further purification. n-BuLi (1.6 M in
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hexane) was purchased from Acros Organics/Alfa Aesar. All other reagents/chemicals, solvents
were purchased from local suppliers (Spectrochem Pvt. Ltd.; Avra Synthesis Pvt. Ltd.; Thomas
Baker Pvt. Ltd. etc). The isomerizing hydroformylation was run in a Amar Equipment Pvt. Ltd.
high pressure reactor equipped with pressure regulators and safety rupture valve.

Solution NMR spectra were recorded on a Bruker Avance 200, 400, 500 and 700 MHz
instruments. Chemical shifts are referenced to external reference TMS (*H and **C) or 85%
HsPO, (2 = 40.480747 MHz, *'P). Coupling constants are given as absolute values. Multiplicities
are given as follows s: singlet, d: doublet, t: triplet, m: multiplet. In-situ High pressure NMR was
recorded in Wilmad quick pressure valve NMR tube. Mass spectra were recorded on Thermo
scientific Q-Exactive mass spectrometer; with Hypersil gold C18 column (150 x 4.6 mm diameter
8 um particle size mobile phase used is 90% methanol + 10 % water + 0.1 % formic acid). GC
analysis was carried out on an Agilent 7890B GC system using HP-05 column (30 m x 320 pm X
0.25 pm, split ratio 50:1, column flow 1.5 mL/min., injector temperature of 260 °C, detector
temperature of 330 °C, argon carrier gas; temperature program, starting from 50 °C, hold for 3

min; heating to 300 °C at a rate of 8°/min, hold for 10 min.).

2.4.2: Synthesis of ligand L1

2.4.2.1: Synthesis of phosphorochloridite (2)

In a 250 ml Schlenk flask dry toluene (50 ml) was taken and PCl; (1 ml, 11.4 mmol) was added.
The temperature of the solution was maintained at -10 °C. Next, 1-naphthol was dissolved in
toluene in another Schlenk flask and pyridine (1.875 ml) was added to it. The thus obtained
solution was transferred to an addition funnel with the help of cannula. The 1-naphthol solution
was added dropwise to PCl; solution at -10 °C. Once the addition is completed, the resultant
reaction mixture was stirred further for 2.5 hours. Side product (Py.HCI) was filtered with the
help of cannula-filtration & filtrate was concentrated to 50 ml. Toluene solution contains the

phosphorochloridite as major product.

31p (500 MHz, Toluene, 298 K ): & = 161.
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Scheme 2.1: Synthesis of L1

2.4.2.2: Synthesis of ligand L1

Resorcinol (0.68 g, 5.7 mmol) was dissolved in dry THF & the temperature of the solution was
maintained at -78 °C. 7.5 ml of n-BuLi (1.6 M in ether, 2.1 eq.) solution was dropwise added to
the above reaction mixture. The resulting solution was stirred for 2 hrs. Next, toluene solution of
phosphorchloridite was added to the above reaction mixture at -78°C and the reaction mixture
was allowed to warm to RT & stirred overnight. Reaction mixture was passed through a column
of celite to remove the precipitated LiCl. Volatiles were evaporated in vacuuo to get the crude
compound. Crude was purified by silica gel column chromatography using toluene: hexane (1:5)

as eluents to get the pure compound in 40% yield.

'H NMR (500 MHz, CDCls, 298 K ): & = 7.36 (s,1H), 7.38-7.44 (m, 14H), 7.49-7.52 (m, 5H),
7.65 (d, Ju.y = 7.71 Hz, 4H), 7.84 (d, Jun = 8.25 Hz, 4H), 8.13 (d, Ju.n = 8.57 Hz, 4H). 3'P
NMR (500 MHz, CDCls, 298K) & = 129.9 (s). *C NMR (125 MHz, CDCls, 298K) & = 147.7
(d, 2Jpc = 2.20 Hz), 134.9, 127.7, 127.4, 126.6, 126.1, 125.6, 124.2, 122.3, 115.1, 115.0.
Elemental analysis (%) calculated for C4sH3,06P, (742.70): C-74.39, H-4.34; Found : C-74.46,
H-3.26.
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Figure 2.3: *'P NMR spectrum of ligand L1 in CDCls
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Figure 2.4: "H NMR spectrum of ligand L1 in CDCl5
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Figure 2.7: HMBC NMR spectrum of ligand L1 in CDCl;

2.4.3: Synthesis of Pd complex of L1 (M1)

[Pd(COD)CI,] (0.026 g, 1 eqg.) and ligand L1 (0.068 g, 1 eq.) were taken in a Schlenk flask
under inert conditions. THF (10 ml) was added to it and reaction mixture was stirred at room
temperature. After 3 hours, solvent was evaporated in vacuum to get yellowish residue. Next,
residue was washed two times with dry pentane. Obtained residue was fully dried to get desired

Pd complex as yellow coloured powder.

Scheme 2.4: Synthesis of Pd complex of L1 (M1)

'H NMR (500 MHz, CDCl3, 298 K ): & = 6.91 (t, Ju.n = 7.70 Hz, 4H), 7.17 (t, Jun = 7.92 Hz,
4H), 7.32 (t, Iyt = 7.48 Hz, 7H), 7.58 (dd, Jpn = 8.15 Hz, 9H), 7.69 (d, Ju.i= 8.20 Hz, 4H),
7.87 (d, Jit = 8.48 Hz, 4H). 3P NMR (400 MHz, CDCl3, 298K): & = 84.5.
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Figure 2.8: *'P NMR spectrum of palladium complex M1 in CDCl5
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Figure 2.9: 'H NMR of palladium complex M1 in CDCl5
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2.4.4: Mechanistic investigation: In-situ high pressure NMR
It is well known that the coordination mode of the ligand influences the selectivity in a
asymmetric hydroformylation reaction. In our pursuit to investigate the coordination mode of our

ligand L1, we attempted the following experiment.

[Rh(acac)(CO),] (0.008 g, 0.000031 mol) and ligand L1 (0.023 g, 0.000031 mol) were dissolved
in dry toluene-dg (0.3 ml) under inert conditions. This mixture

[ | was mixed properly to get a clear solution. Next, the reaction
0 (p(,),ff/);th - mixture was transferred to a high pressure NMR tube. The
Q_P / tube was degassed using freeze-pump-thaw cycles. Next, the
(OR), co NMR tube was purged 2-3 times with syngas and then

L M2 | pressurized to 10 bars. After this the tube was heated at 50 °C

for 16 hours. An orange red solution was obtained which was

analyzed using *'P and *H NMR spectroscopy.

In-situ high pressure 3P NMR analysis revealed a characteristic double doublet at 144.1 (*Jgp.p =
240 Hz) and 135.9 ppm (“Jrnp = 243 Hz). The observed chemical shifts and coupling constants
are in good agreement with previously reported data.”® The above splitting patter indicates that
the two phosphorus nuclei are not identical. This observation (in-equivalent P-nuclei) supports the
equatorial-axial coordination of the two phosphorus atoms in a trigonal bipyramidal rhodium
[(bis-phosphite)Rh(CO),H] complex. However, the in-situ high-pressure proton NMR displayed a
broad hydride resonance at -9.86 ppm without a large (> 30 Hz) 2Jp. trans-coupling. Thus, the
small 2Jp and 2Jp.y coupling constant and a small coupling constant (3.5 Hz) supports the
accidental in-equivalency of the two phosphorus nuclei and formation of an equatorial-equatorial

complex of type M2 as a catalyst resting state.
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Figure 2.10: High pressure 3P NMR spectrum of the in-situ generated [L1RhH(CO),] complex
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Figure 2.11: High pressure *H NMR spectrum of the in-situ generated [L1RhH(CO),] complex in
TO|-d8
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2.4.5: Isomerizing hydroformylation : General procedure

In a typical hydroformylation experiment a stainless steel autoclave (150 mL) equipped with
pressure regulator and safety valves was employed. In an argon filled glove box the vials were
charged with [Rh(acac)(CO),] (0.002 g, leq.), ligand L1(0.0114 ¢, 2 eq.), solvent (1 ml),
substrate (100 eq.) along with Teflon stirring bars. Before starting the catalytic reactions, the
charged autoclave was purged three times with syngas (CO: H, = 1:1) and then pressurized to the
desired pressure. After catalysis, the autoclave was cooled to 0 °C, and any excess gas vented,
after which the reaction solution was analyzed directly. The conversion and regioselectivity were

determined by *H NMR spectroscopy and by GC after evaporating the solvent.

2.4.5.1: Isomerizing hydroformylation of methyl oleate

GC analysis was carried out on an Agilent 7890B GC system using HP-05 column (30 m x 320
pm x 0.25 um) with the following GC-method: 3 mins hold at 50 °C, heat at 8°/min to 300 °C and
hold for 10 min. With this method, the methyl-oleate appeared at (Rt) 27.9 min. (figure 2.12),
hydrogenated methyl-oleate at (Rt) 28.09 min. (figure 2.13), linear aldehyde at (Rt) 28.7 min.
(figure 2.15) and the branched aldehydes (Rt) 30.3-31.5 min (figure 2.17). These retention times
were further confirmed by injecting isolated linear, branched or hydrogenated products and the

substrate.

I ] |
I ] |
.
[Rh] CHO ! .\W
| | | 1
YN

H,/ CO N
Methyl oleate CHO
(1) Linear (2) Branched

Scheme 2.5: Isomerizing hydroformylation of methyl oleate
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Back Signal
Results
Retention Time Area Area % Height Height %
27.923 124455772 100.00 17063481 100.00
Totals

124455772 100.00 17063481 100.00

Figure 2.12: GC-chromatogram of Methyl-oleate (Rt = 27.9 mins.)

Back Signal
Results
Retention Time Area Area % Height Height %
28.097 50521700 100.00 10850902 100.00
Totals

50521700 100.00 10850902 100.00

Figure 2.13: GC-chromatogram of hydrogenated methyl-oleate (Rt = 28.09 mins.)
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Figure 2. 14: *H NMR spectrum of the reaction mixture after hydroformylation of methyl oleate

in CDCls. The triplet at 9.72 ppm can be ascribed to the linear aldehyde, while the slightly up-
field (9.5-9.3) doublet/s can be assigned to all the branched aldehydes
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Figure 2.15: GC-chromatogram of hydroformylated methyl-oleate displaying the highest linear
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2.4.5.2: Separation and characterization of aldehydes

The two aldehydes were separated from the reaction mixture by using silica gel column

chromatography (hexane-ethyl acetate; 95:5%).
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Figure 2.14 : *H NMR of the isolated (from branched) linear aldehyde 1 in CDCl; (contaminated

with hydrogenated methyl-oleate)
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Results
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3133532 100.00 1130023 100.00

Figure 2.15: GC-chromatogram of the isolated linear aldehyde 1
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Figure 2.16: *H NMR spectrum of the isolated (from linear aldehyde) bran

ched aldehyde 2 in

CDCl3
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30.307 452741 7.33 108565 6.31
30,743 97081 1.57 34647 2.01
31.039 4349597 7045 1167607 67.83
31.241 33451 0.54 13527 0.79
31.503 1241326 20011 396920 23.06
Totals
6174196 100.00 1721266 100.00

Figure 2.17: GC-chromatogram of the isolated branched aldehyde 2

2.4.5.3: Isomerizing hydroformylation of cis-2-octene
Isomerizing hydroformylation of cis-2-octene was performed under optimized reaction
conditions (table 1, run 7) and terminal selectivity as high as 82% was obtained. The conversion

and regioselectivity were determined by *H NMR spectroscopy and by GC.

Ph.D. Thesis : Swechchha Pandey

Page 3 9



Chapter 2 Regioselective I-HF of Internal Olefins

GC retention time for cis-2-octene was obtained as 5.2 mins (figure 2.19) and for linear

aldehyde (nonanal) as 13.2 mins (figure 2.20).
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Figure 2.18: *H NMR spectra of reaction mixture (run 7; after evaporation of solvent) in CDCls;
displaying the L/B ratio of 82:18
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ol

0 2 4 5 8 10 12 14
Minutes
Back Signal
Results
Retention Time Area Area % Height Height %
5.280 239381783 100.00 40744269 100.00
Totals
239381783 100.00 40744269 100.00

Figure 2.19: GC-chromatogram of cis-2-octene displaying the retention time of 5.2 minutes
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13.214 38371651 100.00 0468786 100.00
Totals
38371651 100.00 9468786 100.00

Figure 2.20: GC-chromatogram of pure n-nonanal displaying the retention time of 13.2 minutes

4000 Retention Time
= h
= 2000
_ @ =t Q
M~ oty —
7 wow ]
o -~
D_____ T T T T T T T T I|I||I| III.‘. —
4 8 8 10 12 1
Minutes
Back Signal
Results
Retention Time Area Area % Height Height %
11.679 73567 1.34 27347 1.35
11.901 116262 2.12 43860 2.17
12,123 772874 14.09 282296 13.97
13.143 4521688 82.45 1667193 §2.51
Totals
5484391 100.00 2020696 100.00

Figure 2.21: GC-chromatogram of hydroformylated cis-2-octene displaying the highest linear
(82%) selectivity

2.4.6: Functionalization of linear aldehyde
The versatile reactivity of the aldehyde can be efficiently utilized by further functionalization of
1. The linear aldehyde can be easily transformed into AA or AB type monomers and platform

chemicals as depicted in scheme 2.3. We report one such attempt in section 2.4.6.1.
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2.4.6.1: Reduction of linear aldehyde to hydroxy-fatty acid (3)

The linear aldehyde (232 mg, 1leq.) (contaminated with methyl oleate) was dissolved in methanol
and heated to 70 "C. Next, KOH (232 mg, 4 eq.) was added to this solution and reaction mixture
was refluxed for 8 hours. After 8 hours, solvent was evaporated in vacuum to get white coloured
solid. Obtained solid was treated with distilled water and was acidified to pH = 2 to get white

glittery residue. The residue was filtered, dried and recrystallized from toluene to obtain the
anticipated compound 3.

'H NMR (500 MHz, CDCl3, 298 K ): & = 10.94 (br, s), 5.36 (br, t,2J4.11 = 15 Hz), 2.32 (t, *Jsn =
7.3 Hz), 1.94 (m), 1.61 (m), 1.23 (m). *C NMR (125 MHz, CDCls, 298 K): & = 179.6, 60.6,
34.1,32.8,29.8, 29.4, 24.9, 22.9, 14.3. ESI-MS: m/z = 297.08 [M-OH]".>®

2
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Figure 2.22: *H NMR spectra of 19-hydroxynonadecanoice acid 3 in CDCl; (* = CH,Cly; # =
impurity in CDCl3)
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Figure 2.23: 3C NMR spectrum of 19-hydroxynonadecanoice acid in CDCl; (* = CH,Cl,)
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Figure 2.24: HMBC NMR spectrum of 19-hydroxynonadecanoice acid (3) in CDCl;
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Figure 2.25: ESI-MS spectrum of 3 (m/z = 297.08 [M-OH]"; 313.27 [M-H] *; 331.28 [M-
H+H,0] *; 338.34 [M-H+H,0 + Li] )

Ph.D. Thesis : Swechchha Pandey

Page44



Chapter 2 Regioselective I-HF of Internal Olefins

2.5: Conclusion

In summary, we report synthesis of a bis-phosphite ligand that is easy to prepare. In-situ high
pressure NMR spectroscopy revealed that the two phosphorus nuclei predominantly occupy bis-
equatorial position in a trigonal bipyramidal rhodium complex. However, interestingly, the two
phosphorus nuclei were found to be in-equivalent and displayed a “Jzn.p coupling of 240-243 Hz.
The performance of the bis-phosphite ligand L1 was evaluated in isomerizing hydroformylation
of long-chain olefins. Preliminary results indicated predominant linear selective isomerizing
hydroformylation of 1-Octene and cis-2-Octene. Performance of L1 was evaluated in the
isomerizing hydroformylation of extremely challenging plant oil based substrate methyl-oleate.
Initial screening indicated dioxane as the better solvent. Better linear selectivities were obtained at
120 °C and ambient (1 bar) syngas pressure. Thus, performing isomerizing hydroformylation of
S3 using rhodium complex of L1 at 120 °C and 1 bar syngas pressure led to an unprecedented
regioselectivity of 75% for the linear aldehyde. Above observations reveal that isomerization is
favoured at higher temperature and terminal formylation is favoured at lower syngas pressure.
These findings might guide the future developments in the field of isomerizing-hydroformylation
of long-chain internal olefins to linear selective products. In addition, the synthetic utility of
isomerizing-hydroformylation in organic synthesis was demonstrated by transforming the linear
aldehyde (1) to 19-hydroxynonadecanoic acid (3), which is a potential AB type monomer for

polyester production.
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Chapter 3

Isomerizing Hydroformylation of Non-Edible Plant Oils
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Chapter 3 I-HF of CNSL

3.1: Abstract

Isomerizing hydroformylation of methyl oleate (edible plant oil) has been attempted in recent past
and significant success has been achieved. However to avoid the direct competition with the food
chain, it would be really attractive to utilize non-edible plant oils such as cashew nut shell liquid
as renewable substrate. A small library of bisphosphorus ligands was evaluated in the rhodium-
catalyzed isomerizing hydroformylation (I-HF) of cashew nut shell liquid (CNSL). Rhodium
complex of 1,2-bis((di-tertbutylphosphanyl)methyl)benzene (BDTBPMB) (L4) outperformed the
other bis-phosphite and bis-phosphine ligands and unveiled a moderate selectivity of 28% and
50% in the I-HF of CNSL-monoene and methoxy protected monoene respectively. The resultant
aldehyde 16-(3-methoxyphenyl)hexadecanal P1' was isolated and its identity was fully
established. Application of bis-phosphine ligand L4 in the I-HF of highly challenging CNSL-
cardanol (S3) and methoxy protected CNSL-cardanol yielded a linear selectivity of 74%,
although with reduced conversion. To demonstrate the synthetic utility of our strategy, the
obtained aldehyde (derived from S3) was subjected to hydrogenation and the resultant 3-(16-
hydroxyhexadecyl) phenol (P8) was isolated in 89% isolated yield. High-pressure NMR
investigation revealed selective formation of bisequatorial BDTBPMB-rhodium complex which

might be responsible for the excellent linear selectivity.

3.2: Introduction

Our day to day life is highly dependent on fossil fuel resources to meet the regular needs.*” %6

However, the supply of fossil fuels is finite and unsustainable, which calls for long-term
sustainable strategies to substitute fossil fuel resources with renewable resources.®® Even partial
replacement of petroleum-based raw materials by renewable resources is a major contemporary
challenge in terms of both economic and environmental aspects. In this context, there is a
significant contribution from the scientific community, and various renewable resources have
been identified.'***% Plant oil derived fatty acids can be a suitable alternative as they have the
characteristic long methylene sequence with an internal double bond.*®*® To avoid direct
competition with food-chain, it is especially attractive to utilize the non-edible plant oils as a
renewable resource.®® In this context, cashew nut shell liquid (CNSL)  stands out as a non-edible
plant sourced oil that is readily available (CNSL-450,000 metric tons per annum)® on a large
scale from agricultural waste. The CNSL is equipped with a functional group at one end of the
molecule and a double bond deep into the long aliphatic chain (figure 3.1). This internal double
bond provides an excellent opportunity to further functionalize the plant sourced oil to useful
chemicals and building blocks.®* However, isomerization of internal double bond to terminal

olefin is a thermodynamically unfavorable process which makes the terminal functionalization of
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plant oils a challenging transformation.?®

OH OH OH
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/\/\/\/\/\/\/\/
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Figure 3.1: Chemical composition of CNSL

A very few attempts have been made in this regard.** The most successful example is isomerizing
alkoxycarbonylation (>95% terminal selectivity) of methyl oleate (from edible plant
0ils). 2448495086 Netathesis has gained significant attention however, it does not allow complete
utilization of carbon chain obtained from plant oils.*’ Isomerizing-metathesis was recently
investigated by Goossen and co-workers, and access to a defined distribution of metathesis
products was established.®’ Isomerizing hydroboration of plant oil can provide access to boron
functionalized compounds. However, the highest terminal selectivity in isomerizing-
hydroboration of plant oils is moderate (45%).*> Another approach to these functionalization’s is
one pot isomerizing hydroformylation (I-HF), which is a powerful tool for unsymmetrical-
functionalization of plant oils along with full molecular incorporation.®® I-HF of fatty acid methyl
esters (FAMES) was first reported by Behr and co-workers® and a terminal selectivity of 26%
was achieved using a bulky bisphosphite ligand BIPHEPHOS. Later on Nozaki et al. developed a
tandem isomerization-hydroformylation-hydrogenation sequence using ternary catalyst system for
methyl oleate. The best yield in favor of linear alcohol from methyl oleate was 53%.%° A linear
selective (75%) I-HF of methyl oleate using a bulky bisphosphite ligand L1 was demonstrated by
Chikkali and coworkers.®®

In contrast, very little is known about the isomerizing functionalization of non-edible plant oils
(figure 3.2) such as CNSL.®® Methoxycarbonylation (30 bars CO pressure, 80 °C)*° and
ethenolysis of cashew nut shell liquid has been attempted leading to the synthesis of tsetse fly

attractants and oestrogenic compounds (figure 3.2).”
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Figure 3.2: Isomerizing functionalizations of CNSL

The scientific challenges that hinder the development of isomerizing functionalization of CNSL
cardanol are listed as under, although it is not a comprehensive list. i) Two transformations,
namely, isomerization and terminal functionalization have to take place simultaneously without
interfering with each other. ii) Either two catalysts that are compatible with each other can
perform isomerization and terminal functionalization or, a rationally designed/chosen single
catalyst component can perform the isomerizing functionalization reaction. iii) A catalyst must be
selective only to terminal olefins to achieve highly terminal selective functionalization. Thus, new
strategies to achieve terminal selective isomerizing functionalization of non-edible plant oils are
highly sought.

This chapter describes an efficient methodology for isomerizing hydroformylation of cashew nut
shell liquid using Rh complexes of bis-phosphorus ligands L1-L4. Regioselective I-HF of
CNSLMonoene (S1), methoxy-protected CNSL-Monoene (S2), CNSL cardanol (S3), methoxy
protected CNSL-cardanol (S4), and their further functionalization to unsymmetrical a,m-

difunctional building blocks and monomers is reported.

3.3: Result and Discussion

Rhodium catalyzed hydroformylation of internal alkenes to terminal aldehydes has been the
subject of many investigations. Van Leeuwen and co-workers reported linear selective (86%)
hydroformylation of trans-4-octene using xanthene-based bisphosphine ligands at low syngas
pressure of 2 bars.?? Whereas, Beller and co-workers reported a linear selectivity of 70% while

employing a bidentate phosphine ligand at 10 bars syngas pressure.?’ In contrast, Boerner and co-
workers employed a phosphite ligand in the I-HF of isomeric n-octenes leading to better linear
selectivity (up to 48% n-nonanal).”* Thus, a literature survey suggested that both,
(bis)phosphites®® and bisphosphine can catalyze isomerizing functionalization reactions of

19,20,22,34,71
oc)_ 9,20,22,34,71,

internal alkenes at elevated temperatures (120-140 2 Among the long chain plant
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oils, linear selective I-HF of methyl oleate is found to be catalyzed by bis-phosphite ligands of
type L1 (figure 3.3).3438

'o P P- o' O O PPh, PtBu,
PPh, PtBu,
PPh2 PPh, 3 CO

L2
,_1 : Xantphos ; BINAP } BDTBPMB

Figure 3.3: Ligands used for I-HF of cashew nut shell liquid

CNSL is a versatile byproduct of cashew industry and is a renewable and inexpensive resource.®®
It is obtained from spongy mesocarp of cashew nut shell. Decarboxylation of anacardic acid at
140 °C followed by vacuum distillation yields cardanol in its pure form (section 3.4, figure
3.6).”%" The relative composition of monoene, diene and triene in cardanol was established by

HPLC analysis.’® Diene and triene can be selectively hydrogenated to monoene when cardanol is
subjected to selective hydrogenation in the presence of RuCls and isopropanol (scheme 3.1).”
The resultant monoene S1 was isolated in excellent yield (85%) and characterized using

spectroscopic and analytical tools.

Triene (33%)
P N N N 1 = N
%
Diene (21%)

P N\ e G VYN
%' Monoene (43%)

P N N
‘ZLL Saturated (4%)
RuCl;, iPrOH

OH

D

(81

Scheme 3.1: Selective reduction of cardanol to CNSL-monoene (S1)

3.3.1: Isomerizing hydroformylation of CNSL-monoene

We began our studies with ligand screening and tested the activity of various ligands (figure 3.3).
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The bis-phosphite ligand L1 and BINAP L3 produced only branched aldehydes, L2 led to 6%
linear aldehyde, whereas application of L4 resulted in 16% linear aldehyde (scheme 3.2). Thus,

the initial ligand screening suggested BDTBPMB (L4) as the ligand of choice (table 3.1).

OR

OR @/VWCHO
L, [Rh] OR Linear: P1/P1
. CO/H, +  R=H(P1); Me (P1)

R = H(S1); Me (S2) \
— J

Branched:P2 CHO

Scheme 3.2: Isomerizing hydroformylation of CNSL-monoene

Table 3.1: Screening of various ligands in isomerizing hydroformylation of CNSL-Monoene (S1)*
Sr.no. L LM T P time(h.) Conversion L:B

ratio (°C) (bar) (%) Selectivity
01 L1 2 120 25 16 61 No linear
02 L2 2 120 25 16 53 6:94
03 L3 2 120 25 16 5 No linear
04 L4 2 120 25 16 83 16:84

“Conditions: [Rh] = [Rh(acac)(CO),] (2 mg), total conversion and L/B selectivities determined by 'H NMR

spectroscopy using CH,Br, as an internal standard.

In our endeavor to identify the suitable solvent, we screened high boiling solvents such as
toluene, xylene, mesitylene, N-methyl- 2-pyrrolidone, dimethoxyethane, and 1,4-dioxane. Solvent
screening experiments supported the use of 1,4-dioxane as a better solvent (table 3.2). Although
the selectivity for terminal aldehyde is better in p-xylene & mesitylene entries but overall
conversion to aldehydes was less as compared to that in toluene and 1,4-dioxane (entries 2 & 3
vs. 1 & 6, table 3.2). Formation of terminal aldehyde was not observed in case of NMP (entry 4)
while in case of DME selectivity for terminal aldehyde was 14% (entry 5). Therefore 1,4-dioxane

was used as a solvent of choice for the rest of the isomerizing hydroformylation experiments.
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Table 3.2: I-HF of CNSL-monoene: screening of various solvents.?

Sr. Solvent L/'m T P Time Conversion L:B

n.o ratio (°C) (bar) (h.) (%) Selectivity
01  Toluene 2 125 2 16 22 17:83
02  p-xylene 2 125 2 16 59 20:80
03 Mesitylene 2 125 2 16 50 20:80
04 NMP 2 125 2 16 27 No linear
05 DME 2 125 2 16 26 14:86
06 1,4-dioxane 2 125 2 16 44 20:80

“Conditions: [Rh] = [Rh(acac)(CO),] (2 mg), S/M = 100, total conversion and L/B selectivities determined by *H

NMR spectroscopy using CH,Br, as an internal standard.

Preliminary screening of reaction parameters led to a linear selectivity of 20% in 16 hours (table
3.3, run 1). Increasing the reaction time to 48 hours resulted in improved conversion but at the
cost of reduced linear selectivity (entry 1 vs entry 8). Subsequently, we screened the effect of
pressure on I-HF of monoene (run 2-6). Increasing the reaction pressure from 2 to 20 bars
resulted in increased conversion and complete conversion of starting material was observed at 15
and 20 bars in just 4 hours (run 4-6) but the terminal selectivity dropped significantly (run 4-6 vs
1). Slight increase in reaction temperature to 125 °C resulted in improved conversion and
enhanced terminal selectivity (run 1 vs. 7). A better terminal selectivity of 28% was obtained at a
reaction temperature of 125 °C at 1 bar pressure (Table 1, run 7) although at the cost of reduced
conversion, compared to the reaction at higher pressure. It is most likely that the rate of
isomerization increases at higher temperature, whereas the rate of internal hydroformylation is
suppressed at ambient pressure. The combined effect of these parameters resulted in higher
terminal selectivity. To circumvent the influence of the phenoxy group, we protected free
phenolic -OH group to -OMe (methoxy) by following a literature known procedure.”®" The
resultant yellow oil was purified by column chromatography and the identity of S2 was
established from proton and carbon (*C) NMR spectroscopy.” I-HF of S2 using L4 revealed
linear selectivity of 50% under the optimized conditions (table 3.3, run 11). The resultant reaction
mixture was purified by column chromatography (multiple times) to isolate the terminal aldehyde
and existence of P1” was fully established using a combination of NMR, IR, Mass spectroscopy
and HPLC (section 3.4, figure 3.23-3.28).
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Table 3.3. I-HF of cashew nut shell liquid and short chain internal olefins.?

Run - subs” Lo By by SO setebtuity
1 si() 120 1 16 16(7) 20:80
2 SI(1) 125 2 16  44(20)  20:80
3 SI(1) 120 5 12 83(30) 1585
4 SI1(1) 125 10 4  99(42) 1486
5 SI(1) 125 15 4  99(63)  12:88
6 SL(1) 125 20 4  99(88)  10:90
7 SI() 125 1 18 33(2)) 2872
§ SL(1) 120 1 48 89(80)  16:84
9 SI(1) 120 2 36 38@37) 1486
10 S2(1) 120 2 36 56(37)  18:82
11 S2() 125 1 18 17(12)  50:50
12 S2(1) 120 5 40  51(50) 9:91
13 S3(25) 125 1 18  74(26)  40:60
14 S3(25 120 1 10 60(27) 5248
15 S3(25 120 1 5  53(16)  70:30
16 S3(25 120 1 3  50(18)  74:26
17 s4@5 120 1 10 70(11) 6535
18 S4(25) 120 1 5 64 (9) 68:32¢
19 S4@25 120 1 3 64(6) 74:26
20 S5(1) 120 1 16 93 37:63

21 S5(1) 120 1 16 99 48:52
22 S6(1) 120 1 16 98 35:65

23* S6(1) 120 1 16 88 51:49

%Subs = Substrates, S/M = 100, S1 = monoene, S2 = Me-protected monoene, S3 = CNSL-cardanol, S4 = Me
protected CNSL-cardanol, S5 = cis-2-octene, S6 = trans-4-octene, [Rh] = [Rh(acac)(CO),] (2 mg), L/M = 2, solvent
= 1,4-dioxane, total conversion and L/B selectivities determined by *H NMR spectroscopy using CH,Br, as an
internal standard. “The average number of double bonds in the substrate is mentioned in bracket. “This was further
confirmed by HPLC, the number in the bracket indicate conversion to aldehyde out of the total conversion. “These
experiments were performed in duplicate, and the L/B ratio was determined by taking the average of two

experiments. *Indicates that L1 was used as a ligand.

3.3.2: Isomerizing hydroformylation of CNSL-cardanol

To test the robustness of our methodology, we investigated I-HF of CNSL-cardanol. Note that
CNSL-cardanol is a mixture of triene (38%), diene (17%), monoene (42%) and traces of saturated
alkyl-chain. I-HF of such a mixture will not be just challenging but can lead to the mixture of
aldehydes P3 to P7 (scheme 3.3) among others. These aldehydes P3-P7 can be either unsaturated
aldehydes or saturated (if hydrogenation becomes a competing side reaction).
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Scheme 3.3: Isomerizing hydroformylation of CNSL-cardanol and possible

product range

Interestingly, I-HF of CNSL-cardanol (S3) under optimized conditions revealed enhanced
terminal selectivity of 52% (table 3.3, run 14). Next, we screened the effect of time on terminal
selectivity. A terminal selectivity of 74% was obtained under optimized reaction conditions (table
3.3, run 16) within 3 hours. However, the conversion to aldehyde was found to be only 18% of
the total conversion. The improved terminal selectivity can be explained based on the fact that the
CNSL-cardanol consists of a triene (about 38%) component with the readily available terminal
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double bond. Thus, the I-HF of this terminal double bond adds up to the I-HF of internal double
bonds and overall terminal selectivity is improved. This assumption was further corroborated by
performing the I-HF of methoxy protected CNSL-cardanol S4.” Under the optimized conditions,
I-HF of S4 displayed a terminal selectivity of 65% along with 70% overall conversion within 10
hours (table 3.3, run 17). Reducing the reaction time to 3 hours produced terminal selectivity of
74% with 64% overall conversion (table 3.3, run 19). However, conversion to the aldehyde was
found to be only 6%, suggesting the limitation of the method. The performance of L1 and L4 was
tested in the I-HF of short chain internal olefins such as cis-2-octene (S5) and trans-4-octene (S6),
and the best results have been presented in table 3.3. I-HF of cis-2-octene under identical
conditions revealed that L1 outperformed L4 and displayed 48% linear selectivity. Similarly, L1
led to 51% terminal selectivity in the I-HF of trans-4-octene, whereas L4 yielded 35% linear
selectivity. These findings contradict the performance of L4 in the I-HF of S1-S4. As suggested
by de Vries and co-workers’ substrates S1-S4 might adopt a folded conformation (figure 3.4). In
the folded conformation the phenyl ring in S1-S4 might hinder the coordination of the relatively
bulky L1-catalyst to terminal-olefin and thus hamper the terminal selectivity. Whereas, relatively
electron rich and less bulky L4-catalyst might still be able to coordinate to the terminal olefin,

leading to better linear selectivity.

Figure 3.4: Proposed structure of folded CNSL-monoene (S1) in the presence of metal catalyst

3.3.3: Unsymmetrical a,w-difunctional building blocks and monomers

The resultant aldehyde P6 was separated by column chromatography. The diolefinic-
monoaldehyde P6 was characterized using NMR spectroscopy and was isolated in 44% yield. To
demonstrate the synthetic utility of the aldehyde compounds obtained in this investigation, P6 was

hydrogenated using Pd/C catalyst under mild conditions (scheme 3.4).
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Scheme 3.4: Isomerizing hydroformylation of S1, S2, S3 and S4 to P1 and P6,
and subsequent hydrogenation of P6 to P8

One pot isomerization hydroformylation-hydrogenation of S3 to P8 using Pd/C and CO:H, (1:4)
lead to only hydrogenation with negligible aldehyde. Therefore, P6 was hydrogenated under mild
conditions using Pd/C catalyst and resultant hydrogenation product P8 was isolated in 89% yield.
The identity of 3-(16-hydroxyhexadecyl) phenol (P8) was fully established. The disappearance of
aldehyde resonance at 9.77 ppm and consequent appearance of a hydroxy proton at 4.37 ppm and

the respective methylene (-CH,OH) proton at 3.34 ppm confirmed the existence of hydrogenated
product P8. The NMR findings were corroborated by ESI-MS (+ve mode) which unveiled a
positively charged ion peak at m/z = 335.29 [M+H]" (details are given in section 3.4:
experimental section), that exactly corresponds to the mass of P8. The thus produced
unsymmetrical o,m-difunctional molecule P8 can be utilized as AA type monomer for

polycondensation.**

The existence of unsymmetrical o,m-difunctional linear aldehyde P1'
(scheme 3.4) was confirmed by isolating the resultant aldehyde from the reaction mixture using
silica gel column chromatography. A resonance at 9.77 ppm (triplet) in *H NMR (signals for
branched aldehydes appear at 9.45-9.56 ppm as a doublet) confirmed the existence of terminal
aldehyde (figure 3.23). The proton NMR findings were corroborated by *C NMR spectroscopy
that revealed a resonance at 203.3 ppm which can be assigned to aldehydic carbon (figure 3.24-
3.25). In a 2D proton COSY NMR experiment, the aldehyde proton at 9.77 ppm revealed a cross
peak to the adjacent methylene protons at 2.38 ppm (figure 3.26). Thus, the molecular structure
of P1' was fully established using a combination of 1-2D NMR, Mass spectroscopy (figure 3.28)

and HPLC (figure 3.29).
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3.3.4: Coordination behavior of L4 and detection of catalyst resting state by high-pressure
NMR

Phosphine as well as phosphite ligands are known to catalyze I-HF of internal olefins to linear
aldehydes.>* Phosphines being strong o-donor form stable rhodium complex, whereas phosphites
are good o-donor and strong m-acceptor ligands yielding comparatively electron deficient
rhodium complex. The latter are known to deliver higher activities than the former. It is well
established that ligand coordination plays a pivotal role in determining the regioselectivity of a
hydroformylation reaction.'™!¢ Therefore, establishing the coordination behavior of L4 around
Rh-center and identification of the resultant catalyst resting state might shed light on the observed
selectivity. Coordination behavior of L4 has been extensively studied in Pd catalyzed isomerizing
alkoxycarbonylation.®®®®" But coordination behavior of the same ligand around Rh and
identification of resultant resting state remains unexplored. Unlike the case of palladium in
isomerizing methoxycarbonylation, a bidentate ligand L4 can coordinate around trigonal
bipyramidal Rh center in two different modes (figure 3.5): axial-equatorial (ae = C1) or

equatorial-equatorial (ee = C2) or both these species may exist in equilibrium.?%

H T E
Rh“‘CO — OC—Rn P} <P i PtBu, |
K | Yco (|; R 5 PtBU, |
ae: C1 ee: C2 E

Figure 3.5: Coordination of bisphosphine ligand L4 around metal center and
detection of catalyst resting states

In our pursuit to identify the active species, stoichiometric amount of L4 and [Rh(acac)(CO),]
were dissolved in toluene-ds in a high-pressure NMR tube and the mixture was pressurized with
10 bar of syngas. The high-pressure 3P NMR spectrum of this solution at 90 °C revealed a
doublet centered at 74.2 ppm with a Jznp coupling constant of 135 Hz (figure 3.33). The
corresponding proton NMR of this solution displayed a broad doublet centered at -10.35 ppm
with J p.u/J r-n coupling constant of <3.5 Hz (figure 3.34). A doublet in the *'P NMR spectrum
and a fairly small Jp_ is a characteristic of a predominantly equatorial equatorial (ee) coordination
mode of the two phosphorus donors (figure 3.5, species C2).2*"® Similar results were obtained in
presence of substrate (figure 3.35 and 3.36). Thus; these observations suggest that L4
predominantly coordinates in ee (C2) fashion. It is most likely that such exclusive formation of
single isomers with [Rh(acac)(CO),] at higher temperature leads to enhanced terminal selectivity.
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3.4: Experimental Section

3.4.1: General methods and materials

Unless noted otherwise, all manipulations were carried out under an inert atmosphere using
standard Schlenk techniques or m-Braun glove box. All solvents were distilled from sodium,
sodium/benzophenone under argon atmosphere. [Rh(acac)(CO),] was procured from Acros
organics and used without further purification. Syngas (1:1 mixture of CO:H,) was supplied by
Ms. Vadilal Chemicals Ltd., Pune, India. 1,2-bis(ditertbutylphosphinomethyl)benzene ligand was
purchased from Sigma Aldrich and used without further purification. Cashew nut shell liquid was
received from Sunshield Chemicals Ltd. (Solvay subsidiary) and further purified to get cardanol
and monoene. All other reagents/chemicals, solvents were purchased from local suppliers
(Spectrochem Pvt. Ltd.; Avra Synthesis Pvt. Ltd.; Thomas Baker Pvt. Ltd. etc). The isomerizing
hydroformylation was run in a Amar Equipment Pvt. Ltd. high pressure reactor equipped with
pressure regulators and safety rupture valve. Solution NMR spectra were recorded on a Bruker
Avance 200, 400, 500 and MHz instruments. Chemical shifts are referenced to external reference
TMS (*H and *3C) or 85% H3PO, (E = 40.480747 MHz, 3'P). Coupling constants are given as
absolute values. Multiplicities are given as follows s: singlet, d: doublet, t: triplet, m: multiplet.
In-situ high pressure NMR was recorded in Wilmad quick pressure valve NMR tube. Mass
spectra were recorded on Thermo scientific Q-Exactive mass spectrometer; with Hypersil gold
C18 column (150 x 4.6 mm diameter 8 pum particle size mobile phase used is 90% methanol + 10
% water +0.1 % formic acid). HPLC analyses were performed on Agilent 1260 infinity
instrument equipped with UV detector at the wavelength of 273 nm. Infrared spectrum was

collected on a Bruker a-T spectrophotometer in ATR mode.

3.4.2: Cashew nut shell liquid and conversion to monoene

Technical grade CNSL is a mixture of anacardic acid, cardanol, cardol and 2-methyl-cardol in
smaller quantities. Decarboxylation of this mixture followed by vacuum distillation at 140 °C
yielded pure cardanol from the above mixture. The decarboxylation and isolation of CNSL-
cardanol is known in the literature.””" It was characterized with the help of NMR and HPLC
(figure 3.6 and 3.7). The HPLC chromatogram shows the relative composition of monoene,
diene and triene in cardanol. Cardanol was selectively saturated to monoene according to the
literature report.”?" ” Following similar procedure, CNSL-monoene was isolated and the existence
was confirmed by NMR and HPLC. The isomerizing hydroformylation of monoene to get the

formyl group at the terminal position of the alkyl chain has been investigated for the first time.
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Figure 3.6: *H NMR spectrum of CNSL-cardanol in CDCl,
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Figure 3.7: HPLC chromatogram of CNSL-cardanol
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Figure 3.8: 'H NMR spectrum of CNSL-monoene in CDCl;
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Figure 3.9: **C NMR spectrum of CNSL-monoene in CDCl;
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Figure 3.10: DEPT-135 spectrum of CNSL-monoene
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Figure 3.11: HPLC chromatogram of CNSL-monoene

3.4.3: Isomerizing hydroformylation of CNSL-monoene
Isomerizing hydroformylation of CNSL-monoene resulted in 28% terminal selectivity under

optimized reaction conditions. The terminal selectivity and conversion was determined by NMR
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using CH,Br; as an internal standard. Hydrogenation of the olefin was found to be a competitive

side-reaction under the optimized conditions.
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Figure 3.12: 'H NMR spectrum of reaction mixture showing 28% terminal selectivity

3.4.4: Determination of conversion and selectivity in case of I-HF of CNSL-monoene

No. of olefinic protons present in starting material (X) = 2

Observed olefinic integration (Y) = 1.35 (see fig. 3.12) (table 3.3, run-7).

Total olefin reacted (Z) = (X-Y)/X= (2-1.35)/2= 0.325

Total Conversion = Z*100 = 0.325*100= 32.5 %

Conversion to aldehyde = (Integration to aldehyde protons/ Z) * 100 = (0.07/0.325)*100 = 22%

Terminal selectivity = (Integration to linear aldehyde/ Total aldehyde integrations) *100
=(0.02/0.07)*100 = 28 %.

3.4.5: Synthesis of Me-protected monoene (S2)

Compound S2 was synthesized by following a known literature procedure.’®

OH OMe
1. K2CO3
2. Mel
— /\/\/ >
3. Acetone —

(1) (2)

Scheme 3.5: Synthesis of Me-protected monoene S2
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Monoene (9.3 g, 0.0307 moles) and potassium carbonate (8.49 g, 0.0614 moles) were suspended
in dry acetone. Methyl iodide (3.83 ml, 0.0614 moles) was added dropwise under inert conditions
and reaction mixture was allowed to reflux for 6 hours. The reaction was then cooled to room
temperature and the solvent was evaporated under reduced pressure to get white colored residue.
The residue was dissolved in ethyl acetate. Now organic layer was washed with water (3* 50 ml),
dried over MgSQ,, filtered and evaporated to get yellow oil. The oil was further purified over a

silica column using hexane- ethyl acetate (5:1) as eluents.

Tue5av2#121.001.001.1r.esp

3.78

Normalized Intensity
1.32

1.27

0.89

E
0.95,0.91
I 0.86
—0.09

1.083.02 2.30 3.00 2.044.062.5014.032.72
[~ I H e e

T T T T T T T T T T T T T T T T
8 7 6 3 2 1

©-]
o

5 4
Chemical Shift (ppm)

Figure 3.13: 'H NMR spectrum of S2 in CDCl;

3.4.6: Isomerizing hydroformylation of Me-protected monoene (S2)

Isomerizing hydroformylation of Me-protected monoene S2 revealed higher selectivity as
compared to monoene under optimized reaction conditions. In this case, the terminal selectivity
was improved to 50% (28% in case of monoene). Conversion and terminal selectivity was
determined following a procedure described in section 3.4.4. Hydrogenation of the S2 was found

to be a competitive side-reaction under the optimized conditions.
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Figure 3.14: 'H NMR spectrum of reaction mixture showing 50% terminal selectivity

3.4.7: Isomerizing hydroformylation of CNSL-cardanol

Isomerizing hydroformylation of crude cardanol proved to be highly selective than that of pure
monoene. The improved terminal selectivity can be explained based on the fact that the CNSL-
cardanol mixture consists of a triene component with readily available terminal double bond.
Thus, the hydroformylation of this terminal double bond adds up to the isomerizing
hydroformylation of internal double bonds and overall terminal selectivity is improved. However,
due to presence of multiple double bonds in the starting material, formation of dialdehyde and
trialdehyde along with monoaldehyde is highly favorable (scheme 3.3). Obtained regio-
selectivities were further confirmed using HPLC analysis. HPLC analyses were performed on
Agilent 1260 infinity series instrument using acetonitrile + water + formic acid (93+2+5) as
eluents, flow rate 0.5 ml/min., column C18, Sum, 4.6*250 mm, Amax= 273 nm, P6: R; = 6.3
minutes (figure 3.17).

Remarkably, isomerizing hydroformylation of CNSL-cardanol led to diolefinic monoaldehyde in
a selective manner. Obtained diolefinic monoaldehyde was isolated from the reaction mixture
using silica gel column chromatography with pet ether and ethyl acetate (crude pet ether to ethyl
acetate-90:10, isolated yield = 18 mg, 44%).
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Determination of yield of P6 (scheme 3.3):

Assuming full conversion, 298.47 g of CNSL-cardanol can give 328.49 g of diolefinic
monoaldehyde (P6).

Therefore, 0.23 g CNSL-cardanol should give (328.49/298.47)*0.23 = 0.25 g of P6.
Considering run 14 (table 3.3), total conversion was 60%, i.e. (60*0.25g) / 100 = 0.15 g of P6.
Conversion to aldehyde is 27%, therefore, (0.15*27)/100 = 0.0405 g of P6.

Obtained yield = 0.018 g

Therefore, % yield of P6 = (0.018g / 0.0405 g) *100 = 44%.

3.4.8: Determination of conversion & selectivity for I-HF of CNSL-cardanol

In case of CNSL-cardanol and methyl protected CNSL-cardanol the exact olefinic integrations
were obtained by calibrating the NMR spectrum. Equimolar amount of CH,Br, and CNSL-
cardanol were dissolved in CDCI;3 (0.5 ml) and transferred to NMR tube. Proton NMR spectrum
of this mixture is depicted in figure 3.15.

No. of olefinic protons present in starting material (X) =5 (See fig. 3.15, 8 =4.99 and 5.37).
Observed olefinic integration (Y) = 1.80 (See fig. 3.18, 6 = 5.29).
Total olefin reacted (Z) = (X-Y)/X = (5-1.80)/5= 0.64
Total Conversion = Z*100 = 0.64*100 = 64 %
Conversion to aldehyde = (Integration to aldehyde protons/ Z) * 100 = (0.04/0.64)*100 = 6%
Terminal selectivity = (Integration to linear aldehyde/ Total aldehyde integrations) *100

= (0.03/0.04)*100 = 75 % (See fig. 3.18).
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Figure 3.16: 'H NMR spectrum of diolefinic monoaldehyde in CDCl5

Ph.D. Thesis : Swechchha Pandey

Page 6 8



Chapter 3 I-HF of CNSL

400—5 - 400
2 ] e
E 200 k200 E
] S/ \_____J___,_
0 T Lo
s0 a5  so  ss e &8s 10
Minutes
VWD: Signal A, 273 nm Results
Retention Time Area Area %
6.360 15009564 100.00
Totals
15009564 100.00
Figure 3.17: HPLC chromatogram of isolated diolefin monoaldehyde
Thu3av2#011_11377.001.001.1r.esp CHZBI’Z ' §
[
|
Q
~
o
S9S
Yoo
0.030.01 1.80 2.00
[ [
05 w00 es | eo 85 | so0 75 | 70 ' es | eo &5 | 'so 45

Chemical Shift (ppm)

Figure 3.18: 'H NMR spectrum of reaction mixture showing 74% terminal selectivity
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3.4.9: Reduction of diolefinic monoaldehyde (P6)

The hydrogenation of alkenes containing aldehyde group is known in literature.”” Similar
procedure with slight modification was followed to reduce P6. Thus, subsequent reduction of
monoaldehyde P6 using Pd/C led to the formation of AA type monomer P8 (scheme 3.6) with

excellent conversion.

OH

OH
@\/\/\/\/\_/\_/\/\ He ©\/\/\/\/\/\/\/\/\
J— — \o I
Pd/C OH

P8
Diolefinic monoaldehyde (P6)

Scheme 3.6: Subsequent reduction of diolefinic monoaldehyde P6 to P8

P6 (0.020 g) and palladium on charcoal (0.025 g) were taken in a RB flask and dry methanol (5
ml) was added to it. After the desired reaction time, the reaction mixture was filtered through a
pad of celite and washed with DCM. Obtained filtrate was evaporated in vacuuo to get white

colored solid (0.018 g, 89 %). Details of optimization studies are summarized in table 3.4.
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Table 3.4: Optimization studies for hydrogenation of P6°

S.No. Solvent Temperature H,Pressure Reactiontime Conversion

(°C) (bar) (hrs.) (%)
01 MeOH rt 2 18 37
02 MeOH 50 10 5 85
03 MeOH 50 10 12 >09

#Conditions: P6 = 0.020g, 10% Pd on charcoal = 0.025g, MeOH =5 ml.

'H NMR (500 MHz, CDCls, 298K): & = 7.14 (t, Ju.q = 7 Hz, 1H, Hs), 6.76 (d, Iy = 7.3 Hz, 1H,
Hy), 6.66 (m, 2H, Hy ), 4.38 (t, Ju.n = 4.5 Hz, 1H, H, ), 3.34 (m, 2H, Hy), 2.57 (t, Ju.u = 7 Hz, 2H,
Hr), 1.60 (m, 6H, Hc), 1.26 (m, 22H, H; ). *C NMR (125 MHz, CDCls, 298K): 5 = 157.2 (C),
145.1 (Cy), 129.5 (Cy), 121.1 (Cy), 115.4 (Cy), 112.6 (Cg), 58.7 (Cp), 36.7 (Cp), 32.1 (Cc), 29.8
(Cy), 26.3 (C;j). ESI-MS (+ve mode): m/z = 335.29 [M+H]".
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Figure 3.20: *H NMR spectrum of hydrogenated product P8 in CDCl;
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3.4.10: Preparation, separation and characterization of linear aldehyde

To obtain reasonable amount of product, 0.48 g of Me-protected monoene was hydroformylated
at 125 °C, 2 bar syngas pressure for 24 hours with 2 mol% {[Rh(acac)(CO),] = 4 mg} catalyst
loading. As calculated by *H NMR, a total conversion of 64% was obtained with 46% aldehyde.
After the reaction, the linear aldehyde was separated from the reaction mixture using flash silica
column chromatography with hexane and diethyl ether (100:1 to 10:1) as eluents. The linear
aldehyde was isolated in 10% vyield as per following method.

316.52 g of Me-protected monoene (S2) gives 346.55 g of aldehydes (P1’ & P2’).

0.48 g Me-protected monoene (S2) should give (346.55*0.48) /316.52 = 0.52 g (P1’ & P2’).
Considering the total conversion of 64% (64*0.52 g) /100 = 0.33g (P1’ & P2’) (figure 3.31)
Since conversion to aldehyde is 46%,

(0.33 g *46)/100=0.159 (P1’ & P2’) should be obtained.

After column 0.015 g of P1° was isolated.

Therefore, isolated % yield of P1° = (0.015¢g / 0.15g) /100 = 10%.

'H NMR (500 MHz, CDCls, 298K): & = 9.77 (t, 1H, Ha), 7.20 (t, 1H, Hy), 6.77 (m, 3H, Hy), 3.81
(s, 3H, Ha), 2.58 (t, 2H, Hy), 2.38 (M, 2H, Hy), 1.58 (m, 6H, Hc), 1.26 (m, 20H, H;). *C NMR
(125 MHz, CDCls, 298K): § = 203.2 (Ca), 159.9 (C¢), 144.6 (Cy),129.4 (Cr), 121.0 (Cy), 114.4
(Cy), 111.0 (Cy), 55.3 (Cy), 44.1 (Cp), 36.2 (Cp), 32.3 (C¢), 31.6(C.), 29.9-29.6(C;), 26.2 (C;). ESI-
MS (+ve mode) : m/z = 347.29 [M+H]".
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Figure 3.23: *H NMR spectrum of linear aldehyde (P1°) in CDCl;
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Figure 3.25: DEPT-135 NMR spectrum of linear aldehyde (P1°) in CDCl3
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Figure 3.28: ESI-MS (positive mode) mass spectrum of linear aldehyde (P1°)
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Figure 3.29: HPLC chromatogram of isolated aldehyde (P1°) derived from Me protected

monoene
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Figure 3.30: *H NMR spectrum of reaction mixture using S2 as substrate with a total conversion
of 64% (conversion to aldehyde is 46%) in CDCl3
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3.4.11: Control experiments
3.4.11.1: In presence of conjugated diene

In a typical isomerizing-hydroformylation experiment a stainless steel autoclave (450 mL)
equipped with pressure regulator and a safety valve was used. Individual vials were charged with
metal precursor (0.002 g), ligand (0.0061 g), solvent (1 ml), 1,3-butadiene (0.21 ml, 100 eq.) and
stirring bars in a glove box. The vials were transferred to autoclave and the autoclave was purged
three times with syngas (CO: H, = 1:1) before pressurizing it to the desired pressure. The
autoclave was heated at 100 °C at 1 bar syngas pressure for 16 hours. After completion of
reaction, the autoclave was cooled to 0 °C, and excess gas was vented off in a well-ventilated
fume-hood. The conversion and regio-selectivity were determined by *H NMR spectroscopy
using dibromomethane as an internal standard.
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Figure 3.31: *H NMR of 1,3-butadiene using CH,Br, (0.052 ml) as an internal standard
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Figure 3.32: *H NMR spectrum of reaction mixture after I-HF of 1,3-butadiene showing partial

conversion to aldehyde (expanded aldehyde region in sets)

3.4.11.2: One pot isomerization-hydroformylation-hydrogenation

A tandem one pot isomerization-hydroformylation-hydrogenation sequence was attempted and
the results are presented in table 3.5. Substrate S3 was chosen as the representative substrate and
an I-HF experiment was performed in presence of Pd/C (0.020 g) with a CO:H, ratio of 1:4 (table
3.5, run 1). As evident, although 68% conversion was observed, the conversion to aldehyde was
negligible (only 1%). This indicates that hydrogenation become the dominant reaction and

suppress hydroformylation.

Table 3.5: One pot tandem isomerization-hydroformylation-hydrogenation of S3.2

Run Subs® T(°C) P(bar) CO:H, T (hrs) Conversion
(%0)
1S3 120 4 1:4 16 68 (1)

[Rh] = [Rh(acac)(CO),] (2 mg), L/IM = 2, solvent = 1,4-dioxane, total conversion was determined by 'H NMR

spectroscopy using CH,Br, as an internal standard.
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3.4.12: Mechanistic investigation: In-situ high pressure NMR

It is well understood that the coordination mode of ligand to the metal has a larger impact on the
activity and selectivity of hydroformylation reaction. In our pursuit to investigate the coordination
mode of ligand L4 and trap the resting state of the catalyst we attempted the following

experiment.

3.4.12.1: Reaction of [Rh(acac)(CO),] and ligand L4

[Rh(acac)(CO),] (0.020 g, 0.000077 moles) and ligand L4 (0.030 g, 0.000077 moles) were
dissolved in dry toluene-dg under inert conditions. This mixture was mixed properly to obtain a
clear solution. The reaction mixture was then transferred to a high pressure NMR tube. The tube
was degassed using freeze-pump-thaw cycles. Subsequently, NMR tube was purged 2-3 times
with syngas and then pressurized to 10 bar and NMR was recorded between 0-90 °C. Figure 3.33
and 3.34 depict the spectrum recorded at 90 °C.

SaZav4002012 036.001.1resp g

—74

Unknown impurity

——

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
100 a3 o B5 a0 75 70 &5 B0 55 50 45 40 k] 30 5

Chemical Shift {ppm)

Figure 3.33: High pressure **P NMR spectrum at 90 °C showing complete coordination of ligand
L4
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Figure 3.34: High pressure *H NMR spectrum at 90 °C displaying the hydride resonance at -

3.4.12.2: Reaction of [Rh(acac)(CO),], ligand L4 in presence of substrate

[Rh(acac)(CO),] (0.030 g, 0.000116 mol) and ligand L4 (0.092 g, 0.000232 mol) were dissolved
in dry toluene-dg (0.3 ml) under inert conditions. This mixture was mixed properly to get a clear
solution. Next, trans-4-octene (0.018 ml, 0.000116) was added to the above solution and the
reaction mixture was transferred to a high pressure NMR tube. The tube was degassed using
freeze-pump-thaw cycles. Next, the NMR tube was purged 2-3 times with syngas and then
pressurized to 10 bars. The tube was heated at 90°C for 4 hours. After 4 hours the reaction

mixture was analyzed using high pressure and high temperature *H and *'P NMR spectroscopy at

10.37 ppm

90 °C and the resultant spectra are depicted in figures 3.36 and 3.37.
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Figure 3.35: High pressure **P NMR spectrum at 90 °C in toluene-dg under catalytic conditions
(i.e. presence of substrate and excess ligand) (expanded view in sets)
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Figure 3.36: High pressure "H NMR spectrum at 90 °C in toluene-ds under catalytic conditions

(i.e. presence of substrate and excess ligand) (expanded view in sets)
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3.5: Conclusion

In summary, unsymmetrical a,o-difunctional molecules with the right balance of aliphatic and
aromatic components are highly valuable intermediates, but usually require multi-step synthesis

to access. I-HF of cashew nut shell liquid offers an opportunity to access unsymmetrical o,o-
difunctional molecules in a single step, but has not been attempted before. We now demonstrate

that isomerizing-hydroformylation of CNSL-cardanol and various derivatives can yield
unsymmetrical o,0-difunctional molecules with a linear selectivity of up to 74%. A small library
of bis-phosphorus ligands (L1-L4) was tested in the I-HF of CNSL-Monoene (S1), which
produced terminal aldehyde with a selectivity of 28%. Moreover, a terminal selectivity of 50%
was observed in the I-HF of methoxy protected monoene (S2). The resultant difunctional
molecule 16- (3-methoxyphenyl)hexadecanal P1°, a potential polymer precursor, was successfully
isolated and fully characterized by various spectroscopic and analytical tools. I-HF of cardanol
(which is a mixture of 3-4 components, along with free phenolic -OH groups) revealed a terminal
selectivity of 74% (P1+P6). The resultant diolefinic monoaldehyde P6 was isolated and subjected
to hydrogenation to obtain P8 in near quantitative yield. NMR spectroscopy and mass analysis
confirmed formation of a,m-difunctional molecule P8. The aldehyde P1' and the hydroxyphenol
compound P8 can be used as renewable building blocks or as monomer for polycondensation
chemistry. Thus, excellent linear selectivities for the I-HF of CNSL-cardanol have been achieved
for the first time and direct access to unsymmetrical o,m-difunctional molecules has been
established. In-situ high pressure NMR investigations suggested exclusive formation of
equatorial-equatorial coordination isomer at higher temperature, which might be responsible for
improved selectivity offered by L4. Access to a,m-difunctional molecules can be also obtained via

isomerizing alkoxycarbonylation which delivers better selectivities compared to I-HF.
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Chapter 4 Fe Catalyzed HF

4.1: Abstract

Earth abundant, first row transition metals offer a cheap and sustainable alternative to the rare and
precious metals. However, utilization of first row metals in catalysis requires harsh reaction
conditions, suffers from limited activity, and fails to tolerate functional groups. Reported here is a
highly efficient iron catalyzed hydroformylation of alkenes under mild conditions. This protocol
operates at 10-30 bars syngas pressure below 100 °C, utilizes readily available ligands and applies
to an array of olefins. Thus, the iron precursor [HFe(CO)4(PhsPNPPh3)] (1) in the presence of
triphenyl phosphine catalyzes the hydroformylation of 1-hexene (S2), 1-octene (S1), 1-decene
(S3), 1-dodecene (S4), 1-octadecene (S5), trimethoxy(vinyl)silane (S6), trimethyl(vinyl)silane
(S7), cardanol (S8), 2,3-dihydrofuran (S9), allyl malonic acid (S10), styrene (S11), 4-methyl
styrene (S12), 4-iBu-styrene (S13), 4-tBu-styrene (S14), 4-methoxy styrene (S15), 4-acetoxy
styrene (S16), 4-bromo styrene (S17), 4-chloro styrene (S18), 4-vinylbenzonitrile (S19), 4-
vinylbenzoic acid (S20), and allyl benzene (S21) to corresponding aldehydes in good to excellent
yields. Short chain S1 and S2 were hydroformylated at 10-20 bars syngas pressure, whereas long
chain olefins S3-S5 required 30 bars syngas pressure at 100 °C for full conversion to aldehydes.
Vinyl aromatics S11-S20 took 48 hours for significant conversion under identical conditions.
Both electron donating and electron withdrawing substituents could be tolerated and excellent
conversions were obtained for S11-S20. Remarkably, the addition of 1 mol% acetic acid
promotes the reaction to completion within 16-24 hours. Detailed mechanistic investigations
revealed in-situ formation of an iron-dihydride complex [H,Fe(CO),(PPhs3),] (A) as an active
catalytic species. This finding was further supported by cyclic voltammetry investigations and
intermediacy of an Fe(0)-Fe(ll) species was established. A mechanism based on an Fe(ll)
catalyzed hydroformylation of olefins is proposed. Identification of methyl heptanoate, derived
from an iron-acyl intermediate, further authenticates the mechanistic proposal. Thus, combined
experimental and computational investigations support the existence of an iron-dihydride as the
catalyst resting state, which then follows a Fe (I1) based catalytic cycle to produce aldehyde and
regenerate the di-hydride species. To the best of our knowledge, this work represents the first
example of iron catalyzed hydroformylation under mild conditions, with the underlying

mechanism also elucidated.

4.2: Introduction

Transition metal catalysed hydroformylation, also known as oxo process was discovered in 1938
by German chemist Otto Roelen and is arguably the world’s largest homogeneously catalyzed

industrial process with the production of 12 million ton oxo-products per annum.* The oxo
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process is a powerful synthetic tool to convert alkenes into aldehydes with perfect atom economy.
It has been extensively utilized to construct an array of chemical intermediates.® The first and
second generation catalysts developed by BASF and ICI were based on cobalt.” However, the
cobalt-catalyzed process requires harsh conditions such as 100-350 bars syngas (1:1 mixture of
CO:H2) pressure and around 100-200 °C temperature. Widespread academic and industrial
research to address this bottleneck led to a rhodium catalyzed low-pressure oxo-process (LPO)
(10-60 bars and 80 - 135 °C),** which was developed by Union Carbide and Celanese in the mid
1970s.%? To date, terminal alkenes, internal alkenes, cyclic olefins and aromatic alkenes have

been extensively hydroformylated to pharmaceuticals, fragrances and agrochemicals using the

precious rhodium metal.”

Thus, due to technical superiority, the rhodium-based LPO is still the
state of the art process practiced by industry and roughly 70% of the oxo-products are produced
using this process. However the industry is increasingly being faced with the rocketing prices of
rhodium due to the high demand of this metal in the automotive industry, which consumes about
80% of this metal. In addition, the natural abundance of this trace element is posing an even
bigger challenge and the search for alternative metals has already begun.® Iron (Fe) is an earth
abundant element in contrast to precious rhodium, and its usage is justified for reasons of
economic and sustainability. Iron catalyzed hydroformylation of olefins has been reported on few

occasions in the past (figure 4.1) and suffers from some serious limitations.

CHO

R [Fe] OHC_ )
_—

Ar X CO/H,
100-200 bar # High pressure

# Limited substrate scope
# No mechanism

# Ignored ligand effect

# Low activity
. J

Figure 4.1: State of the art iron catalyzed hydroformylation

The first example of iron catalyzed hydroformylation was reported by Reppe and Vetter in 1953.
Reppe et. al. studied the reactivity of carbonyl hydridoiron complexes. The introduction of an
olefin in aqueous alkaline solution of [Fe(CO)s] predominantly yielded higher alcohol resulting
from the reduction with in situ generated hydrogen (scheme 4.1).” But the practical application
of this process is limited due to the undesired formation of alkaline formats & carbonates in

alkaline medium.
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[FeHz(CO)‘t] co
co,
Hy
[Fe(CO)s]
H

20

Scheme 4.1: General scheme for hydrogen evolution under Reppe conditions

Later on alkali metal hydroxides were substituted with tertiary amine bases to ensure continuous
evolution of CO, & facilitation of reduction of aldehydes thereby resulting in enhancement of

alcohol formation (scheme 4.2).%

Fe(CO)5} (14 mol%)
| O
/N\)ko‘ K"
_— + (od0) > \/\OH
100-200 bar
60 °C - 80 °C

.

Scheme 4.2: Fe-catalyzed hydroformylation of ethylene by Reppe and Vetter

At 14% loading of [Fe(CO)s], ethylene was converted to propanol under 100-200 bars of CO
pressure. Note that no syngas was employed but the water gas shift (scheme 4.3) reaction was
anticipated to deliver the hydrogen. An Fe dihydride complex [H,Fe(CO),] was proposed to be

the catalytically active species (scheme 4.4).

| CO+H,0 CO, + H, ]

Scheme 4.3: Water gas shift reaction

Ph.D. Thesis : Swechchha Pandey

Page 8 8



Chapter 4 Fe Catalyzed HF

OH-
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Scheme 4.4: Proposed mechanism for water gas shift reaction

Similar attempts using 100 bar CO pressure (at 140 °C) were reported by Palagyi et al. after 30
years using styrene as substrate.®’ The hydroformylation proceeded in the presence of
[Fes(CO)12], NEts, and NaOH at an elevated temperature of 140° C and 100 bar CO pressure in
H.O/MeOH solution. The authors noticed a strong dependence of product distribution on
H.O/MeOH ratio. In this case conversion of styrene to desired oxygenated product did not exceed
more than 30%.

Later on in 1992, the field was evolved in terms of applicability of mixed Ru-Fe metal clusters for
hydroformylation reactions. But in such cases catalyst degradation was the major problem
(scheme 4.5). The TOF was very low (0.4-4.0).% Although it was not clear which metal was
responsible for the observed hydroformylation activity, a synergistic effect between the two
metals was claimed to be responsible.

CHO
©/\ Cat. a,b or ¢ (0.5 mol %) ©/\ N
CO/H,
Ph, Ph, Ph
P P
RU(OC);—Fe(CO), Ru(OC);—Ru(CO);3 F&(OC);—Fe(CO);
P
Ph, Ph, Ph,
Cat. a Cat. b Cat.c
TOF=4 hr'! TOF=0.4 hr™ TOF=0.9 hr'

Scheme 4.5: Hydroformylation of styrene catalyzed by phosphine bridged homo- and

heterobimetallic complexes
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The latest report in iron catalyzed hydroformylation was published in 2000 (scheme 4.6),
utilizing an isolated iron complex [Fe(n®-CHT)(n*-COD)], (CHT: 1,3,5-cycloheptatriene; COD:
1,5-cyclooctadiene).®® Iron catalyzed hydroformylation of 1-hexene and styrene at 100 °C and

100 bars syngas pressure was investigated.

CHO 96%
P ()
NS [Fe(n®-cht)(n*-cod)](0.7mol%) N n/i=60:40
CO/H,(100 bar, 1:1)
o -
100 °C, 24-48 hrs CHO

X 7~ 98%
nli=27:73

where, cht =1,3,5-cycloheptatriene & cod = 1,5-cyclooctadiene

Scheme 4.6: Hydroformylation of 1-hexene and styrene catalyzed by [Fe(n®-cht)( n*-cod)] as a

catalyst precursor where cht = 1,3,5 cycloheptatriene & cod = 1,5 cyclooctadiene

Thus, the iron catalyzed hydroformylation is still in its infancy and suffers from serious
limitations, such as high syngas pressure, limited substrate scope, lack of understanding of ligand
effects and low activities. In addition, no comprehensive picture of the mechanism of Fe
catalyzed hydroformylation exists, beyond the parallels drawn with Ru-catalyzed
hydroformylation.

This chapter aims to overcome the limitations associated with Fe catalyzed hydroformylation of
olefins and presents our attempts in developing an efficient methodology for iron catalyzed
hydroformylation (HF) of olefins under mild conditions: 10-30 bars syngas pressure and below
100 °C, which falls under the purview of LPO. The generality of the approach has been
demonstrated by subjecting various olefins, such as 1-octene, 1-hexene, 1-decene, 1-dodecene, 1-
octadecene, trimethoxy(vinyl)silane, trimethyl(vinyl)silane, cardanol, 2,3-dihydrofuran, allyl
malonic acid, styrene, 4-methyl styrene, 4-iBu-styrene, 4-tBu-styrene, 4-methoxy styrene, 4-
acetoxy styrene, 4-bromo styrene, 4- chloro styrene, 4-vinylbenzonitrile, 4-vinylbenzoic acid, and
allyl benzene to iron catalyzed hydroformylation. A Fe(ll) based mechanism is proposed as
predicated by DFT calculations and experimental evidence. This methodology relies on
commonly available reagents, does not require harsh conditions, and uses an earth abundant, non-
toxic and cheap metal, which makes this approach highly suitable for practical hydroformylation

of industrially important alkenes.
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4.3: Result and Discussion

It is known that the hydroformylation reaction proceeds via a metal-hydride intermediate.®* In our
attempts to meet this criteria, we synthesized an iron-hydride complex [HFe(CO),][PPN] (1)
(where PPN = Bis(triphenylphosphine)iminium) by following a known procedure (scheme 4.7).%
The identity of (1) was fully established by using a combination of spectroscopic and analytical
methods.

MeOH

Fe(CO); + 2KOH

K*[HFe(CO), I + KHCO,

Ph

Ph

|

—

+

cr

\
Ph/P=N=P\/ Ph
| Ph
Ph
[HFe(CO), T (PNP)*

Scheme 4.7: Synthesis of [HFe(CO)4][PPN] (1)

An overview of iron catalyzed reactions reported in the literature indicated that iron complexes
can be activated in the presence of suitable ligands.®® Guided by these reports, we anticipated that
the best way to manipulate the reactivity of 1 would be to offer a competitive ligand to replace
carbonyls and activate 1 in situ. Phosphorus ligands such as phosphines,®” phosphites,®®
phosphine-phosphonite,®*  phosphine-

diphosphines,®®  diphosphites,*®

76, 92

phosphinites,®
phosphoramidite and phosphine-phosphite® have been extensively utilized in rhodium

catalyzed hydroformylation.

4.3.1: Hydroformylation of 1-Octene

As phosphorus ligands are the most successful candidate in hydroformylation reaction, we zeroed
in on readily accessible s-donor ligands such as phosphines and o-donor z- acceptor ligands such
as phosphites® to catalyze HF of model substrate 1-octene (scheme 4.8). The performance of
precursor 1 in the presence of triphenyl phosphine (L1) and triphenyl phosphite (L2) in the iron
catalyzed hydroformylation of 1-octene was evaluated and the representative catalytic data is
summarized in table 4.1. The catalysts were prepared in situ by mixing a suitable amount of the
iron precursor 1 and phosphorus ligands L1 or L2 in presence of syngas.

[Fe*] + L

NN T X /\/\/\/\CHO + /\/\/Y
CO/H, L g CHO
20 bar

Scheme 4.8: Fe catalyzed HF of 1-octene
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Preliminary screening indicated an optimal ligand to metal ratio of 2.5 (table 4.1, run 1-4).
Remarkably, addition of triphenyl phosphine to iron precursor 1 catalyzed the hydroformylation
of 1-octene to nonanal with excellent conversion (90-95%) (table 4.1, run 2-4), without any
hydrogenation side reaction. In our attempts to identify the most suitable solvent, various solvents
were screened (table 4.1, run 5-9). Methanol was found to be the solvent of choice and none of
the other solvents were as effective as methanol. Performing the hydroformylation at lower and
higher syngas pressure indicated an optimal pressure of 20 bars (run 2 vs 10-12) with 95%

conversion within 24 hours, without jeopardizing the regioselectivity.

Table 4.1: Iron (1) catalyzed hydroformylation of 1-octene under mild conditons.?

Run L (equiv.) Solvent CO/H, (bars) Time(h) Conv. (%) L:B"

1 L1(1) MeOH 20 24 47 73:27
2 L1(25) MeOH 20 24 95 66:34
3 L1(3 MeOH 20 24 95 64:36
4  L1@4) MeOH 20 24 92 64:36
5 L1(25) THF 20 24 3 NA
6 L1(25) DXN 20 24 66 73:27
7 L1225 DCM 20 24 24 63:37
8 L1(25) EtOH 20 24 17 67:33
9 L1(25) iPrOH 20 24 20 70:30
10  L1(25) MeOH 30 48 90 60:40
11 L1(25) MeOH 30 24 76 70:30
12 L1(25) MeOH 15 24 62 67:33
13°  L1(25) MeOH 20 24 85 67:33
149 L1(25) MeOH 20 24 3 74:26
15 NA  MeOH 35 24 0 NA
16 L2(1) MeOH 20 48 18 68:32
17 L2(25) MeOH 20 48 47 70:30
18 L2(3) MeOH 20 48 27 65:35
19 L2(25) MeOH 30 48 92 63:37
20 L2(2.5) MeOH 30 24 5 76:24
21 L2(25) MeOH 20 24 2 NA
22°  L2(25) MeOH 20 24 23 68:32

Conditions: 1: 0.0077 mmol, L/M: 2.5, Sub/Fe: 100, Solvent : 1 ml, NA: Not applicable; MeOH-Methanol, THF-
Tetrahydrofuran, DXN-1,4-dioxane, DCM-Dichloromethane, EtOH-Ethanol, iPrOH-Isopropanol, hardly any (~1%)
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hydrogenation product was detected. "Determined by GC. °Performed at 120 °C. Performed at 80 °C. °L2 was
incubated for 24 hours before addition of 1-octene.

Increasing the temperature to 120 °C led to slightly lower conversion, but decreasing the
temperature to 80 °C dramatically reduced the conversion to only 3% (table 4.1, runs 13-14). In a
control experiment, hydroformylation of 1-octene using precursor (1), in the absence of ligand,
failed to produce the corresponding nonanal (table 4.1, run 15). This observation clearly indicated
that precursor 1 on its own is not capable of interacting with alkenes and may not be the actual
active species. Thus, the control experiment accentuates the pivotal role of ligand in iron
catalyzed hydroformylation, without which the iron hydride complex 1 is not active enough.

Encouraged by these results, we evaluated the performance of a readily available, o- donor =-
acceptor ligand, triphenyl phosphite (L2). Initial screening in the presence of ligand L2
indicated an optimal ligand to metal ratio of 2.5 (table 4.1, run 16-18). However, it should be
noted that a longer reaction time was required to achieve reasonable conversion under identical
conditions (table 4.1, run 17). Notably, increasing the syngas pressure to 30 bars revealed an
improved yield of 92% in 48 hours (table 4.1, run 19). However, performing the reaction at the
same syngas pressure as in run 19 but for a shorter period of time (table 4.1, run 20), lead to only
5% conversion. This anomalous behavior could be due to the weak o-donation and lower
coordinating ability of L2. At a higher ligand to metal ratio, the phosphite ligands are known to be
slower, leading to longer reaction times, and the behaviour noted here is in line with the previous
reports.”® Incubating L2 for 24 hours and in situ addition of substrate revealed slight

improvement in the activity (table 4.1, run 22).

4.3.2: Scope of Fe Catalyzed Hydroformylation

With optimized reaction conditions in hand, the scope of the iron catalyzed hydroformylation was
examined (figure 4.2) and about 20 substrates were evaluated. Both aliphatic and aromatic
substrates were hydroformylated with good to excellent conversion to aldehydes. The aromatic
substrates exhibited slightly lower reactivity. A short chain alkene, 1-hexene, was
hydroformylated under further milder conditions with 50% exclusive conversion to heptanal
(figure 4.2, P2) along with 72% linear selectivity. Hydroformylation of long-chain alkenes is
even more challenging, as their reactivity decreases with increasing carbon number and the
possibility of internal isomers and corresponding aldehyde products increases.’” With increasing
chain length of the olefin, the reactivity was found to decrease.”® Thus, at 15 bars syngas pressure
and 100 °C, a C10 olefin 1-decene (S3) led to only 47% yield (figure 4.2, P3), whereas increasing
the CO/H, pressure to 30 bars led to an improved yield of 97% (table 4.6, run 2 vs 3).%° Along the
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same lines, 1-dodecene (S4) and 1-octadecene (S5) displayed 97% and 87% vyield respectively
(figure 4.2, P4 and P5) under identical conditions (table 6, run 4-5).1% 11

With this initial success, the resilience of the catalyst was examined by subjecting functional
olefins to iron catalyzed hydroformylation. The catalyst was found to tolerate trimethoxy group
without any hindrance and 85% conversion to aldehyde was observed (figure 4.2, P6). A slight

change in the silane to trimethyl(vinyl)silane led to 49% conversion to aldehyde (figure 4.2, P7).

NN CHO + w
L g CHO
cHo cHo cHo cHo
K NN K K
P1 (95%) P2 (50%) P3 (97%) P4 (97) L:B
L:B = 66:34 L:B = 72:28 L:B = 61:39 = 61:39
CHO OH
\/ OHC . OHC —_—
\/\M/\ *\\/SI(OMe)g, ~\\/Si(Me)3
P5 (87%) P6 (85%) P7 (49%)
L:B=5: ‘R =QR7"
L:B = 48:52 5:95 L:B=67:33  pg(11%)
L:B = 45:55
CHO
L CHO CHO o P
P9 (62%) P10 (10%) P11(99%) P12 (45%)
L:B = 3:97 L:B = 50:50 L:B=8:92  |.B=13:87
' cooH .
CHo ; ! CHO CHO
----- oo,
P13 (15%) ' Ibuprofen 5 P14 (46%) P15 (96%)
L:B = 28:72 R L:B =7:93 L:B = 11:89
CHO CHO CHO
COOMe
P16 (68%) P17 (97) P18 (72% P19 (19%)
L:B = 2:98 L:B = 4:96 L:B = 8:92 L:B = 10:90
CHO CHO
... 0
COOH
P20 (26%) P21 (22%)
L:B = 1:99 L:B = 64:36

Figure 4.2: Fe catalyzed hydroformylation of various functional olefins: Conditions: 1: 0.0077
mmol, L/M: 2.5, Sub/Fe: 100, Solvent: 1 ml methanol, L:B = Linear : Branched, Yield (in
bracket, %) determined by GC / *H NMR spectroscopy, hardly any (~1%) hydrogenation product
was detected
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A notoriously difficult cardanol (S8), which is a nonedible plant oil derived substrate, was tested
in the iron catalyzed hydroformylation. Although only 11% aldehyde product could be observed,
the fact that such a mixture (cardanol is mixture of three different internal olefins) could be
hydroformylated indicates the potential that the iron catalyst holds (figure 4.2, P8).

A highly challenging heterocyclic olefin, 2,3-dihydrofuran (S9), was hydroformylated to yield
(62%) a highly regioseletive 3-carbaldehyde with 97% selectivity (figure 4.2, P9).
Hydroformylation of 1,1-disubstituted difunctional olefin S10 (allyl malonic acid) lead to reduced
activity and only 10% aldehyde could be observed (figure 4.2, P10) clearly indicating the limited
functional group tolerance of the current catalytic system.

On an average, aliphatic olefins were hydroformylated in 24 hours, whereas aromatic substrates
required 48 or more hours. Styrene was chosen as a representative benchmark substrate and iron
catalyzed hydroformylation was examined.’®® Under optimized conditions, a quantitative
conversion was observed at 20 bars syngas pressure at 100 °C, with the preferred branched
aldehyde formed with 92% selectivity (figure 4.2, P11). The reversal of regioselectivity is very
commonly observed in styrenic substrates and monodentate phosphine ligands are known to
preferably deliver the branched product.** 1% Both electron donating and electron withdrawing
substituents were tolerated (figure 4.2, P12-20). The electron donating substrates 4-methyl
styrene (S12),2%* 4-methoxy styrene,'® 4-tert butyl styrene (S14) demanded 30 bars syngas
pressure for 45-50% conversion. To demonstrate the practical significance of this methodology,
hydroformylation of 4-isobutyl styrene (S13) was performed to yield aldehyde P13 which can be
eventually oxidized to yield ibuprofen (figure 4.2), an anti-inflammatory drug. Whereas the
electron withdrawing substituents fared better and 4-bromo styrene (S17) led to full conversion at
20 bars syngas pressure (table 4.6, runs 21 vs 15). S17 also revealed a high regioselectivity of
96% branched aldehyde (P17) with an excellent yield of 97%. Acetoxy, nitrile and carboxyl
groups could be tolerated but at the cost of slightly reduced conversion to aldehyde (table 4.6, run
20, 22-23).

Thus, the above observations indicate that electron poor styrene derivatives are relatively easy to
hydroformylate, whereas electron rich styrenics are slightly difficult to access. While a significant
amount of literature deals with the hydroformylation of vinyl aromatics, very little is known about
the hydroformylation of allyl aromatics.® The resultant aldehydes are high value

pharamaceutical intermediates.™”’

As a representative case, iron catalyzed hydroformylation of
allyl benzene (S21) was investigated. Precursor 1 in the presence of L1 catalyzed the
hydroformylation of allylbenzene to yield the linear selective (64%) product (P21) with a

moderate conversion of 22% (table 4.6, run 24).
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4.3.3: Acetic Acid Promoted Iron Catalyzed Hydroformylation

Having established iron catalyzed hydroformylation of various olefins, we pondered about the
role of the solvent. It is to be noted that hydroformylation was found to take place in alcoholic
solvents, suggesting active participation of the solvent. In this context, we postulated that the
alcoholic solvents might be delivering a proton to precursor 1, to generate the active species. To
test our hypothesis, we investigated the effect of acidic additives on the hydroformylation
activity. To our delight, the addition of 1 mol% (AcOH : [Fe] = 1:1) acetic acid was found to
dramatically promote the hydroformylation reaction.’® Initial additive screening suggested that 1
equivalent (as compared to iron precursor 1) of acetic acid is sufficient to promote the reaction
(table 4.2, run 1-3). Under optimized conditions, hydroformylation of S2 led to 49% conversion
within 16 hours, which otherwise required 48 hours for similar conversion without the additive
(table 4.2, run 1 versus table 4.6 run 1). Remarkably, six fold increased activity was observed in
the hydroformylation of styrene, which was completed (94% conversion) within 24 hours (Table
3, run 4), instead of the earlier 16% conversion (table 4.6, run 11). Along the same lines,
accelerated hydroformylation of S12, S15 and S17 was observed in the presence of acetic acid.
Table 4.2 lists the important experiments. Thus, addition of 1 mol% (1 equivalent compared to
iron precursor 1) acetic acid promotes the hydroformylation of 1-hexene, styrene and styrene
derivatives and accelerated conversion could be obtained within 16-24 hours.

Table 4.2: Acetic acid promoted iron (1) catalyzed hydroformylation of 1-hexene, styrene and

styrene derivatives.?

Run Substrate AcOH Time (h) Conv. (%)° L:BP

1° S2 1 16 49 72:28
2° S2 2 16 25 73:27
3 S2 5 16 1 NA

4 S11 1 24 94 14:76
5 S12 1 24 32 16:84
6 S15 1 24 64 16:84
7 S17 1 24 80 8:92

Conditions: 1: 0.077 mmol, L/M: 2.5, Sub/Fe: 100, Solvent: 1 ml methanol, CO/H,: 20 bars, Temp.: 100 °C, S2: 1-
hexene, S11: styrene, S12: 4-methyl styrene, S15: 4-methoxy styrene, S17: 4-bromo styrene, NA: Not applicable;
®Determined by GC, “Temp.: 80 °C.

Ph.D. Thesis : Swechchha Pandey

Page 9 6



Chapter 4 Fe Catalyzed HF

4.3.4: Mechanistic investigations

4.3.4.1: NMR Spectroscopy

Unfolding the elementary steps in the iron catalyzed hydroformylation will be of great
significance for understanding the reactivity of the iron catalyst and might unlock the synthetic
potential of this earth abundant metal in hydroformylation. Primitive reports on iron catalyzed HF
either refer to the ruthenium based mechanism'® or cite the Reppe process, which proposes the
CO deficient [H,Fe(CO)s] as an active intermediate.*’® However, direct experimental or
theoretical evidence for iron catalyzed HF is largely missing.

In our attempts to trap key intermediates, precursor 1 was treated with triphenyl phosphine at 45
°C and the progress of the reaction was monitored by phosphorus NMR spectroscopy. The 3P
resonances at 82.3 and 71.5 ppm indicated coordination of L1 to the metal and the presence of
intermediate (i) (figure 4.3) (see experimental section figure 4.33). The above phosphorus
chemical shifts fall within the range of mononuclear iron-phosphine complexes reported

earlier.!*!

e) ©
! ! oo
.CO _ 1 .co
| >co (iii) | co
co PPh, co
J +2PPh; oo d..CO jAcOH
| Yco
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bE PPh,
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5 oc,,,,Fl WH oc, | .H
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Figure 4.3: Proposed catalytic cycle for iron catalyzed hydroformylation. The orientation of

ligands around the metal is only for the sake of understanding and does not mean that this is the

final spatial arrangement of the ligands
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Beller and co-workers in their investigation on iron catalyzed hydrogen production using formic
acid reported that the coordinated phosphorus in [Fe(CO)s(PPhs),] complex appear at 82.5 and
70.6 ppm.'* Therefore, the resonance at 82.3 and 71.5 ppm observed in our investigation can be
assigned to coordinated L1. It should be noted that the phosphine coordination was observed at an
elevated temperature of 45 °C. In an ideal situation, addition of acetic acid at 45 °C would lead to
the generation of intermediate A (figure 4.3). However, addition of acetic acid to the above NMR
tube and recording proton NMR did not show any hydride resonance. This is most likely due to
release of H, from intermediate (A) at elevated temperature.

To arrest the hydrogen release, the NMR tube with added L1 was first heated for 16 hours at 45
°C, and then the tube was cooled to 0 °C. At this temperature, acetic acid was added to the NMR
tube and a proton and **P NMR was recorded. Thus, the addition of acetic acid led to the
appearance of a very weak hydride signal at -12.28 ppm (figure 4.36), but the intensity of the
signal was so weak (even after large number of scans) that it demanded further support. In the
hope of capturing intermediate A, compound 1 was treated with triphenyl phosphine and acetic
acid was added at room temperature without heating the reaction mixture. Immediately a proton
NMR was recorded, which revealed a doublet centered at -9.50 ppm (figure 4.39). This chemical
shift can be assigned to complex A, which is consistent with literature reports.'? Similar results
were obtained when deuterated acetic acid (CD3COOD) was used (figure 4.41). This is most
likely due to fast H-D exchange between added deuterated acetic acid and the protic solvent
(methanol). In a second route to trap intermediate species A (figure 4.3), 1 was treated with acetic
acid to reveal a hydride resonance at -15.3 ppm (figure 4.43). Observation of the hydride
resonance confirmed the formation of species (ii). However, addition of L1 did not show any
coordination at room temperature and heating the sample to obtain the desired coordination led to
elimination of H,. Therefore, species A could not be generated by following this route.** In a
third protocol, formation of A was accessed by synthesizing the known iron-phosphine complex
(iii). Isolated complex (iii) was treated with hydrogen gas in a high pressure NMR tube and the
tube was heated to 60 °C for 16 hours. The progress of the reaction was monitored by proton and
phosphorus NMR spectroscopy. **P NMR of the resultant mixture revealed a resonance at 83.1
ppm (figure 4.45) and the corresponding proton NMR displayed two broad singlets at -8.91 and -
9.02 ppm (figure 4.44). These resonances can be tentatively assigned to an iron complex that
would be similar to species A; perhaps with a different spatial arrangement of the two hydrides.
Thus, the above spectroscopic investigations suggest formation of species A, which might be the
potential active species for hydroformylation. The intermediate thus prepared is highly unstable

and only in situ characterization has been attempted.
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4.3.4.2: Cyclic Voltammetry

The interconversion of Fe(0) to Fe(l1) species was further supported by cyclic voltammetry (CV)
investigations. The cyclic voltamogram (CVs) of the iron precursor (1) was recorded before and
after the addition of acetic acid in the electrolyte medium (figure 4.4).** Initial reduction
potential for the compound (1) was found to be 0.43 V (vs Pt), which was shifted to 0.33 V (vs Pt)
after acetic acid addition. Similarly, a shift in the oxidation peak of the precursor 1 was noted
from 0.55 to 0.40 V (vs Pt). The above shift in the peak potential clearly indicates that the initial
Fe (0) species in precursor 1 is being converted to the iron-dihydride species after the addition of
acetic acid. To verify these results further, control experiments were conducted under analogous
conditions. Ferrocene, ferrocene carboxylic acid, [Fe(CO)s(PPhs),] and [Fe(CO)s] were selected
as control samples. As can be seen in figure 4.49, the ferrocene and ferrocene carboxylic acid,
wherein iron is in the +2 oxidation state, displayed separate peak positions for oxidation and
reduction. The shift in the peak position is related to the carboxylic group attached to the
cyclopentadienyl ring.

0.05—-
0.04—-
0.03—-
0.02—-
0.01 —

0.00

-0.01 4

Current Density(mA/cm?)

-0.02 4

—— Compound (1)
| —— Compound (1)+Acetic acid
-0.04 T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Poential(V vs Pt)

-0.03 4

Figure 4.4: Cyclic voltamograms of iron precursor (1) (black line) and (1) + acetic acid (red line),
recorded at 50mV/s with an electrode rotation rate of 900 rpm in 0.1 M LiCIO4 (solution in
methanol)

Further, we recorded the CVs of the iron(0) compounds such as [Fe(CO)s;(PPhs),] and [Fe(CO)s].
The CV of [Fe(CO)3(PPh3),] revealed an oxidation and reduction peak at higher potential against
the iron(+2) ferrocene and ferrocene carboxylic acid, whereas no peak for [Fe(CO)s] could be
identified in the analogous potential range (figure 4.50). The anomalous behavior of the

[Fe(CO)s] could be because of the homogenous ligand surrounding the metal. As evident from the
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control experiments outlined above, it is most likely that the Fe (0) precursor 1 is converted to Fe
(1) after the addition of acetic acid. The reduction peak of the acetic acid treated compound 1 was
in close resemblance with Ferrocene (0.26 V vs Pt), i.e. iron (2+). Whereas precursor 1 (0.43 V vs
Pt) without acetic acid treatment resembles [Fe(CO)3(PPhs),] (0.46 V vs Pt) , i.e. Fe (0).

4.3.4.3: Computational and Additional Experimental Evidence

The existence of A was investigated by computational methods and complex A was found to be
the lowest energy isomer (table 4.8) among the six possible geometrical isomers. Based on the
computational investigations, it is proposed that the in situ generated active species A forms a z-
bond with the olefin to yield species B (figure 4.3), which inserts into the Fe-H bond to give the
metal-alkyl complex C. The next step is the formation of the acyl intermediate D. Upon addition
of H,, D releases the aldehyde and regenerates the active species A. In our attempts to trap the
acyl intermediate, a reaction between 1 and 1-hexene was conducted at 0 °C to obtain the acyl
intermediate D. The acyl complex D was then treated with iodine in methanol to obtain methyl
heptanoate, which was characterized by NMR (figure 4.46), ESI-MS (figure 4.47) and GCMS
(figure 4.48). The observation of methyl heptanoate confirms the intermediacy of species D.
Similar evidence was presented for the cobalt catalyzed hydroformylation mechanism by Heck
and Breslow.'® Thus, formation and intermediacy of A has been demonstrated by various
experimental methods and it is therefore reasonable to believe that complex A is the actual active
species. The observation of the methyl heptanoate further supports the proposed mechanism.

A radical mechanism with a potential radical species [*Fe(CO)4] has also been evoked in the
past.”” M® However, the existence of the radical mechanism seems unlikely based on three
experimental pieces of evidence. (a) Two control experiments were performed in the presence of
excess (150 times) radical scavengers 2,2,6,6-Teramethylpiperidinyloxy (TEMPO) and
galvinoxyl (section 4.4.3.6.5: Control Experiments). In both these cases, the aldehyde product
was obtained. If a radical mechanism had been operating, the radical would have been scavenged
by TEMPO or galvinoxyl and there would not have been any aldehyde formation. Thus, the
formation of aldehyde in the presence of the radical scavenger rules out the possibility of a radical
mechanism. (b) In situ NMR investigations could be performed without any paramagnetic NMR
resonances. The absence of a paramagnetic species further supports the absence of a radical
mechanism. (c) CV experiments indicated two electron processes and, therefore, intermediacy of
one electron transformations is unlikely.

To obtain detailed insight into the iron catalyzed hydroformylation reaction, full quantum

chemical calculations have been performed with density functional theory (DFT) at the
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PBE/TZVP level of theory. It is well known that an octahedral complex with a general formula
MA,B,C; has six different stereoisomers,*!” and from the calculations, it is found that A is

the most favorable stereoisomer for [Fe(CO),(H).(PPhs),] (figure 4.5). The insertion of olefin
from the m-complex intermediate B can follow two pathways: 1,2-insertion (Path A) or 2,1-
insertion (Path B) (figure 4.5). The former would lead to the linear aldehyde 7a, while the latter
would produce the branched aldehyde 7b. The energy barriers for this particular step (insertion

or hydride transfer) suggested that the 1,2-insertion is more favorable (by 1.3 kcal/mol) (figure
4.6, bottom) for 1- hexene. However, an opposite trend is seen in the case of styrene, where the
2,1-insertion is favored (by 1.7 kcal/mol) (figure 4.6, bottom). These computational findings
complement the experimental observations, wherein higher amount of branched product was
observed for styrene (table 4.6, run 12) and the linear product was seen to be the major one for 1-
hexene (table 4.6, run 1).
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Figure 4.5: The reaction mechanism for the hydroformylation of olefins calculated at the

PBE/TZVP level of theory. AG (in kcal/mol) represents Gibbs free energy of reaction
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Figure 4.6: Free energy profile for the hydride transfer step in path A and path B. The free energy

values are in kcal/mol

4.3.4.4: Is it Iron or Rhodium?

Iron catalyzed cross-coupling reactions such as “arylation” were reported to be influenced by
presence of copper impurities in the Iron precursor FeCls.**® In this context; we pondered about
the possible role of rhodium impurities in our iron precursor. Thus, a three prong approach was
used to establish if it is Iron or Rhodium that is catalyzing the hydroformylation reaction. i) In
the first approach, commercially available iron precursor [Fe,(CO)q] was evaluated in the
hydroformylation of 1-octene, in presence and absence of phosphine ligand under identical
conditions and the results are presented in table 4.3. As evident, no hydroformylation was
observed with [Fe,(CO)¢] and a meager 1% hydroformylation product (figure 4.52) was observed
in presence of triphenyl phosphine ligand. Had there been any rhodium impurity in the
commercial precursor [Fe,(CO)q], it would have catalyzed the HF in presence of triphenyl
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phosphine ligand. Thus, the lack of hydroformylation in the above experiment suggests that the
impurities in the commercial precursor do not catalyze hydroformylation. ii) In the catalyst
preparation step, [Fe,(CO)q] was converted into [Fe(CO)s], which is subsequently utilized for the
synthesis of complex 1. In order to further investigate the role of rhodium impurity in this
intermediate, [Fe(CO)s] catalyzed hydroformylation of 1-octene with and without triphenyl
phosphine under identical conditions was examined. In this case as well, almost no
hydroformylation was observed (figure 4.53). These observations rule out the possible
hydroformylation by rhodium impurities and support the assumption that the reaction is most
likely catalyzed by Iron. iii) In our attempts to detect the rhodium, the iron precursor [Fex(CO)q]
and complex 1 were subjected to bulk analyses using atomic absorption/emission spectroscopy
and surface analysis using XPS. Both of these analyses revealed absence of rhodium in the
precursor (see section 4.4.3.6.7.2). Thus, it is most likely that the hydroformylation is catalyzed
by iron and it is highly unlikely that the rhodium impurity that is beyond the detection limits (0.01

ppm) is responsible for the observed HF.

Table 4.3: Hydroformylation of 1-octene with iron in presence and absence of ligand.?

Run Fe-precursor Ligand L:M Conv. (%)°

1 [Fex(CO)g] NA 25 0
2 [FexCO)] PPhy 25  ~1
3 [Fe(CO):] NA 25 0
4 [Fe(CO)] PPhy 25 0

Conditions: [Fe,(CO),]: 0.0109 mmol, [Fe(CO)s]: 0.0204 mmol, Sub/Fe: 100, Solvent: 1 ml methanol, CO/H,: 20
bars, Temp.: 100 °C, Time : 24 hours; NA: Not added; "Determined by GC.

4.4: Experimental Section

4.4.1: General Methods and Materials

Unless noted otherwise, all manipulations were carried out under an inert atmosphere of argon
using standard Schlenk line techniques or M-Braun glove box. Tetrahydrofuran was distilled from
sodium/benzophenone under argon atmosphere. Methylene chloride was distilled on calcium-
hydride. Methanol, ethanol, and isopropanol were dried on magnesium cake. Magnesium turning,
triphenyl phosphine, triphenyl phosphite were purchased from Sigma-Aldrich and used without
further purification. 1- hexene, 1-octene, 1-decene, 1-dodecene, 1-octadecene, styrene, 4-chloro
styrene, trimethoxy(vinyl)silane, trimethyl(vinyl)silane, allyl malonic acid, 4-tBu-styrene, 4-
acetoxy styrene, 4-vinylbenzonitrile, 4-vinylbenzoic acid and allyl benzene were purchased from

Sigma-Aldrich and used after passing through a plug of neutral alumina followed by distillation.

Ph.D. Thesis : Swechchha Pandey

Page 1 0 3



Chapter 4 Fe Catalyzed HF

Cashew nut shell liquid was received from Sunshield Chemicals Limited (subsidiary of Solvay)
and was further purified to obtain cardanol. 4-iso-butyl-styrene was prepared by following a
known procedure.**®
obtained from Alfa Aesar. Complex [HFe(CO)4][PPN] (1) was synthesized by modifying

literature procedure.®® [(PPhs),Fe(CO)s] (iii) was prepared by following a reported procedure.*"*

[Fe2(CO)o], 4-methoxy styrene, 4-methyl styrene, 4-bromo styrene were

Other chemicals like methylene chloride, methanol, ethanol, isopropanol, 1,4-dioxane,
tetrahydrofuran, toluene, chloroform, calcium hydride, 2,3-dihydrofuran, etc. were purchased
from local suppliers. Acetic acid (glacial) was purchased from Qualigens Fine Chemicals and was
dried by adding acetic anhydride (7:3). The syngas and hydrogen gas were supplied by Ms.
Vadilal Chemicals Ltd, Pune, India. The hydroformylation of a-olefins was run in an Amar
Equipment Pvt. Ltd. high pressure reactor equipped with pressure regulators and safety rupture
valve. The hydroformylation of 1-octene with incubation was run in an Amar Equipment Pvt. Ltd.
high pressure reactor equipped with additional high pressure liquid charging chamber, pressure
regulators and safety rupture valve. NMR spectra were recorded on Bruker 200, 400, and 500
MHz instruments. Chemical shifts are referenced to external reference TMS (*H and *3C) or 85%
HsPO, (2 = 40.480747 MHz, *'P). Coupling constants are given as absolute values. Multiplicities
are given as follows s: singlet, d: doublet, t: triplet, m: multiplet. In-situ high pressure NMR was
recorded in Wilmad quick pressure valve NMR tube. Mass spectra were recorded on Thermo
scientific Q-Exactive mass spectrometer; with Hypersil gold C18 column (150 x 4.6 mm diameter
8 um particle size mobile phase used is 90% methanol + 10 % water + 0.1 % formic acid). IR
spectrum was recorded on Bruker alpha-T spectrometer in liquid state. Sample was dissolved in
chloroform and spectrum was obtained using sodium chloride window. GC analyses for 1-hexene,
1-octene, 1-decene, 1-dodecene, 1-octadecene, styrene, 4-methoxy styrene, 4-bromo styrene, 4-
methyl styrene, other styrenic substrates and allyl benzene were carried out on an Agilent 7890B

GC system. GC-MS analysis was carried out on a Varian 3800 GC-MS (Saturn 2000MS) with
VF-5 capillary column (5% phenyl, 95% dimethyl polysiloxane). The column oven program used
is same as that for GC analysis. Headspace GC analysis was performed on an Agilent 7890A GC
system equipped with Porapak column and thermal conductivity detector. Inlet temperature was
maintained at 150 °C, column flow = 14 ml/min. Detector temperature was maintained at 200 °C.
Temperature program: starting at 60 °C with hold time of 5 mins. Ramp 1: @ 10 °C to 100 °C,
hold for 21 mins. Retention time for H, = 1.5 mins. The XPS measurements were carried out
using Thermo Scientific Kalpha+ spectrometer using a monochromatic Al Ka (1486.6 eV) x-ray
source. The base pressure of the spectrometer was 2 x 10 mbar. The wide area and narrow
region scans were acquired using 100 eV and 50 eV pass energy respectively. The bulk analyses

for the detection of rhodium impurity was carried out at three different places using; Varian
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atomic absorption spectrometer, model- 220fs (NCL), SPECTRO Analytical Instruments GmbH,
Germany, model-ARCOS, Simultaneous ICP Spectrometer (IIT Bombay), and Agilent model-
4100 MP-AES. A Bio-Logic electrochemical workstation was used to perform the
electrochemical analysis. In a typical setup a three electrode cell was employed which comprises
of a glassy carbon (0.196 cm? geometrical surface area) as working electrode, graphite rod as
counter electrode and Pt-wire as reference electrode. The methanolic solution of LiClO,4 (0.1 M)
served as the electrolyte purpose. For recording the cyclic voltamogram of the compounds, a 0 to
1 V potential range was applied with a scan rate of 50 mV/s. Further, in order to maintain the

reactant flow over the glassy carbon electrode a 900 rpm was given to the working electrode.

4.4.2: Synthesis of iron complexes [Fe(CO)s] and [HFe(CO),;][PPN]

We began with the synthesis of [Fe(CO)s] following a known literature procedure (scheme
4.9).1%° 2,01 g (0.0137 mol) of benzylideneacetone, 5 g (0.0137 mol) of [Fe,(CO)s] were
suspended in dry toluene (30 ml) in a Schlenk flask. The above suspension was heated at 60 °C
for 5 hours, after which volatiles were evaporated under vacuum. The resultant volatiles were
collected and subjected to low temperature precipitation at -45 °C to obtain [Fe(CO)s] as straw
yellow colored precipitate. The supernatant toluene was syringed out and the resultant solid (64%
yield) was used for next step. Subsequently, the solid was allowed to warm up to room

temperature, leading to a straw yellow color liquid.

Toluene

Ph-CH=CHCOCH; + Fe,CO, (Ph-CH=CHCOCH;)Fe(CO); + Fe(CO)5 + CO

Scheme 4.9: Synthesis of [Fe(CO)s]

5 g (0.0255 mol) of [Fe(CO)s] was treated with 2.86 g (0.051 mol) of KOH in methanol (40 ml)
to obtained the desired metal precursor [HFe(CO),J[K]*® A saturated solution of bis-
triphenylphosphine iminium chloride (1 g in 10 ml methanol) was added to above [HFe(CO)4]
[K]" salt to obtain pale yellow colored precipitate (scheme 4.7). The thus obtained precipitate was
further recrystallized from 1:1 hot solution of ethanol: ethyl acetate to obtain [HFe(CO)4] [PPN]*
(1) [where [PPN]*= Bis(triphenylphosphine)iminium cation] in 46% yield.

Key resonances for (1):

'H NMR (500 MHz in CD3;0D): & = -8.52 (s, 1H, Fe-H). **C NMR (125 MHz in CD;0D): & =
161.5 (C=0), 135.0, 133.6, 130.8, 128.3. *'P NMR (500 MHz in CD3s0D): & = 21.02. IR (cm™)=
1870 (C=0). ESI-MS (-ve mode): m/z = 168.91 [M]f.
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Figure 4.7: *'P NMR spectrum of hydrido-tetracarbonyl ferrate bis(triphenylphosphine)iminium
(1)
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Figure 4.8: *H NMR spectrum of hydrido-tetracarbonyl ferrate bis(triphenylphosphine)iminium
1)
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Figure 4.9: *C NMR spectrum of hydrido-tetracarbonyl ferrate bis(triphenylphosphine)iminium

1)

1.0
o /
L8]
[
L]
£ 0.5
E
wn
[
[N
[
|_

0.0

4000 3500 3000 7500 7000 1500 1000

Wavenumber {cm™)

Figure 4.10: IR spectrum of hydrido-tetracarbonyl ferrate bis(triphenylphosphine)iminium (1)
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Figure 4.11: ESI-MS (negative mode) spectrum of hydrido-tetracarbonyl ferrate
bis(triphenylphosphine)iminium (1)

4.4.3: General Procedure for Hydroformylation

In a typical hydroformylation experiment a stainless steel autoclave (450 mL) equipped with 50
ml high pressure liquid charging chamber, pressure regulator and a safety valve was used.
Individual vials were charged with metal precursor [HFe(CO)4] [PPN]* (1) (5.5 mg, 0.0077
mmol), ligand (as in table 4.1-4.3), solvent (1 ml), substrate (100 equiv.) and stirring bars in a
glove box. The vials were transferred to autoclave and the autoclave was purged three times with
syngas (CO:H, = 1:1) before pressurizing it to the desired pressure. Suitable temperature and
pressure was maintained during the reaction. After completion of the reaction, the autoclave was
cooled to 0 °C, and excess gas was vented off in a well-ventilated fume-hood. The conversion and

regio-selectivity were determined by using gas chromatography (GC).

4.4.3.1: Iron Catalyzed Hydroformylation of 1-Octene

Hydroformylation of 1-octene was carried out as reported in the general procedure and the results
are summarized in table 4.1.

GC analysis for 1-octene was carried out on an Agilent 7890B GC system using HP-05 column

(30 m x 320 um % 0.25 um), split ratio 30:1, column pressure 10 psi, injector temperature of 260
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°C, detector temperature of 330 °C, argon carrier gas. Temperature program: Initial temperature
70 °C, hold for 1 min.; ramp 1: 4 °C/min. to 120 °C; ramp 2: 10 °C/min. to 250 °C; ramp 3: 20
°C/min. to 320 °C, hold for 2 min. Retention time for ; 1-octene = 2.7 min.; hydrogenated product

(octane) = 2.8 min.; branched aldehydes = 7.02 min.; linear aldehyde = 8.1 minute (figure 4.12).

Determination of regioselectivity: Regioselectivity was determined according to the following
equation:

Linear selectivity = (area under peak for linear aldehyde/ sum of the area for linear and branched
aldehydes)*100.

For example, in the fig. 4.12, area under peak for linear aldehyde = 61.85%

Total peak area for aldehydes = (32.47+61.85) = 94.32%

Linear selectivity = (61.85/94.32)*100 = 66%

2000
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[=2] =]
(8]
i o ,
1000 ~
= o il |
] r~ . f
o |
| ™ I |
0 i j_‘ | _
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2 3 4 5 6 7 8 9 11
Minutes
Back Signal
Results
Retention Time Area Area % Height Height %
2.725 4471477 5.68 1368813 8.08
7.029 25562508 32.47 6502004 38.37
8.184 48698423 61.85 9074305 53.55
Totals
78732408 100.00 16945122 100.00

Figure 4.12: GC chromatogram for 1-octene (table 4.1, run 02)

4.4.3.2: Iron Catalyzed Hydroformylation of 1-Hexene
Hydroformylation of 1-hexene was performed following the general procedure reported earlier

and the results are summarized in table 4.4.
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Table 4.4: Iron catalyzed hydroformylation of 1-hexene.?
Run Temp. CO/H, Time Conv.” L:BP
(°C) (bars) (h) (%)
01 100 20 N
02. 80 20 24 28 74:26
03. 70 20 24 5 74:26
04. 80 10 24 20 75:25
05. 80 10 48 50 72:28

“Conditions: 1: 0.0077 mmol, Sub/Fe: 100, Methanol: 1 ml, NA: Not applicable; "Determined by GC.

GC analysis for 1-hexene was carried out on an Agilent 7890B GC system using HP-05 column
(30 m x 320 um x 0.25 pum), split ratio 30:1, column pressure 10 psi, injector temperature of 260
°C, detector temperature of 330 °C, argon carrier gas. Temperature program: Initial temperature
50 °C, hold for 1 min.; ramp 1: 4 °C/min. to 120 °C; ramp 2: 20 °C/min. to 250 °C; ramp 3: 20
°C/min. to 320 °C, hold for 2 min. Retention time for 1-hexene = 2.05 min.; hydrogenated
product (n-hexane) = 2.07 min.; branched aldehydes = 4.74 min.; linear aldehyde = 5.65 minute

(figure 4.13).

10000 ‘

REetention Time
=]

5000 | {

Volts

10000

5000

1 = 4743

) 1 5658

0 l'-J 0
20 25 30 25 40 45 B 60 65 70
Minutes
Back Signal
Results
Retention Time Area Area % Height Height %
2.051 48686364 50.43 45667088 75.85
4.743 13322454 13.80 5140612 8.54
5.658 34526226 35.77 9396930 15.61
Totals
96535044 100.00 60204630 100.00

Figure 4.13: GC chromatogram for 1-hexene (table 4.4, run 5)
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Determination of regioselectivity: Regioselectivity was determined according to the following
equation:

Linear selectivity = (area under peak for linear aldehyde/ sum of the area for linear and branched
aldehydes)*100.

For example, in the fig. 4.13, area under peak for linear aldehyde = 35.77%

Total peak area for aldehydes = (35.77+13.80) = 49.57%

Linear selectivity = (35.77/49.57)*100 = 72%

4.4.3.3: Iron Catalyzed Hydroformylation of Long Chain Olefins
Hydroformylation of long chain olefins such as 1-decene, 1-dodecene and 1-octadecene (scheme
4.10) was performed following the general procedure reported earlier and the results are

summarized in table 4.5.

L B

P N N +
SN X CHO

[Fe*] + L +
\ CHO

CO/H,

>30 bar

Scheme 4.10: Iron catalyzed hydroformylation of long chain olefins

Table 4.5: Iron catalyzed hydroformylation of long chain olefins.?
Run Substrate  Temp. CO/H, Time Conv. L:B"
(°C) (bars) (h) (%)°

1 1-decene 100 15 24 47 74:26
2 1-decene 100 30 24 97 61:39
3 1-decene 120 20 24 85 61:39
4 1-decene 80 20 24 2 ND

5 1-dodecene 100 30 24 97 61:39
6 1-octadecene 100 30 24 87 48:52

“Conditions: 1: 0.0077 mmol, Sub/Fe: 100, Methanol: 1 ml, ND: Not determined; "Determined by GC.

GC analysis for 1-decene, 1-dodecene and 1-octadecene was carried out on an Agilent 7890B GC
system using HP-05 column (30 m x 320 pm x 0.25 pum), split ratio 30:1, column pressure 10

psi., injector temperature of 260 °C, detector temperature of 330 °C, argon carrier gas.
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Temperature program: Initial temperature 70 °C, hold for 1 min.; ramp 1: 4 °C/min. to 120 °C;
ramp 2: 10 °C/min. to 250 °C; ramp 3: 20 °C/min. to 320 °C, hold for 2 min. Retention time for
1-decene = 5.4 min.; hydrogenated product (n-decane) = 5.7 min.; branched aldehydes = 13.1
min.; linear aldehyde = 14.4 minute (figure 4.14). Retention time for 1-dodecene = 9.9 min.;
hydrogenated product (n-dodecane) = 11.2 min.; branched aldehydes = 18.0 min.; linear aldehyde
= 18.8 min. (figure 4.15). Retention time for 1-octadecene = 22.4 min.; branched aldehydes =

26.0 min.; linear aldehyde = 26.5 min. (figure 4.16).
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Results
Retention Time Area Area % Height Height %
5.630 3095654 3.51 346720 2.36
13.108 33195501 37.63 5774030 39.36
14.461 51917560 58.86 8548925 58.28
Totals
88208715 100.00 14669675 100.00
Figure 4.14: GC chromatogram for 1-decene (table 4.5, run 2)
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Totals
74575244 100.00 18148426 100.00

Figure 4.15: GC chromatogram for 1-dodecene (table 4.5, run 5)
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53597849 100.00 15737339 100.00

Figure 4.16: GC chromatogram for 1-octadecene (table 4.5, run 6)

4.4.3.4: Iron Catalyzed Hydroformylation of Functional Olefins
Hydroformylation of functional olefins such as trimethoxy(vinyl)silane, trimethyl(vinyl)silane,
cardanol, allyl malonic acid and 2,3-dihydrofuran (figure 4.2) was performed following the

general procedure reported earlier and the results are summarized in table 4.6.

GC Method for 2,3-dihydrofuran : 2-carbaldehyde = 4.9 min.; 3-carbaldehydes = 5.2 minutes and
5.4 minutes (figure 4.17).”° Conversion and regioselectivity for trimethoxy(vinyl) silane (figure
4.18), trimethyl(vinyl) silane (figure 4.19), cardanol (figure 4.20) and allyl malonic acid (figure

4.21) was determined by proton NMR using CH,Br; as an internal standard.

Ph.D. Thesis : Swechchha Pandey

Page 1 1 3



Chapter 4 Fe Catalyzed HF

Table 4.6: Scope for iron catalyzed hydroformylation of olefins.?

Run Subs. Temp. CO/H, Time Conv. L:BP
(°C) (bars) (h) (%)°
1 S2 80 10 48 50 72:28
2 S3 100 15 24 47 74:26
3 S3 100 30 24 97 61:39
4 S4 100 30 24 97 61:39
5 S5 100 30 24 87 48:52
6 S6° 100 30 24 85 5:95
7% ST 100 30 24 99 67:33
g  S8° 100 30 48 43 45:55
9 S9 70 25 24 62 3:97
10" S10° 100 30 48 82 50:50
11 S11 100 20 24 16 11:89
12 su 100 20 48 99 8:92
13 S12 100 20 48 14 15:85
14  S12 100 30 48 45 13:87
15  S13 100 30 48 15 28:72
16  Sl4 100 30 48 46 7:93
17  S15 100 20 48 41 18:82
18  S15 100 30 48 96 11:89
19 S16 100 25 48 68 2:98
20  S17 100 20 48 97 4:96
21  S18 100 30 48 72 8:92
22 S19 100 25 48 19 10:90
239 S20° 100 30 48 99 0:99
24 S21 100 35 48 22 64:36

Conditions: 1: 0.0077 mmol, L/M: 2.5, Sub/Fe: 100, Solvent: 1 ml methanol, S2: 1-hexene, S3: 1-decene, S4: 1-
dodecene, S5: 1-octadecene, S6: trimethoxy(vinyl)silane, S7: trimethyl(vinyl)silane, S8: Cardanol, S9: 2,3-
dihydrofuran, S10:Allyl malonic acid, S11: styrene, S12: 4-methyl styrene, S13: 4-iBu-styrene, S14: 4-tBu-styrene,
S15: 4-methoxy styrene, S16: 4-acetoxy styrene, S17: 4-bromo styrene, S18: 4-chloro styrene, S19: 4-
vinylbenzonitrile, S20: 4-vinylbenzoic acid, S21: allyl benzene; NA: Not applicable; "Determined by GC. ° Yields
determined by 'H NMR with CH,Br, as an internal standard, deonversion to aldehyde is 49%; °conversion to

aldehyde is 11%; "conversion to aldehyde is 10%; %conversion to aldehyde is 26%.
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Figure 4.17: GC chromatogram of hydroformylated 2,3-dihydrofuran showing 3:97 (2-
carbaledhyde:3-carbaldehyde selectivity) (table 4.6, run 9)
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Figure 4.18: "H NMR spectrum (CH2Br; as internal standard) of reaction mixture of
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Figure 4.19: "H NMR spectrum (CH,Br; as internal standard) of reaction mixture of
trimethyl(vinyl)silane
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Figure 4.20: 'H NMR spectrum (CH2Br; as internal standard) of reaction mixture of cardanol
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Figure 4.21: *H NMR spectrum (CH.Br; as internal standard) of reaction mixture in case of HF
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4.4.3.5: Iron catalyzed hydroformylation of styrene and styrene derivatives

Hydroformylation of styrene and styrene derivatives (scheme 4.11) was performed as reported in
the general procedure and important runs are presented in table 4.6. GC analysis for styrene and
styrene derivatives was carried out on an Agilent 7890B GC system using Supelco -dex 225 (30
m* 0.25 mm * 0.25 um), split ratio 30:1, column pressure 10 psi., injector temperature of 220 °C,
detector temperature of 300 °C, argon carrier gas. Temperature program for S11: styrene, S12: 4-
methyl styrene: Initial temperature 100 °C, hold for 2 min.; ramp 1: 2 °C/min. to 160 °C; ramp 2:
20 °C/min. to 210 °C; hold for 2 min. Retention time R; for styrene = 7.3 mins. for hydrogenated
product (Ethyl benzene) = 6.3 mins. n-dodecane = 14.7 min. (internal standard), for branched
aldehydes = 17.0 mins. for linear aldehyde = 23.4 mins. (figure 4.22).

Retention time R; for 4-methyl styrene = 10.3 mins. for branched aldehydes = 22.0 mins. for
linear aldehyde = 27.7 mins. (figure 4.23).

Temperature program for S13: 4-iBu-styrene, S14: 4-tBu-styrene, S15: 4-methoxy styrene, S16:
4-acetoxy styrene, S17: 4-bromo styrene, S18: 4-chloro styrene, S19: 4-vinylbenzonitrile, S21.:
allyl benzene: Initial temperature 100 °C, hold for 2 min.; ramp 1: 2 °C/min. to 160 °C; ramp 2:
10 °C/min. to 210 °C; hold for 2 min.
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Retention time R for 4-isobutyl styrene = 20.7 mins. for branched aldehydes = 32.6 mins. for
linear aldehyde = 37.1 mins. (figure 4.24).

Retention time R; for 4-tertbutyl styrene = 19.9 mins. for branched aldehydes = 33.3 mins. for
linear aldehyde = 36.2 mins. (figure 4.25).

Retention time R; for 4-methoxy styrene = 20.5 mins. for branched aldehydes = 33.3 mins. for
linear aldehyde = 36.0 mins. (figure 4.26).

Retention time R; for 4-acetoxy styrene = 30.0 mins. for branched aldehydes = 32.9 mins. for
linear aldehyde = 38.44 mins. (figure 4.27).

Retention time R; for 4-bromo Styrene = 19.3 mins. for branched aldehydes = 35.4 mins. for
linear aldehyde = 38.5 mins. (figure 4.28).

Retention time R; for 4-chloro styrene = 14.4 mins. for branched aldehydes = 31.4 mins. for linear
aldehyde = 36.0 mins. (figure 4.29).

Retention time R; for 4-vinylbenzonitrile = 28.3 mins. for branched aldehydes = 37.0 mins. for
linear aldehyde = 38.5 mins. (figure 4.30).

Retention time R; for Allyl benzene = 8.4 mins. for branched aldehydes = 24.3 mins. for linear
aldehyde = 29.2 mins. (figure 4.32).
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Scheme 4.11: Iron catalyzed hydroformylation of styrene and styrene derivatives
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Figure 4.22: Hydroformylation of styrene- GC chromatogram of reaction mixture showing I:b
selectivity of 8:92 (table 4.6, run 12)
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Figure 4.23: Hydroformylation of 4-methyl styrene- GC chromatogram of reaction mixture
showing |:b selectivity of 13:87 (table 4.6, run 14)
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Figure 4.24: Hydroformylation of 4-iso-butyl styrene- GC chromatogram of reaction mixture
showing |:b selectivity of 28:72 (table 4.6, run 15)
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Figure 4.25: GC chromatogram of HF of 4-tert-butyl styrene showing 7:93 (l:b selectivity, table
4.6, run 16)
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Figure 4.26: Hydroformylation of 4-methoxy styrene- GC chromatogram of reaction mixture
showing |:b selectivity of 11:89 (table 4.6, run 18)
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Totals
194853624 100.00 11711221 100.00

Figure 4.27: GC chromatogram of hydroformylation product of 4-acetoxystyrene showing
regioselectivity of 2:98 (l:b selectivity, table 4.6, run 19)
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Figure 4.28: Hydroformylation of 4-bromo styrene- GC chromatogram of reaction mixture
showing |:b selectivity of 4:96 (table 4.6, run 20)
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Figure 4.29: GC chromatogram of hydroformylation product of 4-chloro styrene showing

regioselectivity of 8:92 I:b selectivity (table 4.6, run 21)
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Figure 4.30: GC chromatogram of HF of 4-vinylbenzonitrile showing 10:90 I:b selectivity (table

4.6, run 22)
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Figure 4.31: *H NMR spectrum (CH,Br as internal standard) of hydroformylation product of 4-

vinylbenzonic acid showing >99% selectivity towards branched product (table 4.6, run 23)
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Figure 4.32: Hydroformylation of allyl benzene- GC chromatogram of reaction mixture showing
I:b selectivity of 64:36 (table 4.6, run 24)

4.4.3.6: Mechanistic Investigations
In our attempts to under pin the catalyst resting state, three different pathways (i), (ii), (iii) (figure
4.3) were investigated and the reaction was tracked using in-situ NMR spectroscopy.

4.4.3.6.1: Coordination of Ligand followed by Generation of Dihydride Species

Method A: Coordination behaviour of triphenyl phosphine with the iron precursor
[HFe(CO)4][PPN] (1) was investigated (scheme 4.12). In a dried and argon cooled Schlenk tube
0.010 g (0.0000138 moles) of 1 was dissolved in 0.4 ml CDClI; and 2 equivalent (0.0073 g,
0.0000277 moles) of triphenyl phosphine (L1) was added to above mixture and the resultant
solution was transferred to a high pressure NMR tube. The above mixture was heated to 50 °C
and 3P NMR was recorded after 45 minutes at 45 °C. The phosphorus NMR revealed a singlet
resonance at 82.3 and 71.5 ppm along with the counter cation signal at 21 ppm and free triphenyl
phosphine at -5 ppm. Next, the NMR tube was heated to 45 °C for 16 hours and a *'P NMR was
recorded. After 16 hours, 50% coordination of triphenyl phosphines was observed (figure 4.34).
The new resonance at 82.3 and 71.5 ppm can be ascribed to coordinated triphenyl phosphine as
depicted in species (i), which is in line with the reported chemicals shifts for a triphenyl

phosphine coordinated iron complex.**
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Scheme 4.12: Coordination behaviour of L1 with iron precursor 1

Having observed L1 coordination, the NMR tube was allowed to freeze in lig. N, bath. Now
acetic acid (50 pL) (0.87 mmol) was added to above NMR tube under frozen condition and a
proton NMR was immediately recorded at 0 °C. A very weak resonance at -12.2 ppm appeared

(figure 4.36) in a proton NMR spectrum. The new hydride signal can be attributed to a di-hydride

species (A).
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Figure 4.33: 3P NMR spectrum of a reaction mixture of L1 and (1) after heating at 50 °C for 45

minutes
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Figure 4.34: *P NMR spectrum of a reaction mixture of L1 and (1) after heating at 45 °C for 16

hours
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Figure 4.35: 3'P NMR spectrum of a reaction mixture of L1 + (1) after addition of acetic acid at 0
°C
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Figure 4.36: "H NMR spectrum of a reaction mixture of L1 + (1) after addition of acetic acid at 0
°C
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Method B: In a NMR tube, 0.014 g (0.0000194 moles) of 1 and triphenyl phosphine (L1) (0.010
g, 0.0000388 moles) were dissolved in 0.4 ml of dry methanol to get a clear solution. D,O
capillary was added to it as an internal lock. Now the NMR of the reaction mixture was recorded
at room temperature (figure 4.37). Next, acetic acid (75 pL) was added to the above NMR tube
and NMR was immediately recorded at room temperature. Proton NMR spectrum revealed a
doublet at -9.50 ppm (figure 4.39) with a “Jp.; of 43 Hz. Similar chemical shift has been reported
for diphosphine iron-dihydride complexes in the literature.*? The corresponding phosphorus
NMR displayed a single peak at 71.5 ppm confirming the coordination of the phosphine ligand L1
(figure 4.38).

.77
-5.52

)
21.02

T T T T T T T T T T T T T
100 90 80 70 60 50 40 30 20 10 0 -10 -20 ppm

Figure 4.37: P NMR spectrum of a reaction mixture of L1 and (1) at room temperature
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Figure 4.38: 3P NMR spectrum of a reaction mixture of L1 and 1 immediately after addition of

acetic acid at room temperature.
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Figure 4.39: *H NMR spectrum of a reaction mixture of L1 and 1 immediately after addition of

acetic acid at room temperature displaying the dihydride peak (expanded view in sets)

Method B in presence of CD3COOD: The above NMR experiment was repeated by using
CD3;COOD and the details are as under. In a NMR tube, 0.014 g (0.0000194 moles) of 1 and
triphenyl phosphine (L1) (0.010 g, 0.0000388 moles) were dissolved in 0.4 ml of dry methanol to
get a clear solution. D,O capillary was added to it as an internal lock. Now the NMR of the
reaction mixture was recorded at room temperature. Next, deuterated acetic acid (75 pL) was
added to the above NMR tube and NMR was immediately recorded at room temperature. This
experiment essentially produced the same results and a doublet was clearly seen in the hydride
region in a proton NMR spectrum (figure 4.41). This could be due to excess methanol, which will
exchange its proton with the CD3;COOD, eventually giving CD3COOH. Along the same line, a
proton decoupled *'P NMR indicated a resonance at 83.01, 71.55 ppm, along with a broad
multiplet at 69.17 ppm (figure 4.40)

Ph.D. Thesis : Swechchha Pandey

Page 1 2 9



Chapter 4 Fe Catalyzed HF

83.016
71.554
69,171
21.761
-4.694

T T T T T T T T T T T T
20 80 70 60 50 40 30 20 10 0 -10 ppm

Figure 4.40: *'P NMR spectrum of a reaction mixture of L1 and 1 immediately after addition of

CD3COOQD at room temperature

_—9.454
T~_9.564

||
J~\ |

meumw/ \"\j \«Mmmmww«f

-—J r_.l‘_,*‘ iy v s e A-Jm

T T T T T T T T T T T T
8 6 4 2 0 -2 -4 -6 -8 =10 =12 ppm

Figure 4.41: *H NMR spectrum of a reaction mixture of L1 and 1 immediately after addition of

CD3;COQOD at room temperature displaying the dihydride peak (expanded view in sets)
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Detection of H, Using Headspace GC
The dihydride seems to be highly unstable and H; gas is released. In our attempts to detect the
released H,, we performed the following experiment and as shown in figure 4.42, H, was

detected.

Experimental procedure: In a vial, [HFe(CO)4][PPN] (0.100 g, 0.000138 mol) and PPh3 (0.072 g,
0.000276 mol) were weighed in a glove box. It was dissolved in CDCl3: MeOH (0.3 ml:0.1ml).
Next, acetic acid (0.3 ml, 0.00524 mol) was added to the tightly sealed vial immediately before
recording the sample. Sample was taken from the closed vial using a gas syringe and was injected

in headspace GC.

Headspace GC analysis was performed on an Agilent 7890A GC system equipped with Porapak
column and thermal conductivity detector. Inlet temperature was maintained at 150 'C, column
flow = 14 ml/min. Detector temperature was maintained at 200 'C. Temperature program:
starting at 60 'C with hold time of 5 mins. Ramp 1: @ 10 'C to 100 ‘C, hold for 21 mins.

Retention time for H, = 1.5 mins.
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Figure 4.42: Detection of released H, using headspace GC
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4.4.3.6.2: Formation of Dihydride Complex followed by Ligand Coordination
In a reversed protocol; first formation of dihydride iron complex, followed by ligand coordination

was investigated (scheme 4.13).

©
oo ?O oc FI’Ph?-|
AcOH H 2PPh, ~d
WCO OC—Fe— , Fe
Co CO PPhj
1 (i) A

Scheme 4.13: Coordination behaviour of L1 with iron precursor 1

The iron precursor [HFe(CO)4][PPN] (1) (0.016 g, 0.000022 moles) was dissolved in 0.6 ml
CDCI3:MeOH (3:1) mixture in an NMR tube and the tube was cooled to liquid nitrogen
temperature. Excess (50 pL, 0.87 mmol) of acetic acid was added to above solution at -196 °C.
The NMR tube was taken out from the liquid nitrogen bath just before inserting it in the magnet
and recording the NMR spectrum. The hydride resonance at -15.38 ppm can be attributed to the
iron dihydride as depicted in species (ii) (figure 4.43). This was followed by addition of 2
equivalent (0.0115 g, 0.000044 moles) triphenyl phosphine and a phosphorus NMR was recorded.
However, addition of L1 did not show any coordination at room temperature and heating the
sample to obtain the desired coordination led to elimination of H,. Therefore, species A could not

be generated by following this route.*®

-15.382
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Figure 4.43: *H NMR spectrum of species (ii) displaying the formation di-hydride immediately
(expanded view is presented in set)
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Fe Catalyzed HF

4.4.3.6.3: From [Fe(CO)s(PPhs),] to Iron Dihydride Complex

The starting compound (iii) was prepared by following a literature procedure (scheme 4.14).**

PPh,

PPhs
H, oc— | _H
—_—
oc” | H
PPhs
A

Scheme 4.14: Synthesis of [Fe(CO)s(PPhs).]

0.010 g (0.0000150 moles) of [Fe(CO)3(PPhs),] was taken in a high pressure NMR tube and
toluene-dg (0.3 ml) was added to it. The above NMR tube was pressurized with hydrogen gas (10

bars) and a NMR was recorded. A proton NMR of this reaction mixture revealed a hydride

resonance at -8.90 and -9.02 ppm (figure 4.44), suggesting existence of a di-hydride species.

Although the exact identity of the di-hydride product could not be fully established, it is most

likely that an iron di-hydride species of type (A) with different coordination environment is

generated.Errort Bookmark ot defined.  The corresponding 3P NMR  displayed the coordinated

phosphine resonance at 83.1 ppm (with a minor resonance at -5.23 ppm which can be ascribed to

free triphenyl phosphine) (figure 4.45).
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Figure 4.44: High pressure *H NMR spectrum of [Fe(CO)3(PPhs),] after treatment of H,
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Figure 4.45: High pressure 3P NMR spectrum of [Fe(CO)s(PPhs),] after treatment of H,

4.4.3.6.4: Trapping Iron-Acyl Intermediate D

0.010g g (0.0000138 moles) of iron presursor 1, 0.0073 g (0.000027 moles) of
triphenylphosphine, and 1-hexene (0.15 ml, 0.00124 moles) were dissolved in a Schlenk tube
containing 3 ml of methanol. This mixture was cooled to 0 °C and 0.1 ml acetic acid was adeed to
it. The reaction mixture was stirred at this temperature for 1 hour before quenching it by adding
0.035 g of iodine. The resultant solution was passed through a small plug of silica and subjected
to proton NMR, ESI-MS and GC-MS analysis. The appearance of methoxy peak at 3.49 ppm and
the remaining resonances confirm formation of methyl heptanoate (figure 4.46). A positive mode
ESI-MS revealed a peak at m/z = 167 Da (figure 4.47), that can be assigned to sodium salt of
methyl heptanoate (CgHisNaO,). Methyl hepanoate is obtained after the cleavage of iron-acyl
species D and thus represent the direct obsertion of species D. ESI-MS observation were further
supported by GC-MS analysis that displayed fragments of methyl helptanoate (figure 4.48).
These fragments are consistant with literature reports (chart C1).? The existence of methyl

heptanoate directly confirms the intermediacy of species D (figure 4.3).
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Figure 4.47: ESI-MS (+ve mode) spectrum of the methyl heptanoate, CgH10,Na = 167 [M+Na]”

Ph.D. Thesis : Swechchha Pandey

Page 1 3 5



Chapter 4 Fe Catalyzed HF

X105 [+BPC Scan Panday-1.0

o5 ‘
85
2
75
7
65
55
5
45 ‘
35 ‘

25 ‘

: |

5% 8

1
Y

4
bk
5 i 1
,.I.?F..‘!Ih...,..h!m, w8l g o B wp owm if

=3

o0 % 6 w0 &% % M Mo w1 MW B 1w M Wéﬂ 150 260 21|0
(Text Fi) + Scan (. 14 407 min| Panday-1.D

Figure 4.48: GC-MS plot of the methyl heptanoate
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O
\/\/\)J\O/

Chemical Formula: CgH4¢0,
Exact Mass: 144.1150
Molecular Weight: 144.2140

Sr.No |Mass Fragment  [Structure
01. 115 CeH110, 0]

+\/\)J\
o

Chemical Formula: CgH44105"
Exact Mass: 115.0754
Molecular Weight: 115.1515

02. 101 CsHq0, O

+/\)J\O/

Chemical Formula: C5HgO,*
Exact Mass: 101.0597
Molecular Weight: 101.1245

03. 83 CsH;0 o)
\/\)J'
Chemical Formula: CsH,0*
Exact Mass: 83.0491
Molecular Weight: 83.1095

Chart C1: Fragments of methyl heptanoate that can be observed by GC-MS

4.4.3.6.5: Cyclic Voltammetry

A Bio-Logic electrochemical workstation was used to perform the electrochemical analysis. In a
typical setup a three electrode cell was employed which comprises of a glassy carbon (0.196 cm?
geometrical surface area) as working electrode, graphite rod as counter electrode and Pt-wire as
reference electrode. The methanolic solution of LiClO,4 (0.1 M) served as the electrolyte purpose.
For recording the cyclic voltamogram of the compounds, a 0 to 1 V potential range was applied
with a scan rate of 50 mV/s. Further, in order to maintain the reactant flow over the glassy carbon
electrode a 900 rpm was given to the working electrode.

The cyclic voltamogram (CVs) of the compound was recorded before and after addition of the
acetic acid in the electrolyte medium (figure 4.4). Initial reduction potential for the compound
was at 0.43 V (vs Pt) which after acetic acid addition shifted to 0.33 V (vs Pt). Similarly, a shift in
the oxidation peak of the compound was noted from 0.55 to 0.40 V (vs Pt). The above shift in the

peak potential clearly indicates the role of acetic acid in converting iron monohydride to

dihydride species. Further to verify our results, control experiments were conducted under the
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analogous conditions. Ferrocene, ferrocene carboxylic acid, [Fe(CO)3(PPhs),] and [Fe(CO)s] were
selected as control samples. As can be seen in the figure 4.49 the ferrocene and ferrocene
carboxylic acid where iron is in +2 oxidation state, show separate peak position for oxidation and

reduction. The shift in the peak position is related to the carboxylic group attached to the
cyclopentadienyl ring.
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Figure 4.49: Cylic Voltamogram of the ferrocene and ferrocene carboxylic acid recorded in 0.1

M LiClOy (solution in methanol) with a sweep of 50 mV/s and a rotation of 900 rpm

Further we recorded the CVs of the iron(0) compounds such as [Fe(CO)3(PPh3),] and [Fe(CO)s]
(figure 4.50). The CV of the [Fe(CO)3(PPhs),;] show oxidation and reduction peak at higher
potential against the iron(+2) ferrocene and ferrocene carboxylic acid, whereas no peak for
[Fe(CO)s] could be identified in the analogous potential range. The anomalous behaviour of the

[Fe(CO)s] could be because of the homogenous ligand surrounding to the metal.
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Figure 4.50: Cyclic voltamograms (CVs) of [Fe(CO)3(PPhs).] and [Fe(CO)s] compound recorded
in 0.1 M LiCIQ, (solution in methanol) with a sweep of 50mV/s and a rotation of 900 rpm
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From the above control experiments it can be clearly identified that after acetic acid addition, the
iron monohydride changes to the iron-dihydride. The reduction peak of the acetic acid treated
compound was in close resemblance with ferrocene (0.26 V vs Pt), i.e. iron (+2); whereas the one
without acetic acid matched to [Fe(CO)3(PPhs),] (0.46 V vs Pt) that is, iron(0) compound.

4.4.3.6.5: Control Experiments

A radical mechanism with a potential radical species [*Fe(CO)4] has been proposed in the past®
or a mechanism based on organic radical has been proposed very recently.™ In order to probe
the possibility of radical mechanism in the iron catalyzed hydroformylation, we performed
hydroformylation in presence of excess (150 times) amount of radical scavengers, namely,
2,2,6,6-Teramethylpiperidinyloxy (TEMPO) and galvinoxyl.*® If a radical mechanism is
followed, these scavengers will trap the radical and stop hydroformylation, without producing any
aldehyde.

In a typical control experiment, a stainless steel autoclave (450 mL) equipped with pressure
regulator and a safety valve was used. Individual vials were charged with metal precursor
{[HFe(CO),] [PPN]" (5.5 mg, 0.0077 mmol)}, triphenyl phosphine (as in table 6), radical
scavenger (150 equivalents, compared to precursor 1) and stirring bars in a glove box. The vials
were transferred to a wide neck Schlenk container and methanol (1 ml), and substrate (100 equiv.)
was added. The vials were immediately transferred to autoclave and the autoclave was purged
three times with syngas (CO:H, = 1:1) before pressurizing it to the desired pressure. Suitable
temperature and pressure was maintained during the reaction. After completion of the reaction,
the autoclave was cooled to 0 °C and excess gas was vented off in a well-ventilated fume-hood.
The conversion and regio-selectivity were determined by gas chromatography (GC).

As evident from table 4.7, even in presence of large excess (150 times) TEMPO, 48% conversion
was observed, while 65% conversion was achieved in presence of 150 equivalents of galvinoxyl.
Therefore, it is most unlikely that a radical mechanism is operative in the investigated iron

catalyzed hydroformylation.

Table 4.7: Hydroformylation of 1-octene in presence of radical scavengers.?

S.No. Subs. Radical Scavanger Temp. Syngas Time Conv.” l:bP®
(°C) (Bar) (h) (%)°

01. 1-octene TEMPO 100 20 24 48 71:29

02. 1-octene Galvinoxyl 100 20 24 65 72:28

Conditions: 1: 0.0077 mmol, PPh;: 0.0192 mmol, L1/Fe: 2.5, Sub/Fe: 100, TEMPO/Fe: 150, Galvinoxyl/Fe: 150,
Solvent: 1 ml Methanol; "Determined by GC.
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4.4.3.6.6: Computational Investigations

Full quantum chemical calculations have been performed with density functional theory (DFT) at
the PBE/TZVP level of theory in order to understand the regioselectivity in the hydroformylation
reaction by an octahedral iron catalyst A (see table 4.8 and fig. 4.5). It is well known that an
octahedral complex with a general formula MA,B.C; has six different stereoisomers,"*” and from
the calculations it is found that A is the most favourable stereoisomer for the complex
[Fe(CO)2(H)2(PPhs)] (see table 4.8).

Table 4.8: The relative free energies of six possible stereocisomers for the intermediate
[Fe(CO)2(H)2(PPhs).] (values are in kcal/mol)

Stere0|somers PPh; (o{0] H PPhy CcO CO
oCy, | o |Propy, | My, | (00 | My, | (0O | H, | |, |
Fe'. "Fe'l ‘Fe'L = " et Fer,
oc? | ) TI < | Ny pne?” | oo |oc?” | vy Php? | oo |oc” | Veen,
PPhs co H PPh, PPh, PPh,
Relative free 0 3.1 10.5 5.4 4.4 2.4
energy (AG)

The proposed reaction mechanism for the hydroformylation reaction is shown in the figure 4.5.
From the m-complex B, there are two possibilities; either the hydride can transfer to the secondary
carbon (path A) or to the primary carbon (path B). Path A eventually leads to a linear product 7a,
while path B leads to a branched product 7b.

In order to understand the effect of kinetics on the regioselectivity, we have calculated energy
barrier for one particular step (hydride transfer from n-complex B), where the regioselectivity
originates (see figure 4.6). The calculations suggested that, the path B is more favourable (by 1.7
kcal/mol) than the path A for styrene. But an opposite trend is seen in the case of 1-hexene, where
the path A is more favourable (by 1.3 kcal/mol) than the path B. These computational results

exactly corroborate with experimental observations.

4.4.3.6.7: Who Catalyses the HF: Is It Iron or Rhodium?

4.4.3.6.7.1: Hydroformylation Using the Precursors

It has been observed that impurities present in the iron precursors sometimes catalyzed cross-
coupling reactions. For example, copper impurities were found to catalyze the arylation
reactions.”® In our attempt to examine the possible role of rhodium impurities in our iron
precursors, we performed the hydroformylation of 1-octene using the commercially available
precursor [Fe,(CO)g]. The results are summarized in table 4.3. There was hardly any nonanal

observed in presence and absence of triphenyl phosphine ligand (figure 4.51 and 4.52).
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Figure 4.51: GC chromatogram of HF of 1-octene using [Fe2(CO)g] as metal precursor (in
absence of ligand) (table 4.3, run 1)
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Figure 4.52: GC chromatogram of HF of 1-octene using [Fe2(CO)g] in presence of PPhs as a

ligand (table 4.3, run 2) (expanded view in the top)
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Similar trend was witnessed in the hydroformylation of 1-octene using [Fe(CO)s] (figure 4.53).
Thus, it is reasonable to conclude that the hydroformylation reaction is most likely catalyzed by

iron and not by rhodium impurities present in the commercial precursor or the intermediate.
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157544497 100.00 103253440 100.00

Figure 4.53: GC chromatogram of HF of 1-octene using [Fe(CO)s] in presence of PPhs as a
ligand (table 4.3, run 4) (expanded view in the top)

4.4.3.6.7.2: Bulk and Surface Analyses

A) XPS: To figure out the purity and composition of the precursor [Fe,(CO)o] and the catalyst 1,
XPS was carried out and the results are shown in Figure 4.54 and 4.55. The measurements were
carried out using Thermo Scientific Kalpha+ spectrometer using a monochromatic AlKo (1486.6
eV) x-ray source. The base pressure of the spectrometer was 2 x 10 mbar. The wide area and
narrow region scans were acquired using 100 eV and 50 eV pass energy respectively. Figure 4.54
show the wide area scan from the precursor and the major peaks are indexed. As it can be seen,
the sample mainly consists of Fe, C, O and various core-levels and Auger peaks resulting from
these elements are indexed. One of the contaminants which can contribute to the background

activity is the presence of Rhodium. Rh3d in photoelectron spectrum comes at 307.6 eV for
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metallic species and 308.8 eV for native oxide.*”® These regions which are marked in the wide
area scan showed no obvious presence of Rh. To prove the complete absence of Rh, the narrow
region spectrum of Rh3d and Rh3p (496 eV) were recorded and the corresponding plots are given
in figure 4.56a and 4.56b. Both these spectra gives further indication that Rh is absent in the
precursor material.

Further, the compound 1 was also analysed by XPS and the wide area scan is shown in figure
4.55, which shows the constituent elements present in the sample. The wide area scan is again
conspicuous with the absence of Rh and the narrow scan of Rh3d and Rh3p (figure 4.57a and

4.57b) shows this very clearly.

—— wide area scan

Intensity (a.u)
1

O2s Rh3d

T T T T T T T T T T T T T 1
0 200 400 600 800 1000 1200 1400
BE (eV)

Figure 4.54: Wide area XPS spectrum of [Fe,(CO)q] sample showing the elemental distribution.

Red circle shows the area where Rh3d should be appearing

—— Wide area scan
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Figure 4.55: Wide area XPS spectrum of compound 1 showing the elemental distribution. Red

circle shows the area where Rh3d should be appearing
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Figure 4.56: (a) Rh 3d and (b) Rh 3p XPS spectrum collected from [Fe,(CO)q] sample
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Figure 4.57: (a) Rh 3d and (b) Rh 3p XPS spectrum collected from compound 1

B) AAS: The bulk analyses of the iron precursor [Fe,(CO)o] and compound 1 was carried out
using atomic absorption spectroscopy (AAS), ICP-AES and MP-AES. The results are presented
in table 4.9. AAS: Varian atomic absorption spectrometer, model-220fs (NCL), ICP-AES:
SPECTRO Analytical Instruments GmbH, Germany, model-ARCOS, Simultaneous ICP
Spectrometer (IIT Bombay) MP-AES: Agilent model-4100 MP-AES. Figure 4.58 depicts the
representative analysis method.

Table 4.9. Bulk analysis of Iron precursors using AAS, ICP-AES and MP-AES.?

Run Method Fe-precursor Rh content (ppm)*

1 AAS  [Fex(CO)q] Less than 1

2 1 Less than 1

3 ICP-AES [Fe;(CO)o] Less than 0.01
4 1 Less than 0.01
5

6

MP-AES [Fe,(CO)q] Less than 0.01
1 Less than 0.01
“Means less than 0.01 ppm or below detection limit
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Results
Cate Time Label Element Label {nm) Cone %RED Unadjusted Cong Inisnsily %RSD
2112018 129410 |Blank Rh (343485 nm) 000 {ppm)  |NIA 0.00 {ppm) 0.00 > 100.00
212018 12:34:58 | Standard 1 Rh (343.48% nm) 0.01 {ppm) MIA 0.01 (ppm) 8044 11.47
2/1/2018 12:35:50 | Standard 2 Rh (343.489 nm) 0.02 {ppm)] NIA 0.02 {ppm) 268.45 5.74
211/2018 12.36:41 | Siandard 3 Rh (343.48% nm) 0.05 {ppm) NIA 0.05 (ppm) 57094 168
212018 12:97:93 | Standard 4 Rh (343485 nm) 010 {ppm)  |[NIA 0.10 {ppm) 118054 136
212018 12:38:28 | Standard 5 Rh (343.48% nm) 0.20 {ppm) MIA 0.20 (ppm) 21471 011
21/2018 12-40:22 | 180207 _Fe2C09 Rh (343 483 nm) 001 u [ppm} |15.35 -0.01 u {ppm} -M7aT 1458
212018 124141 | 180207 _HFe(COMP+ |Rh (243485 nm) -0.01 u (ppm} (13.24 -0.07 u {ppm) -101.70 12.48

Calibration Curves

R (343 489 nm)
Intensity = {12007.93174443 * Concentration - 5.84587444} / (1 + 040556264 * Concentration)
Corralation coofficient. [ 99858

Standards Intensity Methad Concentration Caleulated Concentration % Error

Blank 0.00 o.o0 0.00 MiA Foary
Standard 1 80.44 0.0 0.m 2is

Standard 2 288.468 0.02 0.02 15.32

Standard 3 570.54 0.05 0.05 1.55

Standard 4 1180.54 0.10 0.0 2.98

Standard 5 114M 0.20 0.20 0.01

Figure 4.58: MP-AES analyses data for [Fe,(CO)q] and compound 1 with calibration
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4.5: Conclusion

In summary, the current work unveils a new iron catalyst for the hydroformylation of aliphatic
and aromatic olefins under mild conditions. An iron hydride precursor 1, in combination with
readily available phosphine or phosphite ligand and syngas generates the catalytically active
species (which is believed to be A) and delivers hydroformylation of 1-hexene, 1-octene, 1-
decene, 1-dodecene, 1-octadecene, trimethoxy (vinyl)silane, trimethyl(vinyl)silane, cardanol, 2,3-
dihydrofuran, allyl malonic acid, styrene, 4-methyl styrene, 4-iBu-styrene, 4-tBu-styrene, 4-
methoxy styrene, 4-acetoxy styrene, 4-bromo styrene, 4-chloro styrene, 4-vinylbenzonitrile, 4-
vinylbenzoic acid, and allyl benzene. The reaction operates under relatively mild conditions of
100 °C and 10-30 bars syngas pressure within 24-48 hours. Initial optimization studies with 1-
octene indicated an optimal ligand to metal ratio of 2.5, methanol as the most suitable solvent,
and a temperature of 100 °C. Short chain 1-hexene could be hydroformylated at 10 bars syngas
pressure and 80 °C. While long-chain olefins S3-S5 (C10-C18) required slightly higher syngas
pressure of 30 bars to achieve excellent conversion to corresponding aldehydes. The scope of iron
catalyzed hydroformylation was extended to functional olefins, cyclic olefins, vinyl aromatics and
the hydroformylation S1-S21 was examined. Compared to the aliphatic olefins, vinyl aromatics
required longer reaction times. The catalyst tolerated electron donating as well as electron
withdrawing functional groups and displayed good to excellent yields. Notable branched
selectivity was observed for styrenic substrates (S11-S20), along with significant yields. The
addition of 1 mol% of acetic acid was found to promote the hydroformylation reaction and the
reaction time for vinyl aromatics could be reduced to 24 hours. Combined experimental and
computational investigations indicate that the di-hydride species A is the actual active catalytic

species. The identity of species A was established by multiple NMR experiments, which indicated
coordination of ligand L1 and formation of the iron-dihydride complex. Cyclic voltammetry
results revealed a Fe(0) to Fe(ll) interconversion, explaining the accelerating effect of acetic acid.
Control experiments with externally added radical scavengers ruled out the possibility of a radical
or an Fe(l) to Fe(ll1) mechanism. The experimental findings were further corroborated by DFT
calculations. Among the six possible stereoisomers of iron-dihydride complex, species A was
found to be the most favorable. Transition state calculations for 1-hexene insertion revealed that
1,2-insertion was favored by 1.3 kcal/mol, whereas styrene preferred 2,1-insertion by 1.7
kcal/mol. Thus, experimental and computational investigations establish that the iron catalyzed
hydroformylation follows a Fe(ll) catalytic cycle, as depicted in figure 4.3. The role of rhodium
impurities in catalyzing the hydroformylation of alkenes was investigated. These studies
established that the reported hydroformylation is catalyzed by iron and it is highly unlikely that

the rhodium impurities are responsible for the observed hydroformylation.
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Chapter 5 Fe Catalyzed A-HF

5.1: Abstract
Asymmetric hydroformylation is one of the powerful synthetic tool to synthesize a large variety

of enantiomerically rich compounds and pharmaceutical intermediates in single step. Significant
advancements have been made in the field of Rh catalyzed asymmetric hydroformylation using
rationally designed catalytic systems. Apart from Rh, other transition metals such as Ru, Pd, Pt
have also been used to catalyze this industrially relevant transformation. However it is highly
desirable to substitute these precious and rare transition metals with earth abundant first row
transition metals such as Fe. Reported here is an unprecedented methodology for Fe catalyzed
asymmetric hydroformylation of olefins under mild conditions. This protocol is applicable for an
array of olefins such as styrene derivatives as well as functional heterocyclic olefins. The reaction
operates at low syngas pressure 10-30 bar and below 100 °C. The iron precursor
[HFe(CO)4][PhsPNPh3] (1) in presence of chiral bidentate ligands such as (R,R)-DIOP and (S)-
tBu-Josiphos catalyze the asymmetric hydroformylation of heterocyclic olefin such as 2,3-
dihydrofuran with reasonable conversion and results in 99% enantiomeric excess (ee) under

optimized reaction conditions.

5.2: Introduction

Transition metal catalyzed hydroformylation, also known as oxo process, allows formation of
aldehydes starting with an olefin (either terminal or internal). However, when prochiral olefin is
used as a substrate, it results in highly valuable chiral aldehydes in presence of chiral catalytic
systems and the process is termed as asymmetric or enantioselective hydroformylation (A-HF)'*
(scheme 5.1). There is close relationship between absolute configuration of a chiral compound
and its biological or pharmaceutical activity hence the demand for enantiomerically pure
compound is rapidly increasing. Due to which there is always a need of synthetic processes that

can yield chiral products in a simple and efficient manner.

[M] / chiral ligand CHO
R/\ R/\/CHO + )*\
syngas Li R
inear
Branched

Scheme 5.1: General representation of asymmetric hydroformylation

Asymmetric hydroformylation holds the potential of synthesizing chiral aldehydes, a versatile
synthetic intermediates from prochiral olefins in a single step.?® One of the successful example in

this regard is synthesis of NSAID (non-steroidal anti-inflammatory drug) such as lbuprofen,
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Naproxen, Fenoprofen (figure 5.1) from asymmetric hydroformylation of vinyl arenes followed

by oxidation of resultant aldehyde.'?®

COOH | Hooc 3 FooH
LT L 5 |
(o} O |
Naproxen : Fenoprofen | Ibuprofen

Figure 5.1: NSAIDs synthesized using asymmetric hydroformylation followed by oxidation

Apart from vinyl arenes, heterocyclic olefins such as dihydrofurans and pyrrolines are considered
as attractive substrates for asymmetric hydroformylation as corresponding aldehydes are
important building blocks in organic synthesis and medicinal chemistry.”® The carbaldehydes of
dihydrofuran and pyrrolines are known to be very important precursors for the syntheses of
versatile pharmaceuticals, natural products, and amino-acids.®*?" One example is the 4-formyl
derivative of cholest-4-ene, which is a valuable intermediate of potent drugs for the treatment of
prostatic cancer and other androgen-dependent diseases.

The success of an asymmetric hydroformylation reaction rely heavily on designed or selected
ligand system and till now several chiral ligands such as chiral diphosphines,® diphosphonites,
or diphosphites'® were found to be promising candidates. Not only symmetrical bidentate ligands
but also some hybrid ligand systems such as phosphine-phosphite,®® phosphine-phosphinite’?® and

phosphine-phosphoramidite ligands®

are known to catalyze this reaction in an efficient manner.
In most of the cases, asymmetric hydroformylation is catalyzed by Rh complexes. However other

transition metals such as Co, Pt, Pt-Sn have also been investigated for the same.

5.2.1: Co Catalyzed Asymmetric Hydroformylation

The first report of asymmetric hydroformylation dealt with Co based catalytic system modified by
a chiral Schiff base and styrene as substrate.’® However, the main reaction observed was
hydrogenation to ethyl benzene (~52 %) and the best branched vs normal (b/l) ratio for the
aldehydes was 59/41. Moreover, optical yields obtained were very low (<3% ee).

In general, Co based systems suffer from poor chemo and regioselectivity and a preference for
commercially less important linear aldehyde. Co catalyzed hydroformylation leads to poor
enantioselectivities possibly due to harsh reaction conditions employed in the hydroformylation.
Harsh reaction conditions also demand for high investment costs thereby limiting its

commercialization.*®**°
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5.2.2: Rh Catalyzed Asymmetric Hydroformylation

In the early 1970s Rh based systems attracted significant attention from scientific community.
The first asymmetric hydroformylation using Rh and DIOP as ligand was reported in 1973 for
aromatic olefins such as styrene. The best b/l ratio obtained was 69/31 and enantioselectivities
upto 23% were achieved.’® After this several DIOP derivatives were investigated to improve
enantioselectivities in the AHF of styrene, cis-2-butene, vinyl acetate and N-vinyl succinimide.
However, the results obtained were still moderate. In 1990s two new type of ligands were
discovered that led to high enantiomeric excess (ee) namely diphosphites and phosphine-
phosphite ligands.

Unfortunately, the first asymmetric hydroformylation using diphosphites did not result in any
asymmetric induction.™? However in 1992, vinyl acetate was successfully hydroformylated and

|.133

enantioselectivity upto 50% was obtained (scheme 5.1) by Takaya et.a upon employing an

axially chiral bisphosphite ligand.

o ‘ OO o POAD;

(o} ‘
Ao/\ [Rh(acac)(CO),] )ko\“KCHO !

! o
L, syngas ; O‘ P(OAr),
: L

Scheme 5.1: Asymmetric hydroformylation of vinyl acetate

I

A major breakthrough was observed in same year when Babin and Whiteker described in a Union
Carbide patent the most significant early work on asymmetric hydroformylation, using bulky
bisphosphite ligands (figure 5.2).}** The Babin and Whiteker patent describes rhodium
complexes of bisphosphite ligands derived from homochiral (2R,4R)-pentane-2,4-diol that
catalyze the hydroformylation of styrene at moderate pressures with 98% selectivity for the

branched product with 98% enantiomeric excess.

Figure 5.2: UCC’s bulky homochiral bisphosphite ligand
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Later on, Van Leeuwen and co-workers studied the influence of the bridge length, bulky
substituents and cooperativity of chiral centres on the performance of the catalyst.'*® They
concluded that three-carbon linker in the diol backbone with stereocenters at 1- and 3-positions is
important for high selectivity due to restricted rotation. They also proposed that the highest
enantioselectivities in the hydroformylation reaction will be obtained with ligands co-ordinating
in an equatorial-equatorial fashion to the rhodium [RhH(L)(CO),] with retention of C2, symmetry
in the catalysts. Coordination of substrate to a vacant equatorial position with the diphosphite
ligand coordinating in the same plane may give rise to the most effective interaction between
substrate and ligand. The low enantioselectivities obtained in some cases where ligand is bis-
equatorially coordinated might be due to the fluxional behavior of these complexes.

A series of related bisphosphite systems based on commercially available optically active 1,2 and
1,4-diols, 1,2:5,5-diisopropylidene-D-mannitol, L-a,a,0,a-tetramethyl-1,3-dioxalan-4,5
dimethanol and L-diethyl tartrate, were first used in the asymmetric hydroformylation of styrene
by van Leeuwen™* and Clever."*’ In this case, the relative stereochemistry at the ring carbon and
carbon-5 of the sugar backbone were important. Likewise, sterically demanding tert-butyl
substituents in the ortho position and electron-donating p-methoxy substituents in the para
position of the aryl groups create the most selective catalysts for asymmetric hydroformylation of
styrene to form > 98% branched product with 90% ee.

Most of the early bisphosphite ligands employed were C2 symmetric. Thus, a major breakthrough
was the use of mixed phosphite-phosphine ligands by Nozaki, Takaya, and co-workers.*® The C1
symmetric atropisomeric ligand (S,R)-BINAPHOS (figure 5.3) generated a rhodium complex that
catalyzed the hydroformylation of vinylarenes with high branched-to-linear selectivities and high

enantiomeric excess.

s N

SO
Q)
% Q

(S,R)-Binaphos

L

OO PPh, 5 I PPh,
1 O
- P

N

T

)
%o

(R,R)-Binaphos

J

Figure 5.3: Takaya’s phosphine-phosphite ligand for asymmetric hydroformylation
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With vinylarenes, vinyl acetate, and vinyl phthalimide, the percent of branched aldehyde was
typically 85% or higher, and the ee of the product was between 83% and 97%. Many reactions,
particularly those of vinylarenes, yielded 92-95% ee.

Initial studies using BINAPHOS revealed that two diastereomeric catalysts containing the
opposite relative stereochemistry of the two binaphtholate groups react with much different
enantioselectivity. The (R,S)-BINAPHOS ligand (and its enantiomer) generate catalysts that react
with high enantioselectivity, but the (R,R)-BINAPHOS ligand (figure 5.3, right) generates a
catalyst that leads to low enantioselectivity. The aryl group on the phosphine also has an effect on
enantioselectivity, and the complexes generated from ligands containing meta-methoxyphenyl
substituents on phosphorus react with the highest enantioselectivity.”" *** For this type of ligands
the absolute configuration of the product obtained is the same as that of the absolute configuration
of the binaphthyl (biphenyl) bridge. Thus, it seems that the binaphthyl bridge directs the position
of the diphenylphosphino fragment. Remarkably, the best combination was obtained when the
absolute configurations for the binaphthyl and bisnaphthol moieties are opposite (i.e. S,R or R,S
diastereomers). Enantioselectivities were much lower with (R,R)-ligands. R,R diastereomer still
gives the R-aldehyde in excess, but the ee is low (26%). %

Significantly enhanced efficiency was achieved for wide range of substrates such as allyl cyanide,
vinyl acetate and styrene with a series of bisphospholane and bisdiazaphospholane ligands

I**" in cooperation with Landis’s group™? with

discovered by Dow pharma and Dow Chemica
good regio and enantioselectivity (scheme 5.2). Interestingly, catalysts generated from these
ligands exhibit even faster rates of hydroformylation than those containing either (R,S)-
BINAPHOS or Chiraphite. Moreover, the scope of the hydroformylation catalyzed by this ligand

is unusually broad.

-

R/\ C!-|O
CHO
R = Ph, -OAc R TR
Styrene: 23-89% ee
Vinyl acetate: 83-98% ee R
CHO /\
p
OTBS\/\ OTBS\)\ + OTBS\/\/CHO J
Rh co 75-99% ee
[Rh(acac)(CO),] CHO ‘
PN DN o
11-94% ee
, CHO o
[y o O e+ S re ML
CHO + )J\N Ph
(o] [6) o [0) H

51-90% ee 20-95% ee

-

L ! J

Scheme 5.2: Bisdiazaphospholane catalyzed asymmetric hydroformylation of various olefins
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In 2012, Chikkali et.al.”® reported a new family of chiral hybrid phosphine-phosphoramidite and
phosphine-phosphonite ligands and utilized them for asymmetric hydroformylation of
heterocyclic olefins (scheme 5.3) to get excellent enantioselectivities. The effect of ligand bite
angle on observed ee’s was also studied and it was concluded that indole based ligands (small
bite angle) preferably binds in equatorial-axial (ea) coordination and xanthene based ligands

(large bite angle) gives predominant equatorial-equatorial (ee) coordination leading to higher ee’s.

s N

dCHOH[Rh(acaC)(COM [Rh(acac)(CO),] :
= \ { eno | o
(¢ o L1 o~ “CHO N,b—o
91 % ee 62 % ee 1 *
1 Z >PppPh, L1

CHO ‘
"\ [Rh(acac)(CO),] QLCHO + | Bu ‘Bu
e » Neas
! (o) L2

X

X =0: ee = 91% : PPh, *P.

X = NAc: ee 85% | o 9
X = NBoc: ee = 86% !

'
L L J

Scheme 5.3: Asymmetric hydroformylation of heterocyclic olefins using chiral hybrid ligands

5.2.3: Pt Catalyzed Asymmetric Hydroformylation

Pt complexes are not very extensively used in asymmetric hydroformylation due to their lower
reaction rates and low chemoselectivity compared to that of Rh complexes. However there are
some reports that deal with Pt catalyzed asymmetric hydroformylation. DIOP was the first chiral
ligand used in case of Pt-Sn catalyzed hydroformylation.*® Early stage of research on Pt
catalyzed hydroformylation involves some irreproducible and contradictory results on
hydroformylation of butenes and vinyl aromatics.*** However, DIOP-PtC1,-SnCl, systems are
characterized by a rather good catalytic activity compared to other platinum-based systems.
Nevertheless, aldehyde formation is usually accompanied by hydrogenation, and sometimes
extensive isomerization or polymerization of the substrate. The regioselectivity of
hydroformylation is strictly dependent on the nature of the substrate. The asymmetric
hydroformylation of an itaconate derivative occurs with the highest selectivity in the presence of
platinum catalysts (scheme 5.4).2*° However, the chemical yields of branched aldehydes from
reactions catalyzed by platinum catalysts are typically low. Although with this system 82% ee
was observed for itaconate derivative, it could not exceed 26% for vinyl aromatics such as

styrene.
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-

[(PtCI)(SnCl,)], L

syngas, 80 bar, 100 °C

o |
/ONO/ ; Q
ee = 82% (R) } o)<3

R,R-DIOP (L)

o
/O\H/\H)J\o/
(o]

Scheme 5.4: Pt catalyzed asymmetric hydroformylation of itaconate derivative

A significant increase in the regio and the enantioselectivity was observed during

144¢ and styrenes™*® when DBP-DIOP (figure 5.4) was used as ligand

hydroformylation of butenes
in place of DIOP. This catalytic system could successfully be applied to variety of olefins such as

vinyl acetate, norbornene, and N-vinylphthalimide and ee’s upto 70% could be obtained.**’

DBP-DIOP

Figure 5.4: DBP-DIOP ligand for asymmetric hydroformylation

Although significant literature is available on asymmetric hydroformylation using late transition
and noble metals such as Rh and Pt, there is hardly any report on asymmetric hydroformylation
using first row transition metals such as Fe. This chapter describes first methodology of Fe
catalyzed asymmetric hydroformylation of heterocyclic olefins such as 2,3-dihydrofuran and 2,5-
dihydrofuran.

5.3: Result and Discussion

Encouraged by the success achieved
148

in case of non-chiral version of Fe catalyzed

hydroformylation™™ (chapter 4), we thought of extending this methodology further to prochiral

olefins leading to chiral aldehydes. Fe precursor (1) was used along with various chiral bidentate

phosphine ligands (figure 5.5) and an efficient methodology for enantioselective

hydroformylation of heterocyclic olefins has been developed for the first time.
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Ot~ o= d 2 e
0 U7y ag

DIOP Chiraphos i 'Bu-Josiphos

Figure 5.5: Ligands used for Fe catalyzed A-HF

5.3.1: Fe Catalyzed A-HF of 2,3-DHF

Guided by our previous report on Fe catalyzed hydroformylation of olefins, we started with Fe
precursor [HFe(CO)4] (PPN)* designated as (1) and various chiral bidentate ligands (figure 5.6)
were evaluated. 2,3-dihydrofuran was chosen as a representative substrate (scheme 5.5) and
several optimization experiments were performed. Significant findings have been summarized in
table 5.1.

. CHO
[y et : Q:CHO . j
o

(o]
syngas
2-aldehyde 3-aldehyde

Scheme 5.5: Fe catalyzed A-HF of 2,3-dihydrofuran

Table 5.1: Fe catalyzed A-HF of 2,3-dihydrofuran®

Run Ligand L:M T CO/H, Time  Conv. 2:3 ee
°C)  (bar) (h) (%)°  Selectivity®  (%)°

01. (R,R)-DIOP 12 70 20 24
02. (R,R)-DIOP 1.2 80 20 72 7 0:99 11
03. (R,R)-DIOP 15 80 30 72 34 0:99
04. (R,R)-Chiraphos 15 80 30 72 10 0:99
05. (S)-tBu josiphos 15 80 30 72 12 0:99 8
06. (S)-tBu josiphos 1.2 100 20 72 30 50:50 98 (2)
07. (S)-tBu josiphos 1.2 100 20 96 50 49:51 99 (2)
88(3)

Conditions: 1: 0.0077 mmol, Sub/Fe: 100, Solvent : MeOH 1 ml, "Determined by GC.

Initial screening experiment for 24 hours did not result in aldehyde formation (table 5.1, run 1).

However, upon carrying out the reaction for longer time led to 7% conversion to aldehyde (table
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5.1, run 2). Increasing syngas pressure to 30 bar resulted in improved conversion but at the cost of
enantioselectivity (table 5.1, run 2 vs 3). Another bisphosphine ligand chiraphos led to only 10%
conversion and yielded racemic product (run 4). Changing the ligand to (S)-t-butyl josiphos under
optimized reaction conditions resulted in 12% conversion and 8% ee (run 5). However, an
improved conversion to 30% and ee upto 98% was observed when temperature was increased to
100 °C (table 5.1, run 5 vs 6). This is possibly due to the better coordination of chiral bidentate
ligand at higher temperature. Further, the conversion was improved to 50% upon carrying out the

reaction for longer time (table 5.1, run 7).

5.3.2: Fe Catalyzed A-HF of 2,5-DHF
Asymmetric hydroformylation of 2,5-dihydrofuran was observed to be slower compared to that of

2,3-DHF. Significant findings have been reported in table 5.2.

. CHO
M) e (Do + j
(o)

(0]
syngas
2-aldehyde 3-aldehyde

Scheme 5.6: Fe catalyzed A-HF of 2,5-dihydrofuran

Table 5.2: Fe catalyzed A-HF of 2,5-dihydrofuran®

Run Ligand LM T CO/H, Time Conv. 2:3 ee
°C)  (bar) (h) (%)°  Selectivity® (%)°
01. (RR)-DIOP 12 70 20 24
02. (R,R)-DIOP 1.2 80 20 96 5 26:74 99 for 2
10 for 3
03. (R,R)-DIOP 1.2 80 20 72 2 0:99 68
04. (S)-tBu 1.2 100 20 72 5 50:50 8(2)
josiphos 16 (3)

Conditions: 1: 0.0077 mmol, Sub/Fe: 100, Solvent : MeOH 1 ml, "Determined by GC.

5.3.3: Coordination studies

It is well known that the coordination mode of the ligand influences the selectivity in a
asymmetric hydroformylation reaction.’® In our pursuit to study the coordinating ability of
bidentate phosphine ligands such as (R,R)-DIOP and (S)-tBu-josiphos around Fe metal center, in-
situ NMR experiments were conducted. Both of these ligands can coordinate to Fe metal
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precursor in two different binding modes (scheme 5.7) : axial-equatorial (ea) or equatorial-

equatorial (ee) or both the species may be in equilibrium with each other.

S CI
P — Ho H |7
PP oc—F‘e/P —_— oc—F‘e/Co |
OC—Fe;‘CO - . | >Sp ‘ ~p | p p = Bidentate ligand
(of0] co
(‘:o i P/
1 ee (i)

ae

Scheme 5.7: Coordination mode of bidentate ligand around Fe metal center

Species (i) upon acetic acid treatment can lead to active Fe-dihydride intermediate (scheme 5.8).

U L H o]
oc—F‘e( ) oc—|=‘e<c0 Acon H>I=‘e< P> — ochFe/co <H
P P oc” | P
co p co P P/ p

ae

Scheme 5.8: Protonation to get active dihydride intermediate

In order to generate active dihydride intermediate Fe metal precursor (1) was treated with 1 eq. of
bisphosphorus ligands DIOP and tBu-josiphos individually, followed by addition of acetic acid to
get the dihydride species. The progress of the reaction was monitored using in-situ *H and *'P

NMR spectroscopy.

5.3.3.1: Reaction of (R,R)-DIOP with Fe Precursor (1)

In a NMR tube, 0.010 g (0.0000138 moles) of 1 and (-) DIOP (0.0069 g, 0.0000138 moles) were
dissolved in 0.4 ml of dry methanol to get a clear solution. D,O capillary was added to it as an
internal lock. Now the NMR of the reaction mixture was recorded at room temperature. Next,
acetic acid (50 pL) was added to the above NMR tube and NMR was immediately recorded at
room temperature. Proton NMR spectrum revealed a broad doublet at centered at -10.7 ppm
(figure 5.6) which could possibly be assigned to Fe-dihydride complex. The corresponding

phosphorus NMR did not show signal corresponding to free ligand (-22.6 ppm)**°

112

and displayed a
single peak at 66.5 ppm confirming the coordination of DIOP (figure 5.7).
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Figure 5.6: *H NMR spectrum of a reaction mixture of DIOP and 1 immediately after addition of

acetic acid at room temperature displaying the dihydride peak (expanded view in sets)
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Figure 5.7: **P{"H} NMR spectrum of a reaction mixture of DIOP and 1 immediately after
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Although proton decoupled phosphorus NMR showed absence of free ligand, the complete
structure could not be elucidated due to fluxional behavior of such complexes. Fluxionality is
very common in similar transition metal hydride complexes™ and extensive variable temperature

multinuclear NMR experiments are required to get complete structural information.

5.3.3.2: Reaction of (S)-tButyl-Josiphos with Fe Precursor (1)

In a NMR tube, 0.010 g (0.0000138 moles) of 1 and tButyl-Josiphos (0.0075 g, 0.0000138 moles)
were dissolved in 0.4 ml of dry methanol to get a clear solution. D,O capillary was added to it as
an internal lock. Now the NMR of the reaction mixture was recorded at room temperature. Next,
acetic acid (50 pL) was added to the above NMR tube and NMR was immediately recorded at
room temperature. Proton NMR spectrum revealed a singlet at -9.17 ppm (figure 5.8) which
could possibly be assigned to Fe-dihydride complex. The corresponding phosphorus NMR
displayed two doublets centered at 50.4 ppm and 29.2 ppm which can be assigned to free josiphos

ligand (figure 5.9). It means josiphos ligand doesn’t coordinate to Fe metal center at room
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Figure 5.8: *H NMR spectrum of a reaction mixture of josiphos and 1 immediately after addition

of acetic acid at room temperature displaying the dihydride peak (expanded view in sets)
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NMR was recorded from same tube after 16 hours at room temperature and corresponding
phosphorus NMR showed single peak at 83.9 ppm which can be tentatively assigned to

coordinated josiphos ligand (figure 5.10).**

since Fe-josiphos complexes are not known in
literature. The slow rate of coordination of ligand is possibly responsible for longer reaction time

during catalysis to get the reasonable conversion.
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Figure 5.9: *'P{"H} NMR spectrum of a reaction mixture of josiphos and 1 immediately after

addition of acetic acid at room temperature
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Figure 5.10: *P{*H} NMR spectrum of a reaction mixture of Josiphos and 1 recorded

after 16 hours at room temperature
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NMR experiments revealed that tBu josiphos reacts slowly with the Fe precursor (1) at room
temperature and very little coordination was observed even after 16 hours. This is quite obvious
from catalytic experiments as well as a long reaction time upto 96 hours is needed to get
reasonable conversion. Compared to tBu josiphos, coordination of (R,R)-DIOP is bit faster.

However it is catalytically not as active as tBu josiphos.

5.4: Experimental Section

Unless noted otherwise, all manipulations were carried out under an inert atmosphere of argon

using standard Schlenk line techniques or M-Braun glove box. Methanol was dried on magnesium
cake. Chiral bidentate ligands (R,R)-DIOP, (R,R)-chiraphos and (S)-tBu Josiphos were purchased
from Sigma-Aldrich and used without further purification. Heterocyclic olefins 2,3-DHF and 2,5-
DHF were purchased from Sigma-Aldrich and purified by distillation. Acetic acid (glacial) was
purchased from Qualigens Fine Chemicals and was dried by adding acetic anhydride (7:3). The
syngas and hydrogen gas were supplied by Ms. Vadilal Chemicals Ltd, Pune, India. The
hydroformylation of heterocyclic olefins was run in an Amar Equipment Pvt. Ltd. high pressure
reactor equipped with pressure regulators and safety rupture valve. NMR spectra were recorded
on Bruker 200, 400, and 500 MHz instruments. Chemical shifts are referenced to external
reference TMS (*H and **C) or 85% HsPO, (E = 40.480747 MHz, 3'P). Coupling constants are
given as absolute values. Multiplicities are given as follows s: singlet, d: doublet, t: triplet, m:
multiplet. In-situ high pressure NMR was recorded in Wilmad quick pressure valve NMR tube.
GC analysis for 2,3-dihydrofuran and 2,5-dihydrofuran was carried out on an Agilent 7890B GC
system using Supelco B-dex 225 (30 m* 0.25 mm * 0.25 pum) column following a known

literature method."®

5.4.1: General Procedure for Hydroformylation

In a typical hydroformylation experiment a stainless steel autoclave (450 mL) equipped with 50
ml high pressure liquid charging chamber, pressure regulator and a safety valve was used.
Individual vials were charged with metal precursor [HFe(CO)4] [PPN]* (1) (5.5 mg, 0.0077
mmol), ligand (as in table 5.1), solvent (1 ml), substrate (100 equiv.) and stirring bars in a glove
box. The vials were transferred to autoclave and the autoclave was purged three times with syngas
(CO : Hy = 1:1) before pressurizing it to the desired pressure. Suitable temperature and pressure
was maintained during the reaction. After completion of the reaction, the autoclave was cooled to
0 °C, and excess gas was vented off in a well-ventilated fume-hood. The conversion and regio-

selectivity were determined by using gas chromatography (GC).
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5.4.2: Fe Catalyzed A-HF of 2,3-DHF

Fe catalyzed A-HF of 2,3-dihydrofuran was performed following the general procedure reported

earlier and GC analysis was carried out (figure 5.12) by following a known method.”
4.86 min. and 5.11 min.;

GC retention time for 2,3-dihydrofuran = 3.77 min.; 2-carbaldehyde

3-carbaldehydes = 5.31 minutes and 5.53 minutes.

1000+ Retention Time

— 3.779

5113

— 5317

1000

> 5004 I L 500
| AN o ! = I
. E I\ o
o - _ — ,_I ,__._J / i r-—"»J o
44 46 48 50 ; 54 56
Minutes
Front Signal
Results
Retention Time Area Area % Height Height %
3.779 35449281 4993 4457430 33.66
4 860 92008 0.13 43264 033
5.113 17426800 2455 4738879 35.78
5317 16999424 2395 3520758 26.59
5531 1025923 145 482543 364
Totals
70993436 100.00 13242874 100.00

Figure 5.11: GC chromatogram of hydroformylated 2,3-dihydrofuran showing 99% ee (table 5.2,

run7)

5.4.2: Fe Catalyzed A-HF of 2,5-DHF

Fe catalyzed A-HF of 2,5-dihydrofuran was performed following the general procedure reported
earlier and GC analysis was carried out (figure 5.13) by following a known procedure.”®

GC retention time for 2,3-dihydrofuran = 4.26 min.; 2-carbaldehyde = 4.86 min. and 5.22 min.;

3-carbaldehydes = 5.43 minutes and 5.52 minutes.
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5432 981570 1.14 385287 414
5528 714562 0.83 342964 3.69
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Figure 5.12: GC chromatogram of hydroformylated 2,5-dihydrofuran showing 16% ee (table 5.1,
run 4)

5.5: Conclusion

In summary, the current work deals with the first iron catalyst for asymmetric hydroformylation
of heterocyclic olefins under mild conditions. An iron hydride precursor 1, in combination with
readily available bidentate phosphorus ligand and syngas generates the catalytically active species
and delivers hydroformylation of extremely challenging substrates 2,3-dihydrofuran and 2,5-
dihydrofuran with an unprecendented enantiomeric excess of 99% in case of 2,3-DHF. In-situ
NMR experiments revealed that tBu josiphos reacts slowly with the Fe precursor (1) at room
temperature and very little coordination was observed even after 16 hours. This is quite obvious
from catalytic experiments as well as a long reaction time upto 96 hours is needed to get
reasonable conversion. Compared to tBu josiphos, coordination of (R,R)-DIOP is bit faster.

However it is catalytically not as active as tBu josiphos.
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6.1: Summary

As our day to day life is highly dependent on fossils fuel resources, these resources are
extensively utilized. Since there is limited reserve of fossils fuel, its depletion has become a major
concern to the scientific community. Various strategies are being devised to address this
challenge. Use of renewable resources is certainly one of the strategies which will reduce our
dependence on fossils reserves. Among the renewable resources biomass, sugar and plant oils
provide direct entry to chemical modifications.

Thus sustainability can be achieved either by encouraging use of biomass derived substrates in
important synthetic transformations or by replacing noble and toxic transition metals with earth
abundant and economically viable first row transition metals. In this context the present thesis
entitled as “Regioselective Rh Catalyzed Isomerizing Hydroformylation and Fe Catalyzed
Hydroformylation of Alkenes and Plant Oils” describes the development of new synthetic
methodologies for isomerizing hydroformylation of plant oils and also a highly efficient
methodology for hydroformylation using earth abundant Fe.

In an effort to develop an efficient methodology for isomerizing hydroformylation of plant oils,
the rational designing of ligands was extremely important. Three new bisphosphite ligands were
proposed (figure 6.1) owing to their strong potential in such type of transformations indicated by

literature precedents.

e

?

Figure 6.1: Proposed Bisphosphite ligands
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Out of these three ligands L2 and L3 were found to be highly unstable and L1 was investigated in
isomerizing hydroformylation of plant oils such as methyl oleate.

The synthesis of L1 was achieved in single step starting with resorcinol. Deprotonation of
resorcinol by n-BuLi, followed by addition of di(naphthalen-1-yl) phosphorochloridite 2 yielded
the anticipated bis-phosphite ligand L1 (scheme 6.1).

O Oo-—- PCl
-
OH  L.BuLi(21eq) O Li O 2 ° P 0
THF
< :> _— >

-78°C . -78°C-RT
OH OLi Stirred overnight 0 P- 0'
1.

L1

Scheme 6.1: Synthesis of L1

The desired Rh complex was synthesized after reacting ligand L1 with [Rh(acac)(CO),] in-situ
under syngas pressure. In-situ high pressure NMR spectroscopy revealed that the two phosphorus
nuclei predominantly occupy bis-equatorial position in a trigonal bipyramidal rhodium complex.
However, interestingly, the two phosphorus nuclei were found to be in-equivalent and displayed a
LJrn-p coupling of 240-243 Hz. The performance of the bis-phosphite ligand L1 was evaluated in
isomerizing hydroformylation of long-chain olefins. Severe optimization experiments were
performed to get the best suited conditions. Thus, at 120 °C and ambient (1 bar) syngas pressure
linear selective isomerizing hydroformylation of short chain olefins such as 1-Octene and cis-2-
Octene was observed. Performing the isomerizing hydroformylation of extremely challenging
plant oil based substrate methyl-oleate under similar conditions led to an unprecedented
regioselectivity of 75% for the linear aldehyde. Above observations also revealed the trend that
isomerization is favoured at higher temperature and terminal formylation is favoured at lower
syngas pressure. These experimental findings might guide the future developments in the field of
isomerizing-hydroformylation of long-chain internal olefins to linear selective products.

In addition to this, the synthetic utility of isomerizing-hydroformylation in organic synthesis was
demonstrated by transforming the linear aldehyde (1) to 19-hydroxynonadecanoic acid (3)
(scheme 6.2), which is a potential AB type monomer for polyester production.
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Scheme 6.2: Plant oil derived a, o-functionalized monomers/platform chemicals

Further, methyl oleate falls in the category of edible oil and its utilization can result in direct
competition with the food chain. In this context, cashew nut shell liquid (CNSL) stands out as a
non-edible plant sourced oil that is readily available (CNSL-450,000 metric tons per annum) on a
large scale from agricultural resources. The CNSL is equipped with a functional group at one end
of the molecule and a double bond deep into the long aliphatic chain. This internal double bond
provides an excellent opportunity to further functionalize the plant sourced oil to useful chemicals
and building blocks. Hence an unprecedented methodology (scheme 6.3) is developed for
isomerizing hydroformylation of non-edible plant oils such as cashew nut shell liquid as only

isomerizing metathesis and isomerizing alkoxycarbonylation is known in case of CNSL.

Isomerizing ‘ COOMe OH ‘
alkoxycarbonylation : '
e . '
[Pd] co ' :

Isomerizing ‘

metathesis ;

CNSL-M el L
_ - .

OH

Non-edible plant oils
AN

Scheme 6.3: Isomerizing functionalization of CNSL

A small library of bisphosphorus ligands (figure 6.2) was evaluated in the rhodium-catalyzed
isomerizing hydroformylation (I-HF) of cashew nut shell liquid (CNSL). Rhodium complex of
1,2-bis((di-tertbutylphosphanyl)methyl)benzene (BDTBPMB) (L4) outperformed the other bis-
phosphite and bis-phosphine ligands and unveiled a moderate selectivity of 28% and 50% in the
I-HF of CNSL-monoene and methoxy protected monoene respectively. The resultant aldehyde

16-(3-methoxyphenyl)hexadecanal P1' was isolated and its identity was fully established.
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Application of bis-phosphine ligand L4 in the I-HF of highly challenging CNSL-cardanol (S3)
and methoxy protected CNSL-cardanol yielded a linear selectivity of 74%, although with reduced

conversion.
O o o) : ; OO PPh, ! PtBu,
o 2ol = s
o (o} ; o ! 2 PtBu,
: PPh, PPh, | :
“ “O L2 : L3 E L4
: Xantphos ! BINAP :  BDTBPMB

Figure 6.2: Ligands used for I-IHF of cashew nut shell liquid

The higher reactivity of L4 was justified as CNSL derived substrates might adopt a folded
conformation (figure 6.3). In the folded conformation the phenyl ring in substrates might hinder
the coordination of the relatively bulky L1-catalyst to terminal-olefin and thus hamper the
terminal selectivity. Whereas, relatively electron rich and less bulky L4-catalyst might still be

able to coordinate to the terminal olefin, leading to better linear selectivity.

%
M
|

\OR
=

Figure 6.3: Proposed structure of folded CNSL-monoene in the presence of metal catalyst

To demonstrate the synthetic utility of our strategy, the obtained aldehyde (derived from CNSL-
cardanol) was subjected to hydrogenation and the resultant 3-(16- hydroxyhexadecyl) phenol was
isolated in 89% isolated yield. High-pressure NMR investigation revealed selective formation of
bisequatorial BDTBPMB-rhodium complex which might be responsible for the excellent linear
selectivity.

Apart from utilizing various renewable resources as substrates in important synthetic
transformations, the replacement of noble metals with abundant and cheaply available first row
transition metals in catalysis would be another good option to promote renewable science.

In this context, an efficient methodology for hydroformylation of olefins using earth abundant Fe
metal has been developed. The iron precursor [HFe(CO)4][PhsPNPPhs] (1) in the presence of
triphenyl phosphine operates at 10-30 bars syngas pressure below 100 °C which falls under the
purview of LPO (low pressure oxo). This process utilizes readily available ligands and applies to

an array of olefins. The generality of the approach has been demonstrated by subjecting various
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olefins (figure 6.4), such as 1-octene, 1-hexene, 1-decene, 1-dodecene, 1-octadecene,
trimethoxy(vinyl)silane, trimethyl(vinyl)silane, cardanol, 2,3-dihydrofuran, allyl malonic acid,
styrene, 4-methyl styrene, 4-iBu-styrene, 4-tBu-styrene, 4-methoxy styrene, 4-acetoxy styrene, 4-
bromo styrene, 4- chloro styrene, 4-vinylbenzonitrile, 4-vinylbenzoic acid, and allyl benzene to
iron catalyzed hydroformylation resulting in good to excellent yields for desired aldehydes. Initial
optimization studies with 1-octene indicated an optimal ligand to metal ratio of 2.5, methanol as
the most suitable solvent, and a temperature of 100 °C. Short chain 1-hexene could be
hydroformylated at 10 bars syngas pressure and 80 °C. The developed methodology was found to
tolerate various electron donating and electron withdrawing substrates successfully. Remarkably,

the addition of 1 mol% acetic acid promotes the reaction to completion within 16-24 hours.

AN CHo + /\/W
L g CHO
cHo cHo cHo cHo
3 N NN \/\6/);\ \/\H/\
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CHO OH
L OHC OHC —_—
\/\M/\ ~\\/S|(0Me)3 ~\\/Si(Me)3
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Figure 6.4: Fe catalyzed hydroformylation of various olefins
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Apart from methodology, this study discussed about the first mechanistic investigations in Fe
catalyzed hydroformylation (figure 6.5). Unfolding the elementary steps in the iron catalyzed
hydroformylation will be of great significance for understanding the reactivity of the iron catalyst

and might unlock the synthetic potential of this earth abundant metal in hydroformylation.

S ©
o T 1
oc—re 'O ,0c—Fe "0
| Yco (iii) co
co Tph3 co
J +2PPh;  go__peCO jAcOH
| Yco
oc—Fe PP (i) (i) oc—Fe '
| YPPhy H, | YH
co -co co
+AcOH 2PPh;
AcO [PI PPh3
oc, | .H
c’ | \H
PPh3
PPhs PPh3
OC/“ | \\(\/ OC;FI \H B
PPh; 0O
X—co
PPh3
c’ | \/\R
PPh;

Figure 6.5: Proposed catalytic cycle for iron catalyzed hydroformylation

Combined experimental and computational investigations indicate that the di-hydride species A is
the actual active catalytic species. The identity of species A was established by multiple NMR
experiments, which indicated coordination of ligand L1 and formation of the iron-dihydride
complex. Cyclic voltammetry results suggested a Fe(0) to Fe(ll) interconversion, explaining the
accelerating effect of acetic acid. Control experiments with externally added radical scavengers
ruled out the possibility of a radical or an Fe (1) to Fe (I11) mechanism. The experimental findings
were further corroborated by DFT calculations. Among the six possible stereoisomers of iron-
dihydride complex, species A was found to be the most favorable. Transition state calculations for
1-hexene insertion revealed that 1,2-insertion was favored by 1.3 kcal/mol, whereas styrene

preferred 2,1-insertion by 1.7 kcal/mol. Thus, experimental and computational investigations
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establish that the iron catalyzed hydroformylation follows a Fe(ll) catalytic cycle, as depicted in
figure 6.5. The role of rhodium impurities in catalyzing the hydroformylation of alkenes was
investigated. These studies established that the reported hydroformylation is catalyzed by iron and
it is highly unlikely that the rhodium impurities are responsible for the observed
hydroformylation.

Significant advancements have been made in the field of Rh catalyzed asymmetric
hydroformylation using rationally designed catalytic systems. Apart from Rh, other transition
metals such as Ru, Pd, Pt have also been used to catalyze this industrially relevant transformation.
However it would be worth substituting these precious and rare transition metals with earth
abundant first row transition metals such as Fe. Reported here is an unprecedented methodology
for Fe catalyzed asymmetric hydroformylation of olefins under mild conditions. The iron
precursor [HFe(CO)4][PhsPNPhs] (1) in presence of chiral bidentate ligands such as (R,R)-DIOP
and (S)-tBu-Josiphos catalyzes the asymmetric hydroformylation of heterocyclic olefin such as
2,3-dihydrofuran (scheme 6.4) with reasonable conversion and results in 99% ee under optimized

reaction conditions.

. CHO
/\_j\ (1)+L QLCHO . j
o

o
syngas
2-aldehyde 3-aldehyde

Scheme 6.4: Fe catalyzed A-HF of 2,3-dihydrofuran

6.2: Outlook

Although the Fe catalyzed hydroformylation has significant potential to catalyze HF of various
olefins having different functional groups, some improvements are still needed to make this
process universal. The synthesized Fe precursor (1) reacts readily with monodentate ligands to
form active metal complex. However, it fails to react with most of the bidentate ligands. As most
of the chiral phosphorus ligands are bidentate, hence to extend this methodology successfully
towards asymmetric hydroformylation and various other asymmetric reactions a different Fe
metal precursor is highly desirable.

An attractive Fe metal precursor having strong affinity towards bidentate ligands is
[Fe(CO)s(bda)] where bda = benzylidene acetone as evident from literature precedents.
[Fe(CO)s(bda)] can be easily synthesized starting with Fe,COg and benzylidene acetone (scheme

6.5) by following a literature procedure.*?
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Toluene
Ph-CH=CHCOCH; + Fe,COq

(Ph-CH=CHCOCH;)Fe(CO); + Fe(CO)5 + CO

Scheme 6.5: Synthesis of [Fe(CO)3(bda)]

Synthesis of chiral iron complexes can be achieved in two steps from the metal precursor
Fe(CO)s(bda) and commercially available chiral bisphosphine ligands and then after protonation
of that [FeH(CO)3(DuPHOS)]"CF3SO3 complex will be obtained (scheme 6.6).

Step |

P, co CF3;SO3H

\ 3903 _

P/ \CO Solvent o
< O

Scheme 6.6: Synthesis of chiral Fe Complex using (R,R)-DuPHOS

The coordination of bisphosphine ligand to iron can be confirmed by **P-NMR spectroscopy and
various other spectroscopic methods. Iron hydride species can be identified by 'H-NMR
spectroscopy. Similar kinds of complexes are known in literature but only with achiral
bisphosphines.

Thus synthesized complex will find application in several asymmetric catalytic reactions such as
asymmetric hydroformylation, asymmetric hydrogenation, asymmetric phosphination etc. Since
the synthesized initial Fe complex is in Fe (0) state, it is also expected to follow an Fe (0) to Fe

(11) pathway during the catalytic cycle same as that of precursor (1).
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Hydroaminomethylation reaction is another option where potential of these types of catalyst can
be tested. Hydroaminomethylation reaction refers to addition of a hydrogen and an amine group

across a carbon carbon double bond to give linear amines (scheme 6.7).

[Fel+ L, syngas
NHR;R; R,
R1/\/\ /\/\/\N\

R
Hydroaminomethylation 1

Scheme 6.7: Fe catalyzed hydroaminomethylation

Linear aliphatic amines are used for the production of solvents, fine chemicals, agrochemicals,
vulcanization accelerators and pharamaceutical intermediates. Amines derived from fatty acids,
also known as fatty amines, are used as fabric softner, corrosion inhibitors and as emulsifying
agent. Hydroaminomethylation is mainly catalyzed by late trasition metals such as Ru and Rh and
field of Fe catalyzed hydroaminomethylation is still unexplored. As hydroformylation is the first
step in hydroaminomethylation reactions, an Fe based catalyst capable of performing well in

hydroformylation is also anticipated to deliver similar performance in this reaction as well.

Apart from this, carbonylation of alkynes is another important area where a suitable Fe based
catalyst is highly desirable for monocarbonylation. Currently, Fe carbonyls such as Fe3CO;, has
been employed to get dicarbonylation of alkynes to succinimides. However, a well defined Fe

precursor in combination of suitable ligand can give monocarbonylation successfully.
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