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Abstract

The major theme of the work presented in this dissertation is to develop an
understanding of hydrogen atom transfer (HAT) and investigate it thoroughly. An
inexpensive and green nickel catalyst does a wide range of catalysis including N-
alkylation and formation of benzazoles starting from alcohol and amines. In case of N-
alkylation, the reduced backbone of nickel catalyst extracts hydrogens during the alcohol
oxidation process, stores it and redelivers it to imine in order to form amine. The alcohol
oxidation step has been studied elaborately. The establishment of HAT is done by a
series of experiments, as kinetic studies, KIE measurements, Kreevoy's criteria, Evans
Polanyi plot and intermediate isolation. In the other part of thesis, the formation of
benzazoles is discussed. A reaction sequence for the formation of benzazoles is alcohol
oxidation, imine formation, ring cyclization and dehydrogenative aromatization. Both
the alcohol oxidation and amine dehydrogenation steps are directly mediated by HAT, at
fairly mild reaction conditions. By doing kinetic and KIE measurements, HAT is well

established here too.
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Chapter 1

Hydrogen Atom Transfer As a Key Step in Base Metal
Catalysis - N-alkylation

1.1 Introduction

Base Metal Catalysis

Catalysis is a powerful method that is now widely used in the industry for the
transformation of organic molecules into lucrative products. A catalyzed reaction has
multiple benefits over an uncatalyzed one that includes regio and stereoselectivity.'?
Metals like Platinum (Pt), Palladium (Pd), Rhodium (Rh), Ruthenium (Ru) have been
used in catalysis for decades and are often at the frontiers of a new breakthrough in
catalysis. These metals can perform the 2e” redox processes, which are typically favored
during organometallic catalysis. Major reactions performed by these metals are
hydroboration®, arylation?, amination®, hydrosilylation® etc. The main drawback of using
these metals in the industry is their high cost and limited availability.

Base metal catalysis has seen exponential growth in recent times. Notably in the
reactions like hydroboration’, arylation®, amination®, which were limited to precious
metals. Main group elements!® and organocatalysts* have emerged as "greener"
alternatives for such reactions. Metal-ligand cooperativity has played an important role

in enabling first row transition metal catalysis of reactions that undergo two-electron
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processes. The right combination of first-row transition metals with different types of
ligands can catalyze reaction efficiently and effectively that were limited to precious

metals only.

Redox active or Non-innocent ligands

When we can assign metal oxidation state without any difficulty from redox activity of
the ligands, we call those ligands as "innocent” ligands. One classic example of a
complex having such ligand is Werner complex [Co(NH3)4Cl,]Cl. It's a Co"' compound
as ligands are redox inactive clearly. On the other hand, ligands for which such an
oxidation state ambiguity is possible were considered noninnocent in Jorgensen's
definition.® With a redox active ligand, the ligand can be the dominant electron source or
sink, with the metal retaining its original oxidation state.

For example, if a spin-paired complex schematically represented as M—L is reduced by

1e’, the product might be better represented either as M ™—L if the ligand is redox

inactive, or as M—L" if not. In reality, M and L will both be affected by the reduction

and the resulting unpaired electron density will be shared over both.

Redox active ligands form part of the broader group of multifunctional ligands®® a group
that has attracted increasing interest, in catalytic applications. These ligands are capable
to communicate novel reactivity to the adjacent metal complexes by modulating the loss
or gain of electrons and protons thus allowing the framework to adopt different
resonance structures and consequently provide new ligand properties. The substrate
involved in the catalysis can also be poised to bind to a molecular recognition unit to

impart regio- and stereospecificity to the desired catalytic transformation.***?

Hydrogen atom transfer
Hydrogen atom transfer involves the transfer of a proton and an electron. From the most

basic process combustion to enzymatic catalysis, HAT is the most rudimentary step.™®



A-H+B—A+H-B

Recently, metalloenzyme active sites have been shown to oxidize substrates by HAT,
which has open a way to explore the transition metal mediated HAT.

Classical organic HAT reactions have an abstracting group that is a p-block radical X'.
In contrast, transition metal complexes that abstract H' typically have an oxidizing metal
center to accept the electron and a basic ligand to accept the proton.’* These are
sometimes known as proton-coupled electron transfer (PCET) reactions because of the
possible separation of the e and H*.*°

HAT activates R-H bonds in a very particular way, like the way a reaction occurs can be
changed by changing suitable hydrogen abstractor, solvent conditions, temperature etc.
Evans Polanyi provides us with a correlation between rate constants and bond
dissociation energies to determine whether HAT is a rate-limiting step or not. There are
various theoretical and experimental methods present for the determination of HAT like

Marcus theory, KIE determination, free energy calculations etc.



1.2 EXPERIMENTAL SECTION

General Information

1.2.1 Chemicals

All the reagents and solvents used for synthesis were laboratory grade purchased from
AVRA chemicals, Sigma Aldrich and TCI chemicals and were used without further
purification. Solvents such as methanol, ethanol and toluene were used as received from
the suppliers. The reaction progress during synthesis was monitored by thin layer
chromatography (Sigma Aldrich) and visualized under UV light (254 nm). Column
chromatography was performed using SD Fine silica gel 60-120 mesh using a gradient

of ethyl acetate and hexane as mobile phase.

1.2.2 Spectroscopic Measurements

'"H NMR and **C NMR spectra were recorded on a 400 MHz Bruker Biospin Advance
1l FT-NMR spectrometer. The solvent used for measurement is CDClI; for all the
products. UV-Vis Spectroscopic measurements were recorded on PerkinElmer
LAMBDA 365 UV/Visa-NIR spectrophotometer using a 1mm path length quartz cuvette
at room temperature. High-resolution mass spectra were recorded on a Waters QTOF
mass spectrometer. GC-MS was recorded on Agilent 7890B GC coupled to 5977B
GC/MSD with HP-5MS column. Standard analysis software was used for analysis and
visualization of the spectra. Python was used for fitting the curves and all plots were

plotted using Origin 2018.



1.2.3 Synthesis
1.2.3.1 Preparation of 3,5-di(tert-butyl)-2-hydroxy azobenzene (L) :

To an aqueous solution of 0.01 mmol of aniline, 0.04 mmol of Conc. HCI was added
until the solution was clear. The mixture was cooled below 0 °C. After that a solution of
0.011 mmol of solution nitrile was added dropwise. An ethanolic solution of 0.01 mmol
2, 4-Di-tert-butylphenol was added to the preformed diazonium solution made in the
previous step. Upon addition of the phenol, color of the solution changed to red
instantaneously. Then, the solution was filtered to obtain 3,5-di(tert-butyl)-2-hydroxy
azobenzene (L) as a red-brownish solid. A single spot in the TLC suggested the reaction

was complete with no impurities.

1.2.3.2 Preparation of Ni(Azo), (1)* :

k% L *g 5%

A methanolic solution of 0.1 mmol of L was taken in a 100 mL round-bottom flask and
to it 0.1 mmol of KOH was added and the mixture was stirred at rt for 30 min. Then,
0.05 mmol of Ni(OAc)2 was added to the reaction mixture and refluxed for 30 min.
Immediate precipitate was obtained during the reflux. After completion of the reaction,
the solution was filtered to obtain 1 in 82 % yield. Spectroscopically the identity and the
purity of the molecule was ensured. (* Synthesis of the complex has been carried out by

Amreen K. Bains).”



1.2.4 Catalysis
1.2.4.1 N-alkylation of amine by hydrogen borrowing method

I H\/@
©/\0H . @ 1 (7 mol%), base - N
Toluene, 130 °C, 32 h

Scheme 1.1. Amination of aromatic alcohols

In a 25 mL oven dried flask, alcohols (1.0 mmol), amines (0.25 mmol), t-BuOK (0.25
mmol), 1 ( 7 mol%) were added followed by 10 mL toluene. Upon charging all
chemicals the reaction flask was evacuated and filled with nitrogen. The reaction
mixture was heated at 130 °C for 32 h. The reaction mixture was cooled to room
temperature upon completion and concentrated in vacuo. The residue was purified by
column chromatography using a petroleum ether/ethyl acetate (5-10%) as eluent to

afford pure products.

1.2.4.2 Bis-alkylation

In a 25 mL oven dried flask, alcohols (1.0 mmol), amines (0.5 mmol), t-BuOK (0.25
mmol), 1 ( 7 mol%) were added followed by 10 mL toluene. Upon charging all
chemicals the reaction flask was evacuated and filled with nitrogen. The reaction
mixture was heated at 130 °C for 32 h. The reaction mixture was cooled to room
temperature upon completion and concentrated in vacuo. The residue was purified by
column chromatography using a petroleum ether/ethyl acetate (5-10%) as eluent to

afford pure products.



1.3 Results and Discussion

1.3.1 Azo: Potential redox backbone for N-alkylation

0

Azo Azo - Azo~
Dehydrogenation
H H - H \FO
A oH Ary
Ar;—NH
N:N’© *2 ’
\ Base
: —ni—"°
: H,0
: : I/N N
: 1
Y H
H_H b
M_l)xN,nrz - ln)l\"'"z
M Hydrogenation

Figure 1.1 Hypothesis of N-alkylation mediated by Hydrogen Atom Transfer

Ni(azo), is a well-defined and benchstable azo-phenolate ligand-coordinated nickel

catalyst which can efficiently execute N-alkylation of a variety of anilines by alcohol.

The redox-active azo ligand can store hydorgen generated during alcohol oxidation and

redelivers the same to an in-situ-generated imine bond to result in N-alkylation of

amines ( Figure 1.1). The reaction has wide scope, and a large array of alcohols can

directly couple to a variety of anilines. To understand the dehydrogenation step, a series

of experiments was done and hypothesized the plausible mechanism.



1.3.2 Kinetics analysis for alcohol oxidation : with respect to catalyst loading

H

©/\OH 1 (x mol%), KO'Bu (0.25 eq) ©/§0
>
Tol, 130 °C

To understand the mechanism of the reaction, we performed detailed Kinetic analysis of

the reaction. In order to examine the dependence of reaction rate on the catalyst during
alcohol oxidation, we studied the rate of benzaldehyde formation as a function of
catalyst loading variation. Increasing the concentration of 1 over the range from (x = 2.5
to 10 mol% with respect to benzyl alcohol) displayed a linear increase in the rate, Kops for

the oxidation of alcohol.

1) Growing product overtime during alcohol oxidation 2) Rate constant calculation
T ¥ T LS T ¥ ¥ T ¥ T T ¥ T T T

T T

T

—o 2 5% — 0%
— 5% L — 7.5%
L8 —0 7.5% =1 - 5.0%
—a 0% 1 6 — 25% > =

0 5 10 15 20 25 30 35

0 10 20 30 40 50 60
4 5

3) Plot of kobs vs difference in catalyst loading

0.20 -

e | |

Kgps (Min”")

2 4 6 8 10
[Catalyst] (mol %)

Figure 1.2 Pseudo-First order kinetic analysis for oxidation of benzyl alcohol: with respect to catalyst

loading



1.3.3 Kinetics analysis for alcohol oxidation : with respect to substrate loading

H

©/\OH 1 (7 mol%), KO'Bu (0.25 eq) @/'Eo
o
Tol, 130 °C

In order to examine the dependence of reaction rate on the substrate during alcohol

oxidation, we studied the rate of benzaldehyde formation as a function of substrate
loading variation. Increasing the concentration of substrate over the range from ( 80 time
to 140 times with respect to 1) displayed a linear increse in the rate, Kqps for the oxidation
of alcohol.

From this set of experiments the rate law for the alcohol dehydrogenation can be derived
as rate = k[1][benzyl alcohol], which further suggests the substrate remains bound to the

catalyst at the rate-determining step.

1) Growing product overtime during alcohol oxidation 2) Rate constant calculation
- T T T 1 T 10 T = T = T

281

T
1

Absorbance
I
1

N ! 1
0 10 20 30 40 50 60 70
me (mins)

3) Plot of kobs vs difference in catalyst loading
0.22 : v r T

0.18 |-

Kqps (Min™)

0.16 |

0.14
A

80 20 100 110 120 130 140
[Benzyl Alcohol] (mM)

Figure 1.3 Pseudo-First order kinetic analysis for oxidation of benzyl alcohol: with respect to substrate

loading



1.3.4 Saturation Kinetics for alcohol oxidation

H
OH Optimized o
condition
t
Reaction condition: 1 (5 mol%), benzyl alcohol (1 mmol), KO Bu (0.25 mmol), toluene

(2mL), 25 C, 35 'C, 45 C , 100 min.

To make sure that alcohol truly binds to the nickel center before its oxidation, saturation
kinetics experiment with a considerable excess of benzyl alcohol was performed. The
saturation curves were obtained when the concentration of the alcohols were exceeding
1.0 M (Figure 1.4). We conducted the saturation kinetics studies at three different
temperatures (25-45 °C, Figure 1.5 and 1.6) and fitted the data according to saturation

rate law (equation 1).*

- K -k
[1] + benzyl alcohol === [1.benzyl alcohol]” — product

kK[benzyl alcohol]
1 + K[benzyl alcohol]

Kobs = -

From the saturation Kkinetics data gathered at room temperature, an equilibrium constant
was calculated to be 66.68 M™ along with rate constant 0.000105 s™. A considerable
value of the equilibrium constant strongly indicates the binding of the alcohol (likely in

the form of an alkoxide) to nickel.
4.0 T T T T

0.0 T T

T T

T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
[Benzyl Alcohol], M

Figure 1.4 Saturation Kinetics of Benzyl alcohol
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Figure 1.5 Kinetics profile of the alcohol oxidation at a) 24 °C, b) 35 °C, c) 45 °C varying concentration of

benzyl alcohol
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Figure 1.6 Rate constant calculations for saturation Kinetics profile of the alcohol oxidation at a) 24 °C, b)

35 °C, ¢) 45 °C varying concentration of benzyl alcohol
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1.3.5 Van't Hoff Plot for alcohol oxidation

The above discussed plots disclosed the corresponding equilibrium and rate constants at
the respective temperature (Table 1.1 and 1.2). The experiment was repeated twice to

confirm the values.

Set 1:
S.No Temperature (°C) K (M Kobs (10™s™)
1. 24 66.68 1.05
2. 35 57.39 1.27
3. 45 49.4 1.37
Table 1.1 Set 1 of Van't Hoff experiment
Set 2:
S.No Temperature (°C) K (MY Kobs (1075
1. 24 65.1 1.09
2. 35 58.35 1.30
3. 45 50.1 1.39

Table 1.2 Set 2 of Van't Hoff experiment

As expected, with increasing temperature the value of the equilibrium constant
consistently decreases while the magnitude of rate constant increases. We plotted the
logarithm of K vs 1/T to extract the thermodynamic parameters for the binding.
Interestingly, AH of -2.5 + 0.50 kcal mol™ and the AS of -1.13 cal mol™ K™ were the
calculated values from van’t Hoff plot (Figure 1.7). The enthalpy change is very small
and detachment of the phenolate arm upon protonation by the bound alcohol likely
compensates the new Ni-alkoxide bond formation.
—ﬂH_'_ﬁ

Van't hoff Equation: In(K) = TR
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Figure 1.7 Van't Hoff plot for Alcohol Oxidation
1.3.6 Eyring Analysis

The temperature-dependent Kinetic experiments were performed to know the barrier for
HAT reaction. The Eyring plot disclosed a AH' of 20.31 + 1.57 kcal mol™ while the AS’
to be -18.59 + 1.11 cal mol™ K™ (Figure 1.8). The negative AS' value corroborates with
the bimolecular nature of the rate-limiting step. The overall reaction barrier, AG' of 25.85
+ 3.61 kcal mol™ for the process asserts that the alcohol oxidation component of the
reaction can proceed at room temperature, which is also supported by the experimental

facts. | ' ' ' '

-6.5 4

-6.6 1 T

In(k,,J/T)

-6.7 -

-6.8 1

3.10 3.15 3.20 3.25 3.30 3.35 3.40
[1000/T], (K™

Figure 1.8 Eyring plot for Alcohol Oxidation
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1.3.7 Kinetic Isotope Effect for alcohol oxidation

The nickel bound alkoxide transfers a hydrogen atom to the monoreduced azo group to
procced for the oxidation. We tried to prove this HAT based alcohol oxidation from
detailed kinetic isotope effect (KIE).

From Transition state theory, at room temperature, ky/kp was found to be 4.3 at 298 K.
Interestingly, the experimentally measured KIE at room temperature (15.6) was far
higher than the theoretically projected value stemming from zero point energy (ZPE)
difference.

kot o (G (5D
h kp

The large, nonclassical KIE value indicates azo-radical based hydrogen atom abstraction
from the a-CH of benzyl alcohol and that C—H bond cleavage is the rate-determining
step for the alcohol oxidation step. Notably, this system provides an excellent
opportunity to investigate the HAT from a carbon to nitrogen radical as a function of
temperature. The high value of KIE implicates that that rate of HAT is considerably
contributed by quantum mechanical tunneling. To investigate the HAT step further, the -

KIE was measured at three other temperatures.
1.3.7.1 Kinetic studies of benzyl alcohol
In a5 mL vial, 1.0 mmol PhCH,OH, 0.25 mmol KO'Bu and 5 mol% of 1 were added

followed by 2 mL of toluene. This reaction mixture was heated at 10, 24, 35, 45 °C for
100 min (Figure 1.9).

HH o
OH 1( 5 mol%), KO'Bu (0.25 eq) H
r
Tol, X°C
1 mmol

14



1.3.7.2 Kinetic Studies of deuterated benzyl alcohol

In a 5 mL vial, 1.0 mmol PhCD,0OH, 0.25 mmol KO'Bu and 5 mol% of 1 and were
added followed by 2 mL of toluene. This reaction mixture was heated at 10, 24, 35,
45 °C for 100 min (Figure 1.10).

D D 0
@XOH 1(5 mol%), KO'Bu (0.25 eq) b
Tol, X °C -

1 mmol

1.3.7.3 Rate constant calculation for benzyl alcohol and deuterated benzyl alcohol

Data obtained from UV-Vis and GC in above experiments was fitted in first order
equation and corresponding rate constants were calculated. Rate constants for both,
benzyl alcohol and deuterated benzyl alcohol, were plotted in single graph to observe a

clear comparison at each temperature (Figure 1.11) and KIE was calculated.

0.30 ) T T T T
a) T T T T b 0.40 -
. .
0.25 0357
0.30 o
0.20 4
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S 2 020
2 0.15 202 .
g E 015
2 127 4
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0.05 4 0.05 4 -
0004 =
0.00 o n
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= 203 1
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= i =02
< < 1
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1 0.1 4
0.04 0.0 EoC
T T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
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Figure 1.9 Product formation plot (traced via UV-Vis spectroscopy) from PhCH,OH at a) 10 °C, b) 24 °C,
¢) 35 °C, d) 45 °C.

15



0.16 . T . T T T T
a) b) 74 .
0.144 .
6 .
0.12 4 1 .
.
5
=3
g o101 g
) . ¥ 4 1
g 0.8 g
= =
Q R
< 0.6 ' 2
=] o =] -
2 2
= 24
2 0.044 =
0.02 4 } 1 |
0.00 4 04 24 5C
-
-0.02 . . . . ; -1 T T T T T
0 20 40 60 80 0 20 40 60 80
Time (min) Time (min)
7 T T T 4.0 T T T T
0 d .
6 R 3.5 4
T 304 * T
54
g 8 231
bR 1 = . 1
@ @ 2.0+
“ =
g g
231 2 54
- -
g 1 £ 1
= 2 2 104
1 i 0.5 ]
0.0
-0.5

T T T T
40 60 80 100
Time (min)

T T
10 60 80 100
Time (min)

Figure 1.10 Product formation plot (traced via UV-Vis spectroscopy) for PhCD,OH at a) 10 °C, b) 24 °C,

¢) 35°C, d) 45 °C
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Figure 1.11 KIE for alcohol oxidation measured at a) 10 °C, b) 24 °C, ¢) 35 °C, d) 45 °C
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1.3.8 Arrhenius plot for alcohol oxidation

After measuring KIE at different temperatures (Table 1.3), we plotted it in Arrhenius
fashion, In(KIE) over 1/T. The plot clearly exhibits inverse temperature dependence of
isotope effect and a nice correlation as a straight line whose slope and intercept describes
the An/Ap and E,p—Eay respectively. For the HAT step involved in alcohol oxidation,
these An/Ap and Eap—Eay values were observed to be 0.47 and 2.05 kcal mol™ (Figure
1.12). All these values regarding KIE measurements strongly indicate for nonclassical

hydrogen tunneling in accord with Kreevoy's criteria of the tunneling contribution to the

HAT step.
S.No Temperature (°C) KIE (ku/kp)
1. 10 18.40
2. 24 15.62
3. 35 13.89
4, 45 12.25

In(ky/ky)

Table 1.3 KIE values at all temperatures for alcohol oxidation

294

2.8 4

2.6 1

2.54

3.1 32 33 34
[1000/T], (K"

Figure 1.12 Arrhenius plot
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1.3.9 Evans-Polanyi type correlation

We found a Evans-Polanyi type correlation of reaction rate and bond dissociation free-
energy for a set of five alcohols whose C—H bond strength varies over ~15 kcal mol™

(Figure 1.13). As suggested by Mayer, this pattern also implicates the presence of HAT
as a rate determining step.*’

6.0

5.7 4

5.3

5.0 1

log(k)

4.7

4.3 1

4.0

56 58 60 62 64 66 68 70 72 74
BDE, kcal/mol

Figure 1.13 Linear free energy correlation
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1.3.10 Hammett plot for alcohol oxidation catalyzed by 1

Consistent with the radical process and subsequent ketyl radical generation via HAT
during alcohol oxidation, para- substitution of the benzyl alcohol did not influence the
rate of HAT (Figure 1.14). Plotting the rate of HAT for multiple benzyl alcohol
substrates with electron donating and withdrawing groups at the para-position as a
function of o," values provided a very small p value of 0.05. Such a minor dependence
on rate was also documented earlier for GOase model (p = -0.14)."® The lack of any
influence of electron-withdrawing and -donating groups on the reaction rate strongly

suggests that the HAT is present here.

4 N L] v 1 M I M I
2 -
= 4-Me . 4-NO, )
] . 401 . 2y
< | 4O0Me g 4-Br
o0 -
=
2
4 M 1 M I M I v L] M
0.0 0.2 0.4 0.6 0.8
+
Cp

Figure 1.14 Hammett plot
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1.4 Summary

In this chapter, we presented a homogeneous, single-site catalyst comprising of a redox-
active azo ligand and base metal nickel which efficiently performs N-alkylation of a
variety of amines starting from alcohol. A broad scope of substrates has been shown for

N-alkylation, which proves the versatile nature of the catalyst.

The ligand chosen for such base metal catalyst is instrumental, given its direct
participation in the alcohol oxidation step via HAT. HAT is established using a series of
experiments starting from kinetic studies, Evans Polanyi correlation, Kinetic isotope

effect determination etc.

A large kinetic isotope effect (KIE, 15.6 at 24 °C) has been recorded during alcohol
oxidation, suggesting significant non-classical tunneling contribution to HAT. Indeed,
the An/Ap and E.p—E.n were observed experimentally as 0.47 and 2.05 kcal mol™ from
Arrhenius plot of KIE, which ensures quantum mechanical tunneling using Kreevoy's
Criteria. Consistent with the radical process and subsequent ketyl radical generation via
HAT during alcohol oxidation, para- substitution of the benzyl alcohol did not influence
the rate of HAT. To prove that, a thorough hammett analysis has been done. From all the
experiments discussed above, we have a thorough understanding of plausible mechanism

and isolated all the targeted intermediates.
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Chapter 2

Investigating HAT mediated base metal catalysis in
Benzazoles

2.1 Introduction

Dehydrogenation reactions

Dehydrogenation, in general, concerns the abstraction of hydrogen from a compound to
produce a less saturated analog. Dehydrogenation reactions are of major industrial
importance, especially in the production of constituents for the manufacture of high-
octane gasoline. The alcohol dehydrogenation reactions have captured attention recently,
as the process can provide a very inexpensive source of alkyl groups.’® The
dehydrogenation of low boiling alkanes has become of great industrial importance
because it presents an alternative method for obtaining alkenes. Utilizing this highly
abundant and cheap source of alkyls, multiple synthetic methodologies have been

discovered lately to assemble value-added heterocyclic rings.?
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Benimidazoles

Benzimidazole derivative are associated with various types of pharmaceutical products.
Benzimidazole nucleus is one of the bioactive heterocyclic compounds that exhibit a
range of biological activities. Specifically, this nucleus is a constituent of vitamin B12.
First synthesis of benzimidazole formation via dehydrogenative coupling was showcased
by Watanabe which required noble metal catalyst ruthenium at a very high temperature,
215 °C.?! Recent examples from Kempe involve Ir-based catalysts which synthesize
benzimidazoles and substituted benzimidazoles. Some heterogeneous systems have also
been developed for the synthesis of benzimidazoles but those comprise of precious
metals Ir and Ru.?

On the contrary, base metal representatives for this important transformation are only
handful although, cobalt, nickel and manganese catalysts started appearing promising in
dehydrogenative coupling of diamine and alcohols to realize benzimidazole
derivatives.”® A major drawback of these systems are the requirement of relatively harsh
reaction conditions and long reaction time. Additionally, rational design of catalysts is

challenging because of the lack of precise mechanistic understanding.
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2.2 EXPERIMENTAL SECTION

2.2.1 Chemicals

Specifications same as mentioned in section 1.2.1

2.2.2 Synthesis

2.2.2.1 General procedure for synthesis of benzimidazole: variety of benzyl alcohol,

aliphatic alcohols and substituted diamines

AL -H,0 @Ar
Dehydrogenative
E I N Aromatization X
\>_ Ar ~ Ar
X < [Q: N>_
H
X=NH, O, S

Scheme 2.1 Route to benzazoles

In a typical reaction 5 mL vial was charged with alcohols (1 mmol), o-phenylenediamine
(1 mmol), KO'Bu (0.5 mmol), 1 (5 mol%) in 2 mL toluene and was closed with rubber
septum. The resulting solution was spurged with O,. The reaction mixture was stirred at
80 °C for 10 h. The reaction mixture was cooled to room temperature upon completion
and concentrated in vacuo. The residue was purified by column chromatography using
petroleum ether/ethyl acetate (5-10%) as eluent to afford pure products. The desired

coupling products were fully characterized by *H, **C NMR spectroscopies.
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2.2.2.2 General procedure for synthesis of benzimidazole: di-alcohols

In a typical reaction 5 mL vial was charged with alcohols (0.5 mmol), o-
phenylenediamine (1 mmol), KO'Bu (0.5 mmol), 1 (5 mol%) in 2 mL toluene and was
closed with rubber septum. The resulting solution was spurged with O,. The reaction
mixture was stirred at 80 °C for 10 h. The reaction mixture was cooled to room
temperature upon completion and concentrated in vacuo. The residue was purified by
column chromatography using petroleum ether/ethyl acetate (5-10%) as eluent to afford
pure products. The desired coupling products were fully characterized by ‘H, **C NMR

spectroscopies.
2.2.2.3 General procedure for synthesis of 1,2 di-substituted benzimidazole

In a typical reaction 5 mL vial was charged with alcohols (2 mmol), o-phenylenediamine
(1 mmol), KO'Bu (0.5 mmol), 1 (5 mol%) in 2 mL toluene and was closed with rubber
septum. The resulting solution was spurged with O,. The reaction mixture was stirred at
80 °C for 10 h. The reaction mixture was cooled to room temperature upon completion
and concentrated in vacuo. The residue was purified by column chromatography using
petroleum ether/ethyl acetate (5-10%) as eluent to afford pure products. The desired

coupling products were fully characterized by *H, 3C NMR spectroscopies.
2.2.2.4 General procedure for for synthesis of benzthiazole and benzoxazoles

In a typical reaction 5 mL vial was charged with alcohols (1 mmol), 2-
aminothiophenol/2-aminophenol (1 mmol), KO'Bu (0.5 mmol), 1 (5 mol%) in 2 mL
toluene and was closed with rubber septum. The resulting solution was spurged with O..
The reaction mixture was stirred at 80 °C for 10 h. The reaction mixture was cooled to
room temperature upon completion and concentrated in vacuo. The residue was purified
by column chromatography using petroleum ether/ethyl acetate (5-10%) as eluent to
afford pure products. The desired coupling products were fully characterized by *H, **C

NMR spectroscopies.
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2.3 Results and Discussions

2.3.1 Optimization of reaction conditions for benzimidazole synthesis *

HO
NHz 1 (X mol%), KO'Bu (Y N

ED*@E e A S G
N

NH, Tol, 80 °C, 10 h H

Scheme 2.2 Optimization of Benzimidazole synthesis

Entry Catalyst Base Product (Yield %)
1 - KO'Bu 19
2 1 KO'Bu (0.1 eq) 38
3 1 KO'Bu (0.5 eq) 90
4 1 KO'Bu (0.75 eq) 92
5 1 (2.5 mol%) KO'Bu 61
6 1 (7 mol%) KO'Bu 91
7 1 (5 mol%) KOH 46
8 1 (5 mol%) K,CO; 0
9 1 (5 mol%) KO'Bu 59

10° 1 (5 mol%) KO'Bu 85
11° 1 (5 mol%) KO'Bu 25
12° 1 (5 mol%) KO'Bu 43
13° 1 (5 mol%) KO'Bu 53
14" 1 (5 mol%) KO'Bu 90
15 L KO'Bu 28
16 1 - N.R

*Reaction temperature 80 °C, without O,, "Reaction temperature 100 °C, without O,
“inert atmostphere, %used O, saturated toluene as solvent, *Reaction time: 6 h, 'Reaction

time: 12 h (*Optimization has been done with the help of Amreen K. Bains).
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2.3.2 Optimization of reaction conditions for 1,2 di-substituted benzimidazole

synthesis*
OH
NH; 1 (X mol%), KO'Bu (Y eq) N N
é ' C(NHZ Tol, 8)0 °C,10 h - > ©:N\>_© ’ ©:IN:>_©
A B
Scheme 2.3 Optimization of 1,2 di-substituted benzimidazole synthesis
Entry Catalyst Base Product (Yield %), A/B
1 - KO'Bu 0/16
2 1 KO'Bu (0.25 eq) 64/22
3 1 KO'Bu (0.5 eq) 85/13
4 1 KO'Bu (0.75 eq) 83/15
5 1 (2.5 mol%) KO'Bu 61/35
6 1 (7 mol%) KO'Bu 87/6
7 1 (5 mol%) KOH 25/10
8 1 (5 mol%) K,COs 0/0
9° 1 (5 mol%) KO'Bu 26/21
10° 1 (5 mol%) KO'Bu 41/12
11° 1 (5 mol%) KO'Bu 19/25
12° 1 (5 mol%) KO'Bu 18/45
13 1 (5 mol%) KO'Bu 33/46
14" 1 (5 mol%) KO'Bu 84/15
15 L KO'Bu 5/28
16 1 - N.R

*Reaction temperature 80 °C, without O,, "Reaction temperature 100 °C, without O,
“inert atmostphere, %used O, saturated toluene as solvent, *Reaction time: 6 h, 'Reaction

time: 12 h (*Optimization has been done with the help of Amreen K. Bains).
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2.3.3 Radical Quenching experiment

OH
NH, 1 (5 mol%), KO'Bu (0.5 e N
é * @: . TEMPO 2 O3cd o @: \>_©
NH, Toluene, 80 °C, O, ”
1eq 1eq X eq

Scheme 2.4 Tempo quenching experiment

5 mL vial was charged with 1.0 mmol benzyl alcohol, 1 mmol o-phenylenediamine, 0.5
mmol KO'Bu and 5 mol% of 1 and varying equivalent of TEMPO, followed by 2 mL
toluene were added. The reaction mixture was closed with rubber septum. The resulting
solution was spurged with O,. The reaction mixture was stirred at 80 °C for 10 h. The

product yield decreased with increasing the equivalence of TEMPO.

S.No TEMPO equivalence Yield (%)
1. 0.5 eq 63%
2. 1.0eq 45%
3. 1.25¢eq 38 %

Table 2.1 Tempo quenching experiment

2.3.4 Detection of H,0O, during alcohol oxidation

For oxidation of alcohols, presence of H,O, in the reaction mixture was analyzed by
UV—Vis spectroscopy using the iodometric assay based on peak of I3 at Amax = 345 nm;
£=26 000 M' cm™' upon reaction with KI.

In a typical reaction 5 mL vial was charged with alcohols (1 mmol), KO'Bu (0.25
mmol), 1 (5 mol%) in 2 mL toluene and was closed with rubber septum. The resulting
solution was spurged with O,. The reaction mixture was stirred for 2 h. After which 2
mL of water + 2 mL of DCM was added to the reaction mixture. The aqueous part was
then separated. The separated aqueous layer was then acidified (to stop further
oxidation) with dilute H,SO, to pH = 2.
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To separated aqueous layer, 1 mL of a 10% solution of Kl and 2-3 drops of a 3%
solution of (NH4)sMo70,4 Were added. H,O, oxidizes I to I, which reacts with an excess
of I toform Iz .

0.7

0.6

0.5 +

0.4 -

0.3 +

Absorbance

0.2 4

0.1 4

0.0 T T T " T Y T v T T T T T
280 300 320 340 360 380 400
Wavelength(nm)

Figure 2.1 UV-Visible spectrum of (red line) 1> ion formation in presence of H,0,, (blue line) blank.

2.3.5 Kinetic analysis for benzimidazole formation: with respect to catalyst loading

Product formation curve Rate constant calculation

0 T s ' & T T T T T

LS mel%
S0 mol®e
TS mel®s

0.0 Ll v L) L Ll 0 L L L)
o

6 10 12 0
Time (h)

R 6
Time (h)

Figure 2.2 Kinetic analysis with respect to catalyst loading
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NH, N
Optimized
et (CL0)
condition N
H
Scheme 2.5 Benzimidazole formation by varying catalyst loading

Reaction conditions: 1 (X = 2.5, 5, 7 mol%), benzyl alcohol (1 mmol), diamine (1

mmol), KO Bu (0.5 mmol), toluene (2 mL), 80 'C, O,, 10 h.

In order to examine the dependence of reaction rate on the catalyst during benzimidazole
formation, we studied the rate of benzimidazole formation as a function of catalyst
loading variation. Increasing the concentration of 1 (Scheme 2.4) over the range from (x
= 2.5 to 7 mol% with respect to benzyl alcohol) displayed a linear increase in the rate,

Kobs for the oxidation of alcohol (Figure 2.2).

2.3.6 Saturation Kinetics for amine dehydrogenation

H
OO~ OO
N condltlon
H
Scheme 2.6 Amine dehydrogenation

Reaction conditions: 1 (5 mol%), 3 (1 mmol), KO'Bu (0.5 mmol), toluene (2 mL),
80 °C, O,, 8 h.

Upon establishing the thorough mechanistic understanding of the first step of the
reaction (Chapter 1), we have looked into the dehydrogenative aromatization step. The
condensation of the aldehyde with o-phenylediamine results in imine, which upon ring
cyclization yields 2,3-dihydrobenzimidazole. To examine whether the binding of 2,3-
dihydrobenzimidazole is necessary during the dehydrogenation process, we performed
saturation kinetics experiment with this substrate and observed a clear saturation of rate
when the excess concentration of 2,3-dihydrobenzimidazole was exceeding 1.2 M
(Figure 2.3 and 2.4). An equilibrium constant of 231M™ and kobs of 4.5 x 10 s was

derived from the fitting of the saturation curve at 80 °C following the saturation rate law.
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Figure 2.4 Saturation Kinetics Curve of amine dehydrogenation
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2.3.7 Kinetic Isotope Effect experiment

o H
XH 1( 5 mol%), KO'Bu (0.5 eq) N
r 7,

N’ Ph Tol, X °C N

1 mmol
H H
XD 1( 5 mol%), KO'Bu (0.5 eq) N
r P
N Ph Tol, X °C N
H
1 mmol

Scheme 2.7 Amine dehydrogenation by 1

Kinetic study was performed by monitoring the reaction of 2,3-dihydro-2-phenyl-1H-
benzimidazole and 2,3-dihydro-2-phenyl-1D-benzimidazole. Quantification of the
amount of product and reactant was made by GC.

In a5 mL vial, 1.0 mmol 2,3-dihydro-2-phenyl-1H-benzimidazole, 0.5 mmol KO'Bu and
5 mol% of 1 were added followed by 2 mL toluene. The resulting solution was spurged
with O,. This reaction was heated at 60, 80 °C for 7 h (Figure 2.5).

In a5 mL vial, 1.0 mmol 2,3-dihydro-2-phenyl-1D-benzimidazole, 0.5 mmol KO'Bu and
5 mol% of 1 were added followed by 2 mL of toluene. The resulting solution was
spurged with O,. This reaction was heated at 60, 80 °C for 7 h (Figure 2.6).

After converting product formation curve to rate constant calculation curve (Figure 2.7)

by fitting the data in first order equation, kp was corrected using the below equation.

DP )} 100

kp(eorn) = {(kp ) (1 - 7o)} =

DP = Deuterium purity
A KIE of 5.9 was measured at 60 °C. This considerably large value of KIE strongly

indicates that HAT to the reduced azo backbone is rate- determining for the amine

dehydrogenation reaction.
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Figure 2.5 Product formation plot for 2,3-dihydro-2-phenyl-1H-benzimidazole at a) 60 °C,b) 80 °C.

0.40
a
0.354

0.30

=}

[

h
1

e
i
S
1

0.15

Absorbance

0.10

0.05 4

0.00

-0.05 T
-l 0

b)
=
i S
S
%
@
“
£
a
. £
e
S
W
=
-«
T T T T T T T
1 2 3 4 5 6 7 8
Time (h)

0.40
0.35 4
0.30 4

0.25

e

(]

=
L

0.15
0.10 4
0.05

0.00

3 4 5
Time (h)

Figure 2.6 Product formation plot for 2,3-dihydro-2-phenyl-1D-benzimidazole at a) 60 °C, b) 80 °C.
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Figure 2.7 KIE for benzimidazole formation at a) 60°C, b) 80 °C.
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2.3.8 Intermediate Tracking/Isolation
2.3.8.1 Intermediate - 2-amino-N-(benzylidene)aniline

In a 5 mL vial, pre-synthesized 2-amino-N-(benzylidene)aniline (1 mmol ), KO'Bu (0.5
mmol), 1 (5 mol%) were added followed by 2 mL toluene and was closed with rubber
septum. The resulting solution was spurged with O,. The reaction mixture was stirred at
80 °C for 5 h. Benzimidazole was isolated in 85% yield, concluding that 2-amino-N-

(benzylidene)aniline is the desired intermediate in benzimidazole formation (Scheme

2.7).
NH; t N
1 (5 mol%), KO'Bu (0.5 eq) Q
= -
N/\© Toluene, 80 °C, O, H
85% yield

Scheme 2.8 2-amino-N-(benzylidene)aniline as an intermediate

2.3.8.2 Intermediate - 2,3-dihydro-2-phenyl-1H-benzimidazole

In a 5 mL vial, 2,3-dihydro-2-phenyl-1H-benzimidazole (1 mmol ), KO'Bu (0.5 mmol),
1 (5 mol%) were added followed by 2 mL toluene and was closed with rubber septum.
The resulting solution was spurged with O,. The reaction mixture was stirred at 80 °C
for 10 h. Benzimidazole was isolated in 76% vyield, concluding that 2,3-dihydro-2-
phenyl-1H-benzimidazole is the required intermediate in benzimidazole formation via

dehydrogenative aromatization (Scheme 2.8).

H
N 1 (5 mol%), KO'Bu (0.5 eq) @[N
—) ~ (L
©:N Toluene, 80 °C, O, N
H H
76% yield

Scheme 2.9 2,3-dihydro-2-phenyl-1H-benzimidazole as an intermediate
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2.3.8.3 Intermediate - N,N-bis(benzylidene)-1,2-diaminobenzene

In a 5 mL vial, benzyl alcohol (2 mmol ), o-phenylenediamine (1 mmol), KO'Bu (0.5
mmol), 1 (5 mol%) were added followed by 2 mL toluene and was closed with rubber
septum. The resulting solution was spurged with O,. The reaction mixture was stirred at
80 °C for 5 h. 1,2 di-substituted benzimidazole was obtained along with N,N-
bis(benzylidene)-1,2-diaminobenzene. This experiment concludes that N,N-
bis(benzylidene)-1,2-diaminobenzene is the desired intermediate towards 1,2 di-

substituted benzimidazole formation. The targeted intermediate was characterised by

ESI-MS. (M+H" = 285.1386) (Scheme 2.8)
N§/©

OH
NH; 1 (5 mol%), KO'Bu (0.5 N
é+©( gmnokomosw o (YT - CLO
NH, Toluene, 80 °C, O, N N
2eq 1eq d

T

Intermediate

Scheme 2.10 N,N-bis(benzylidene)-1,2-diaminobenzene as an intermediate.
2.3.9 N-alkylation of Benzimidazole

In a5 mL vial, benzyl alcohol (1 mmol ), benzimidazole (1 mmol), KO'Bu (0.5 mmol), 1
(5 mol%) were added followed by 2 mL toluene and was closed with rubber septum. The
resulting solution was spurged with O,. The reaction mixture was stirred at 80 °C for 10
h. 1,2 di-substituted benzimidazole was not obtained indicating N-alkylation of
benzimidazole pathway is excluded for 1,2 di-substituted benzimidazole formation

(Scheme 2.9).
N

. Cr
N 1 (5 mol%), KO'Bu (0.5 eq)
SHeste -
H Toluene, 80 °C, O,
No desired product
formation

;

Scheme 2.11 N-alkylation of Benzimidazole
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2.4 Summary

In this chapter, we mainly discussed synthesis of benzazoles and established a thorough
mechanistic understanding. We synthesized a wide array of benzimidazoles, using 1 by
simply controlling the stoichiometry of benzyl alcohol. Along this direction, we changed
the o-phenylene diamine with o-amino phenol and o-amino thiol. The corresponding

benzoxazoles and benzthiazoles were synthesized in good to excellent yields.

The two-electron oxidation of alcohols, and oxidative dehydrogenation of 2,3-
dihydrobenzimidazole is greatly facilitated by azo-hydrazo redox couple, which is an
integral component of the ligand backbone. Moreover, the hydrazo moiety can be
reoxidized to the catalytically relevant azo form via simply oxidizing by oxygen gas.
Both alcohol oxidation and dehydrogenative aromatization of 2,3-dihydrobenzimidazole

are exclusively mediated by a rate-limiting HAT steps.

We have done an ample amount of experiments to rigorously prove the presence of
HAT. Starting from the saturation kinetics experiment to establish the binding of 2,3-
dihydrobenzimidazole during the dehydrogenation step, KIE determination to prove
HAT as rate determining step and isolating all the intermediates. The presence of H,O,

is detected using iodometric titrations during the course of the reaction.
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