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Further understanding of the activation of small molecules by metal complexes is
an ongoing goal in organometallic chemistry, and expansion on previously reported
reactions is of particular interest. This thesis will discuss expansion of transfer
dehydrogenation reactions, specifically multiple transfer dehydrogenation reactions of

alkanes leading to aromatic products in one pot.

The synthesis of the pincer catalyst used for dehydroaromatization reactions is
presented along with full characterization of each step. Optimization of
dehydroaromatization reactions was performed on a variety of n-alkane starting
materials to maximize yield of alkylbenzene products. Kinetics and concentrations for

each starting material are presented to highlight the complexity of these reactions.

Despite a mechanism that would suggest otherwise, dehydroaromatization
reactions surprisingly yield benzene regardless of the starting n-alkane. This interesting

appearance of benzene is discussed along with yields of benzene for various n-alkanes.



Mechanistic studies and DFT calculations were performed to elucidate the mechanism
through which benzene is formed, and these studies show that benzene forms though a
retro-ene mechanism. Attempts to limit or maximize benzene formation were

performed by utilizing the information gained through the retro-ene mechanism.

Expansion of dehydroaromatization reactions is discussed through multiple
dehydroaromatization reactions on the same starting material. Of particular emphasis
was the formation of 1,5-dimethylnaphthalene, which is a precursor to the desirable
polymer polyethylene naphthalate. 1,5-dimethylnaphthalene was observed as a product
from dehydroaromatization reactions, and mechanistic studies were performed to
understand the mechanism for the second dehydroaromatization reaction. Attempts to
maximize yield of 1,5-dimethylnaphthalene and o-pentyltoluene, which is a precursor to

1,5-dimethylnaphthalene, were performed.

Further expansion of dehydroaromatization reactions is discussed through
dehydroaromatization of branched alkanes to yield products not obtainable through
dehydroaromatization of n-alkanes. Of particular focus is accessing p-xylene and m-
xylene via dehydroaromatization. A new synthesis of p-xylene is presented using
ethylene as a starting material and utilizing dehydroaromatization of 2-ethyl-1-hexene.

Optimization of these reactions is also discussed.
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Chapter 1

1.1 Introduction

Further understanding of the factors affecting the activation of small molecules
by transition metal complexes is a major goal in organometallic chemistry due to the wide
applicability of these reactions. The two fundamental transformations in organometallic
chemistry are oxidative addition and the reverse reaction, reductive elimination.?
Oxidative addition with a metal complex involves the cleavage of an X-Y bond along with
formation of new M-X and M-Y bonds.? The desire to understand these processes is a
result of the need to discover new chemistry to activate C-H bonds, which are typically

thought of as bonds that cannot be activated.3

The earliest account of oxidative addition to a transition metal complex was

reported by Vaska in 1962 with the complex that is now named after him (Scheme 1.1).%

PPh PPh
’ Yo
Cl—Ir—CO + H, === Cl /|r‘—° H
i |
PPhs PPhs

Scheme 1.1: Oxidative addition of H; to Vaska’s Complex

The oxidative addition of H; to this complex was followed by a report where it was used

in the catalytic hydrogenation of ethylene and acetylene.® In the same year, Wilkinson



reported the oxidative addition of H, via dissociation of a PPhs group with the similar

hydrogenation catalyst that now bears his name (Scheme 1.2).57

PPhs PPhs

Ir‘y—H
4
H

PPh; PPhs

PhsP Ir—CI + Hy — Ph3P

Scheme 1.2: Oxidative addition of H, to Wilkinson’s Catalyst

This pioneering work in the field of small molecule activations, along with mechanistic
studies of these transformations, led to an understanding that if oxidative addition of H,
and subsequent hydrogenation and reductive elimination of olefins was possible, then

perhaps C-H bond activation was also possible.81°

The activation and functionalization of C-H bonds has been one of the major
challenges of modern chemistry due to the strong nature of the C-H bond. In fact, C-H
bonds are often thought of as the un-functional group; in organic shorthand, C-H bonds
are completely omitted. The first example of the highly desirable activation of C-H bonds
was reported in 1965 by Chatt and Davidson.!! They found the aryl C-H activation of

naphthalene with Ru(0)(dmpe). yields a napthyl hydride complex (Scheme 1.3).



Ph, Cl  Ph, [ PPh,
ipl/"'R| “\\Pj thp/,,, | \\\H
u * —_— Ru
7 | v v
P P Ph,P
Ph, C|3I Phy 2|\/|:|>p

Scheme 1.3: Oxidative addition of naphthalene to Ru(0)(dmpe)2

Several years later, Green and Knowles reported oxidative addition of benzene to a

tungsten complex after photolytic loss of Ha (Scheme 1.4).1213

@’m, wH hv, benzene @’m,, H

W

@/ H -H, @/W\Ph

Scheme 1.4: Oxidative addition of benzene to Cp,WH>

It was not until 1982 that Bergman and Graham independently reported the C-H
activation of alkyl bonds. Janowicz and Bergman reported C-H activation of cyclohexane

resulting from photolytic loss of H, with Cp*Ir(PMes)(H)2 (Scheme 1.5).14



Irs Ir.
Me3P/ \H -H; Me3P/ U

Scheme 1.5: C-H activation of cyclohexane

Similarly, Hoyano and Graham reported C-H activation of neopentane resulting from

photolytic loss of CO with Cp*Ir(CO), (Scheme 1.6).1°

ﬁ?/ hv, neopentane y?&/

oc” "co -CO OC/“"'/H

Scheme 1.6: C-H activation of neopentane

The first reports of C-H activation caused many researchers to question the
selectivity of these reactions. Specifically, mechanistic studies of C-H activated alkane
complexes by Bergman, Bercaw, and Jones showed that there is a surprising
thermodynamic preference for C-H activation at the strongest C-H bonds (primary >
secondary > tertiary) regardless of metal-ligand framework.'®18 Similarly, despite arene
C-H bonds being stronger than alkyl C-H bonds, C-H activation of arenes is

thermodynamically favorable.'® 20 All these observations were initially described as being



caused by steric effects, but more recently have been attributed to electronic effects.'®

18,21-24

The oxidative addition of alkyl C-H bonds to metal complexes is of particular
emphasis here due to the importance of catalytic transfer dehydrogenation reactions. The
ability to transform alkanes into higher value olefins is of great interest because of the
importance of olefins for many synthetic reactions. Dehydrogenation is a
thermodynamically uphill process, but when combined with the thermodynamically
downhill hydrogenation reaction, catalytic dehydrogenation becomes a possibility under
relatively mild conditions.?® Crabtree reported the first example of dehydrogenation using
the sacrificial hydrogen acceptor tert-butyl ethylene (TBE) and the cationic complex
[IrH2(acetone)z(PPhs)2][BF4] to dehydrogenate cycloalkanes.?® As more research was
published, it became clear that “pincer”-type catalysts are exceedingly good transfer

dehydrogenation catalysts.

Moulton and Shaw reported the first examples of pincer complexes in 1976, which
are named after the meridionally-bound tridentate ligand that is coordinated to the metal

(Figure 1.1).%7

P(tBu),

AN

(tBu),P—Ir
H CI

Figure 1.1: One of the first pincer complexes



Their novel ligand, k3-2,6-(tBu,PCH2),CsHs, was abbreviated to B“*PCP; subsequent pincer
ligands have been abbreviated based on the atoms that are bound to the metal center
and by any non-carbon linkers. The field of pincer catalysts has expanded drastically in
the decades following this report due to the multitude of applications for these catalysts,
which can be attributed to their high thermal stability (>240 °C) and the ease with which
the ligand system can be systematically tuned. Adaptations to the sterics or electronics of
these complexes can have a dramatic change on the reactivity and selectivity of those

catalysts (Figure 1.2).%28

M - Ir, Rh, Ru, Pt, Pd, Ni

L -C,N, O, Si

L; - P, N, carbene

s | R -1tBu, iPr, Cy, Ph, Me
X—LtR X - CH2, (@]

Y - OMe, NMe,, CHjy

Figure 1.2: Variations to the pincer complex framework

For example, changing the R group from tert-butyl groups to iso-propyl or phenyl groups
will change the sterics of the complex; sterically bulky complexes are typically more
thermally stable and higher in selectivity whereas sterically less bulky complexes can be
more reactive.? 30 Also, changing the L: group from P to nitrogen or carbene can change
the sterics and electronics of the complex and allow for those ligands to become

hemilabile.3' 32 Other modifications include changing the X linker from CH; to O, placing



electron donating or electron withdrawing groups in the L; or Y positions to change the
electronics or allow the catalyst to be supported onto silica or alumina, and changing the

metal center.33-41

The research groups of Kaska and Jensen reported the first example of transfer
dehydrogenation using a pincer complex in 1996, showing that (®®“*PCP)Ir(H;) has high

catalytic activity (Scheme 1.7).4?

(tBu),P—Ir—P(tBu),
H H
+ = +
O /\’< 150 °C O /\I<

Scheme 1.7: Transfer dehydrogenation of cyclooctane

The corresponding rhodium complex was shown to be significantly less active for transfer
dehydrogenation which is in agreement with a study by Goddard and coworkers stating
that iridium is the best transition metal for dehydrogenation.*® Following this work,
Goldman and Jensen reported the selective transfer dehydrogenation of n-octane to yield

1-octene (Scheme 1.8).%



(iPr)oP—Ir—P(iPr),
H H
NN TN /\’< W +
150 °C /\’<

Scheme 1.8: Selective dehydrogenation of n-octane

The kinetically favored product is 1-octene, but isomerization of 1-octene by the catalyst
under the reaction conditions rapidly yields the thermodynamically favored internal
olefins. Around the same time, Goldman also reported that catalytic dehydrogenation is
possible without an acceptor due to the thermal stability of these pincer catalysts.*> 4¢
Mechanistic studies have since elucidated the mechanism for transfer dehydrogenation,
which takes place through a 1,2 insertion of the acceptor (TBE) followed by reductive
elimination of the hydrogenated acceptor (tert-butyl ethane or TBA), and oxidative
addition of the alkane (cyclooctane or COA) followed by B-hydride elimination of the

olefin (cyclooctene or COE) (Figure 1.3).47:48
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| COE f \< TBE 5
5 H H :
.| (PCP)Ir (PCF>)|r<ﬁ 5
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! >\ "(PCP)Ir" /< :
: COA TBA 5
i -TBE | TBE 5
E (PCP)Ir\/H E
______________________ o B e 2

Figure 1.3: Mechanism for transfer dehydrogenation

The concept of alkane dehydrogenation has since been expanded to more
ambitious multistep processes such as alkane metathesis and dehydroaromatization.
Alkane metathesis is a tandem catalytic process that uses a dehydrogenation catalyst and
an olefin metathesis catalyst to convert, for instance, two n-hexane molecules into n-
decane and ethane. This process utilizes a pincer catalyst to dehydrogenate an n-alkane
to an olefin, followed by olefin metathesis of two of those olefins to a single longer chain
olefin, followed by hydrogenation of that longer chain olefin with the original pincer
catalyst to give a longer chain n-alkane and a shorter chain n-alkane as the final products

(Figure 1.4).4%:>0
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2/\R
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(pincer)Ir (pincer)IrH,
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+

H3C_CH3 H2C:CH2

Figure 1.4: Alkane metathesis process

There are some limiting factors to the industrial viability of alkane metathesis. As noted
before in the context of selectivity, pincer catalysts are highly selective for a-olefins
kinetically, but because pincer catalysts are good isomerization catalysts, the a-olefins are
quickly isomerized to the thermodynamically favorable internal olefins. This opens up the
possibility for metathesis with chains of differing lengths which gives an unselective
distribution of metathesized products. Studies have been done to enhance
regioselectivity for dehydrogenation and increase overall selectivity for alkane

metathesis.>l 52

The first example of homogeneous dehydroaromatization was published by
Goldman and coworkers in 2011.>® They reported that a pincer catalyst with four
equivalents of hydrogen acceptor can convert n-alkanes into aromatics in one pot, which
allows for conversion of relatively low value alkanes to relatively high value alkylaromatics

(Scheme 1.9).
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Scheme 1.9: Dehydroaromatization of n-hexane

Optimization and expansion of the dehydroaromatization process are the focus of this

thesis.

1.2 Research Goals of this Thesis

Further understanding of the dehydroaromatization process is still a worthwhile
goal in the Goldman lab. This thesis aims to better understand the dehydroaromatization
process while also optimizing and expanding on the initially reported
dehydroaromatization results. The rest of this thesis is organized into two parts. The first
part includes Chapters 2 and 3 and focuses on optimizing and further understanding the
dehydroaromatization reaction. The second part includes Chapters 4 and 5 and focuses

on expanding dehydroaromatization reactions to other uses.

Chapter 2 discusses the synthesis of the (P"PCOP)Ir(C,Ha) catalyst which is the
primary catalyst used for all dehydroaromatization reactions. Also, the previously

reported dehydroaromatization results are enhanced with improved reaction methods
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and with the addition of NaO'Bu. Higher yields and decreased reaction times were

achieved through this work.

Chapter 3 discusses the surprising appearance of benzene for n-alkanes of
increasing length. Mechanistic studies and density functional theory (DFT) calculations
are performed to understand the mechanism through which benzene is formed. Attempts

to control the amount of benzene formed are also discussed.

Chapter 4 presents the interesting formation of 1,5-dimethylnaphthalene from n-
dodecane. This molecule is desirable because it is a precursor to a monomer of
polyethylene naphthalate (PEN), which is a polymer that is superior to polyethylene
terephthalate (PET) in many ways except for total cost. Attempts to maximize yield of 1,5-
dimethylnaphthalene or o-pentyltoluene, which can be cyclized via zeolites to form 1,5-
dimethylnaphthalene, are discussed. Biaromatic formation with n-tridecane as the

starting material is also detailed.

Chapter 5 discusses the dehydroaromatization of branched starting materials to
give products that are impossible to access via dehydroaromatization of n-alkanes.
Specifically, dehydroaromatization to yield p-xylene and m-xylene are detailed, along with
a process to synthesize p-xylene from ethylene starting material. Data to maximize yields

of xylenes and minimize formation of dimerized side products are presented.
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Chapter 2

Synthesis of (P"PCOP)Ir(C2Ha4) and Optimization of the Dehydroaromatization Process

Abstract

The synthesis of (P'PCOP)Ir(C;Hs) has been carried out for use in
dehydroaromatization reactions and the ligand and subsequent iridium complexes were
fully characterized. Other catalysts have proven to be inferior dehydroaromatization
catalysts compared to (PPCOP)Ir(C2Hs). Increased vyields for previously reported
dehydroaromatization reactions are shown through optimization of the
dehydroaromatization process, which has been achieved by increasing the temperature
and by adding NaO'Bu as an additive. Dimer formation during the dehydroaromatization
process is shown to be limited by increased temperature. Yields for dehydroaromatization

of other n-alkane starting materials are also reported.
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2.1 Introduction

C-H activation and functionalization remains a critical focus for organometallic
chemistry research, especially as it applies to catalytic dehydrogenation. The first example
of catalytic dehydrogenation with a pincer catalyst was reported by Kaska and Jensen in
the mid-1990s using (®YPCP)Ir(H2).! In the two decades since that initial report, the
Goldman Group, among others, has refined the field of C-H activation by pincer catalysts.
A large variety of pincer catalysts have been reported for a wide array of applications
depending on the specific sterics or electronics required for each reaction.?® Similarly,
the field of C-H activation and functionalization has expanded to multi-step reactions such

as dehydroaromatization (Scheme 2.1).7

(Pr4PCOP)Ir(C,H,)

n-CaHis — @( . ©A

4 TBE 4 TBA

Scheme 2.1: Dehydroaromatization of n-octane

Dehydroaromatization is a useful reaction to access valuable alkylbenzenes from
cheap n-alkane starting materials. Over sixty billion pounds of high molecular weight
alkylbenzenes are commercially produced each year for use as detergents or

surfactants.'®20 In fact, 75% of detergents and 25% of surfactants produced each year use
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linear alkylbenzene sulfonates (LAS), which are derived directly from linear alkylbenzenes

(LABs) (Figure 2.1).%*

SO, Na* SO, Na*

Figure 2.1: Examples of linear alkylbenzene sulfonates

Detergents and surfactants are being investigated for use in enhanced oil recovery and
subsequently have drawn further commercial interest as research suggests that LAS are
indeed favorable oil displacement agents.?> 23 These LABs are synthesized via arene-olefin
coupling reactions, and benzene alkylation is a prerequisite to produce LABs via
commercially viable methods.'®2% 2425 The LABs are primarily synthesized through
Friedel-Crafts alkylation reactions; however, the products are not exclusively n-alkyl
derivatives, as an unselective distribution of branched alkylated products are also

observed (Scheme 2.2).26:%7
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Rl
R R R'
SR .
+
R=H, alkyl...

Scheme 2.2: Unselective nature of Friedel-Crafts alkylation reactions

This distribution of products makes these types of reactions less desirable because they
lack selectivity for any specific product and for n-alkyl arenes in particular. However, LAS
products derived from n-alkyl arenes may be advantageous over branched arenes,
including greater thermal stability due to the benzylic position being less substituted and

allowing for better micelle formation properties.?® 2°

Aromatic compounds are also desirable because they make up three of the seven
basic building blocks of the chemical industry: benzene, toluene, and xylene.*° Inevitably,
higher demand for aromatics will result from an increase in the use of the Fischer-Tropsch
process as oil supplies diminish and world fuel supplies shift from gasoline to diesel.333
As such, the supply of aromatics and heavy alkylbenzenes will be unable to meet the
increasing demand for oil recovery alone.?? Therefore, developing a new technology to
synthesize alkylbenzenes is a pressing need, especially due to the inevitable increase in
the cost of oil once LAS are used in larger quantities. Thus, n-alkanes offer economically
appealing alternatives to the more expensive arenes and olefins as a potential feedstock

for accessing linear alkylbenzenes.
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Attempts to take advantage of the economically appealing n-alkane feedstock
have led to catalytic dehydroaromatization of n-alkanes to form alkylbenzenes but only
via heterogeneous catalysis at high temperatures (500 — 700°C) using metals, metal
oxides, and zeolites.3*38 These reactions are inefficient as they give low yields (< 20%) of
aromatic compounds with poor selectivity including a variety of aromatics with carbon
numbers lower than the alkane feedstock.?® In addition to the low quantity of aromatics,
significant amounts of non-aromatic compounds with fewer than six carbons are formed

due to cracking during the reaction; C,.4 alkenes and Ci.4 alkanes are primary products.

In 2011, Goldman and coworkers reported the first examples of homogeneous
catalytic dehydroaromatization of n-alkanes.!’ This paper represents the first use of
homogeneous catalysts for the aromatization of acyclic olefins, and although
homogeneous catalysts present a separation challenge compared to heterogeneous
catalysts, they do have the advantage of being well-defined and tunable based on
mechanistic approaches which can affect the activity or selectivity of the catalyst (Figure

2.2).2

M - Ir, Rh, Ru, Pt, Pd, Ni

. X_'rR L, -C,N, O, Si
Y—<2: :\Li—M L, - P, N,. carbene
\\‘::-_'< R -tBu, iPr, Cy, Ph, Me
X—L{R X -CH,, O

Y - OMe, NMez, CH3

Figure 2.2: Possible modifications for pincer complexes
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In that paper, six different catalysts were screened for dehydroaromatization reactions

(Figure 2.3).
tBu)zP—lr——P 'Bu), P—Ir——P Pr), Pr)zP—lr———P(’Pr
CaoHy
2.1 2.2 2.3
tBu)ZP—Ir——P ‘Bu), Pr)zP—Ir——P (Pr)  (Pr)yP—Ir—"P(Pr),
CzH4
2.4 2.5 2.6

Figure 2.3: Catalysts screened for dehydroaromatization

The (BUPCP)Ir(Ha) catalyst (2.1) was chosen because it is the most extensively studied
pincer catalyst but it was shown to give no aromatic products likely due to the steric bulk
of the tert-butylphosphines . The (P"PCP)Ir(Hs) catalyst (2.2) was chosen due to the less
bulky iso-propyl groups on the phosphines and this catalyst was shown to be highly
effective for dehydroaromatization. The (P"POCOP)Ir(C,H4) catalyst (2.3) was chosen due
to the oxygen linkers allowing for a larger open coordination sphere around the metal
center but the catalyst was shown to be a poor dehydroaromatization catalyst due to
poor selectivity and surivivability. Both (®Yanthrophos)ir(Hs) (2.4) and

(Pranthrophos)ir(C2H4) (2.5) were chosen due to their high thermal stability but neither
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catalyst were good dehydroaromatization catalysts. The best catalyst overall by yield was
the hybrid (P'PCOP)Ir(C2Ha4) catalyst (2.6) which sterically falls between (P"PCP)Ir(Hs) and

(P'POCOP)Ir(C2Ha4). The synthesis of this hybrid catalyst is reported below.

As previously detailed, a hydrogen acceptor is required for these dehydrogenation
reactions because they are thermally unfavorable reactions (AH = 30 kcal/mol).*° The
hydrogen acceptor couples the thermodynamically downhill hydrogenation reaction with
a dehydrogenation reaction allowing for catalytic dehydrogenation under lower
temperatures. Industrially, ethylene is the best choice for an acceptor due to abundance
and low cost, but ethylene binds strongly to pincer catalysts which inhibits
dehydrogenation.*! Tert-butylethylene (TBE) is convenient on a laboratory scale because
it is a liquid at room temperature and binds weakly to the metal, which allows for a more
favorable oxidative addition of the C-H bond of the substrate. Propene has also been

shown to be effective for transfer dehydrogenation and dehydroaromatization.’

The proposed mechanism for dehydroaromatization, which is heavily supported
in a paper by Sunoj and coworkers, consists of three subsequent transfer
dehydrogenation reactions, followed by a thermally induced electrocyclization, and a final
transfer dehydrogenation reaction to convert the n-alkane into alkylbenzene products

(Figure 2.4).4?
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[Ir-cat], 170 °C, 120 hours
NS >
4 equiv. TBE +

[ir-cat] | _rga - TBA
+ TBE A
NSNS TBE = /\’< TBA‘\ [Ir-cat]
TBE
[Ir-cat]
[Ir-cat]
A N
X TBE
°f CC |
X -TBA =z TRz *
or

Other internal octenes

[Ir-cat] = (I) .
('Pr)oP——Ir—P('Pr),
2H4
2.6

Figure 2.4: Proposed mechanism for dehydroaromatization of n-octane

In the case of n-octane, the major product is o-xylene and the minor product is
ethylbenzene. For all n-alkanes, the primary Cn product is the o-alkyltoluene; the
formation of n-alkyltoluenes as the major aromatic product is crucial due to the lack of
industrial methods for producing n-alkylarenes, and the presence of these n-alkylarenes
is unprecedented for higher n-alkanes. This work represents the first examples of
dehydroaromatization in which the carbon number of higher (C>9) n-alkanes is largely
retained in the formation of alkylbenzenes. In addition to the advantage of an inexpensive
single feedstock, this represents a unique route to unbranched (n-alkyl) arenes that

cannot be obtained through alkylation with olefins.
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This chapter discusses the synthesis and characterization of (P"PCOP)Ir(C2Ha),
which is used for all dehydroaromatization reactions. The previous dehydroaromatization
report presents reactions with n-octane, n-decane, and n-dodecane, and this chapter will
address improvements to yields of aromatics from those starting materials as well as

dehydroaromatization reactions with other n-alkanes.

2.2 Synthesis and Characterization of (P"PCOP)Ir(n2- C2Ha)

The goal of synthesizing the (P"PCOP)Ir catalyst was to find a medium between the
(P"PCP)Ir and (P"POCOP)Ir catalysts. The hypothesis was that one oxygen linker would
allow for the phosphine arm around the catalyst to be slightly shortened, which would
cause a small increase in the open coordination sphere around the metal center. This is
based on the fact that the (P"POCOP) ligand allows for a more open coordination sphere
compared to the (P'PCP) ligand. The open coordination sphere around the (P"POCOP)
ligand leads to a loss in selectivity, but the (P"PCOP) ligand may lead to better reactivity

without loss of selectivity.

The synthesis of (P"PCOP)Ir(C2H4) begins with the commercially available diol, 3-
hydroxybenzylalcohol, which was treated with PBrs; to selectively brominate the benzyl

alcohol to give 3-bromomethylphenol in 95 % yield (Scheme 2.3).
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PBr;, CHCI,
HO 0°C, rt HO

OH Br
95 %

Scheme 2.3: Synthesis of 3-bromomethylphenol

3-Bromomethylphenol was treated with di-iso-propylphosphine in an acetone solution at
reflux to precipitate a white salt, which was then treated with sodium bicarbonate at 90

°C to give 3-di-iso-propylphosphinomethylphenol in 65 % yield after workup (Scheme 2.4).

1. HP(iPr),, Acetone, reflgx
HO 2. NaHCO3, 90°C HO

Br P(iPr),
65 %

Scheme 2.4: Synthesis of 3-di-iso-propylphosphinomethylphenol

3-Di-iso-propylphosphinomethylphenol was treated with sodium hydride to deprotonate
the phenol, followed by addition of di-iso-propylchlorophosphine in THF at reflux to give

the hybrid ligand (""PCOP) in 84 % yield as a pale white oil (Scheme 2.5).
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NaH, (iPr),PCI, THF
HO reflux - @)

P(iPr), PiPr),  P(iPr),
84 %

Scheme 2.5: Synthesis of (P"PCOP) ligand

The (P'PCOP) ligand was treated with [Ir(COD)CI]z in refluxing toluene and Hz(g) to give
(P'PCOP)Ir(HCI) in 79 % vyield as an orange powder along with a small amount of

(P'PCOP)Ir(HBr) (Scheme 2.6).

[Ir(COD)CI],, toluene
Q H,(g), reflux 0)

P(iPr), P(iPr), (iPr)2|ID H/Ir\CI P(iPr),

79 %

Scheme 2.6: Synthesis of (P"PCOP)Ir(HCI)

(P"PCOP)Ir(HCI) was treated with LiBEtsH and C;H4(g) in pentane to give the final

precatalyst (P'PCOP)Ir(C2Ha) in 90 % yield as a dark brown powder (Scheme 2.7).
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LiBEt;H, pentane
¢ CoHa(g), 1t o
i N ; 2M4(9), I
(PPl PP (PP —Ir—P(Pr)

N\

Cl

90 %

Scheme 2.7: Synthesis of (P"PCOP)Ir(CzHa)

2.3 Dehydroaromatization of n-Alkanes

Previous data has been improved upon by increasing the temperature of the
reaction from 165 °C to 170 °C and by adding NaO'Bu as an additive for
dehydroaromatization reactions.!’” All following reactions are performed with 10 mM of
precatalyst (P"PCOP)Ir(HCI) at 170 °C with four equivalents of hydrogen acceptor relative
to the starting n-alkane and three equivalents of NaO'Bu relative to the catalyst. The exact
role of the NaO'Bu is currently under investigation in the Goldman Group, but the current
hypothesis is that it acts as either a co-catalyst in a mechanistically meaningful way or as

a means to scrub out lingering impurities.

2.3.1 Dehydroaromatization of n-Octane

The dehydroaromatization of n-octane yields o-xylene and ethylbenzene as the

only Cs products (Scheme 2.8).
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(Pr*PCOP)Ir(CyH,)

170 °C, NaOBu

4 TBE 4 TBA (81 %) (12 %)

Scheme 2.8: Yields for dehydroaromatization of n-octane

Percentages in parenthesis are yields based on the parent n-alkane obtained after 120

hours. Kinetics for this reaction are presented below in Table 2.1 and Figure 2.8.

Table 2.1: Kinetics of dehydroaromatization for n-octane (mM)

. Cs Ethyl o- Cis
Time TBE TBA | Octane Olefins | Benzene | Xylene | Dimers
0 hr 5190 0 1340 0 0 0 0

2 hr 4243 909 1030 284 2 10 3

4 hr 3520 | 1441 817 391 9 53 6

7 hr 3050 | 2021 684 444 22 135 8
24 hr 970 3885 199 212 83 610 20
48 hr 121 4751 28 47 120 884 22
120 hr 19 5740 12 18 160 1082 25

Conditions: [(P"PCOP)Ir(C,H4)] = 10 mM; [n-Octane] = 1.34 M; [TBE] = 5.5 M; 170°C, 3 equivalents
NaO'Bu relative to catalyst. Dimers are formed via Diels-Alder reactions and iridium-mediated
dimerization and are not well resolved on GC. Concentration of dimers are calculated based on
missing octane.
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Figure 2.5: Kinetics of product formation for dehydroaromatization of n-octane

o-Xylene forms in a six to one ratio to ethylbenzene as the major product, and there is 93
% total conversion of n-octane to Cs aromatics. Small amounts of dimers are formed via
Diels-Alder reactions and iridium-mediated dimerization, but they are difficult to

accurately quantify due to poor resolution on the GC. Specific concentrations after 120

hours are summarized below in Table 2.2.
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Table 2.2: Final concentrations at 120 hours for dehydroaromatization of n-octane

Identity | Concentration (mM)
TBE 19
TBA 5740
Octane 12
Cs olefins 18
Cs aromatics 1241
Ci6 Dimers 25

Conditions: [(P"PCOP)Ir(C,H4)] = 10 mM; [n-Octane] = 1.34 M; [TBE] = 5.5 M; 170°C, 30 mM
NaO'Bu. Concentrations obtained after 120 hours.

2.3.2 Dehydroaromatization of n-Decane

The dehydroaromatization of n-decane vyields o-propyltoluene, 1,2-

diethylbenzene, and n-butylbenzene as the Cio aromatic products (Scheme 2.9).

(PPCOP)Ir(CyH,)

170 °C, NaO'Bu
n- C10H22 m ()i\/ (;(; ©/\/\

4 TBE 4 TBA (69 %) (11 %) 3 %)

Scheme 2.9: Yields for dehydroaromatization of n-decane

Percentages in parenthesis are yields based on the parent n-alkane obtained after 120

hours. Kinetics for this reaction are presented below in Table 2.3 and Figure 2.9.



Table 2.3: Kinetics for dehydroaromatization of n-decane (mM)

30

. C1o %" | di-ethyl | n-butyl | Czo

Time | TBE TBA | Decane Olefins propyl benzer\ile benzeze Dimers
toluene

Ohr | 5285 0 1182 0 0 0 0 0
2hr | 4070 | 1181 929 252 5 7 6 8
24 hr | 806 | 4599 266 195 439 105 5 52
48 hr 20 5366 107 60 673 123 15 71
1hzr0 17 5367 27 52 818 135 34 90

Conditions: [(P"PCOP)Ir(C,H4)] = 10 mM; [n-decane] = 1.3 M; [TBE] = 5.3 M; 170°C, 3 equivalents
NaO'Bu relative to catalyst. Dimers are formed via Diels-Alder reactions and iridium-mediated

dimerization and are not well resolved on GC. Concentration of dimers are calculated based on

missing decane.
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Figure 2.6: Kinetics of product formation for dehydroaromatization of n-decane

o-Propyltoluene forms as the major Cio aromatic in a six to one ratio to 1,2-

diethylbenzene along with a small amount of n-butylbenzene, and there is 83% total
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conversion to Cio aromatic products. Again, a wide variety of Diels-Alder dimers and
iridium-mediated dimers are formed, but they are difficult to resolve by GC due to low
concentrations. Specific concentrations after 120 hours are summarized below in Table

2.4.

Table 2.4: Final concentrations at 120 hours for dehydroaromatization of n-decane

Identity Concentration (mM)
TBE 17
TBA 5367
Decane 27
Cio olefins 52
C10 aromatics 987
Dimers 90

Conditions: [(P"PCOP)Ir(C,H4)] = 10 mM; [n-decane] = 1.3 M; [TBE] = 5.3 M; 170°C, 30 mM
NaO'Bu. Concentrations obtained after 120 hours.

2.3.3 Dehydroaromatization of n-Undecane

The dehydroaromatization of n-undecane vyields o-butyltoluene, 1-propyl-2-

ethylbenzene, and n-pentylbenzene as the Ci11 aromatic products (Scheme 2.10).

(P'PCOP)Ir(C,Hy)
170 °C, NaO'Bu

n-C4Hg n-C3H7 n—C5H11
o T2 No Gt
n—C2H5
) ( ) )

4 TBE 4 TBA (25 % 21 % (4 %

Scheme 2.10: Yields for dehydroaromatization of n-undecane
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Percentages in parenthesis are yields based on the parent n-alkane obtained after 120

hours. K

inetics for this reaction are shown below in Table 2.5 and Figure 2.10.

Table 2.5: Kinetics for dehydroaromatization of n-undecane (mM)

Propyl
Time | TBE | TBA | Undecane | 1 | 9BUtl |y | m-Pentyll Ca
Olefins | toluene benzene | Dimers
benzene

0 hr 4900 0 1256 0 0 0 0 0

2 hr 3777 | 1020 1045 187 3 17 1 5
24 hr | 1017 | 4058 448 218 55 42 29 70
48 hr 15 | 5191 185 236 217 190 30 108
120 hr 25 | 5209 122 79 317 258 54 125

Conditions: [(P"PCOP)Ir(C;H4)] = 10 mM; [n-undecane] = 1.3 M; [TBE] = 5.3 M; 170°C, 3

equivalents NaO'Bu relative to catalyst. Dimers are formed via Diels-Alder reactions and iridium-
mediated dimerization and are not well resolved on GC. Concentration of dimers are calculated

Figure

based on missing undecane.
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: n-CoHs ©/”‘CSH11

0

150

Concentration (mM)

100

50

0 20 40 60 80 100 120
Time (hours)

2.7: Kinetics of product formation for dehydroaromatization of n-undecane
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o-Butyltoluene forms as the major C11 product, but a similar amount of 1-propyl-
2-ethylbenzene is formed along with a small amount of n-pentylbenzene, and there is 50
% total conversion of n-undecane to Ci1 aromatics. The o-alkyltoluene remains the major
Cn product for dehydroaromatization reactions but in this case, product distribution is
different and overall yield is decreased. This will be further addressed in Chapter 3. Again,
a wide variety of Diels-Alder dimers and iridium-mediated dimers are formed, but they
are difficult to resolve by GC due to low concentrations. Specific concentrations after 120

hours are summarized below in Table 2.6.

Table 2.6: Final concentrations at 120 hours for dehydroaromatization of n-

undecane
Identity Concentration (mM)
TBE 25
TBA 5209
Undecane 122
Ci1 olefins 79
C11 aromatics 629
Dimers 125

Conditions: [(P"PCOP)Ir(C,H4)] = 10 mM; [n-undecane] = 1.3 M; [TBE] = 5.3 M; 170°C, 30 mM
NaO'Bu. Concentrations obtained after 120 hours.

2.3.4 Dehydroaromatization of n-Dodecane
The dehydroaromatization of n-dodecane at 200 °C yields o-pentyltoluene, 1-
butyl-2-ethylbenzene, 1,2-dipropylbenzene, and n-hexylbenzene as the Ci; aromatic

products (Scheme 2.11).
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n- CsH»]»] n- C3H7
(P*PCOP)IN(C,Ha) ©/\ ©:
200 °C, NaO'Bu n-CsH,
n-C12Has /\ (35 %) (14 %)
n- C4Hg n-C5H13
4TBE  4TBA ©: . ©/
n- C2H5

(12 %) (2 %)

Scheme 2.11: Yields for dehydroaromatization of n-dodecane

Percentages in parenthesis are yields based on the parent n-alkane obtained after 120

hours. Kinetics for this reaction are shown below in Table 2.7 and Figure 2.11.

Table 2.7: Kinetics for dehydroaromatization of n-dodecane (mM)

C o- Butyl Di- n-Hexvl C
Time | TBE | TBA | Dodecane 2 Pentyl ethyl propyl Y 2
Olefins benzene | Dimers
toluene | benzene | benzene

Ohr | 5348 0 1334 0 0 0 0 0 0
4 hr 33 5372 167 344 199 77 113 20 62
i:: 17 5294 64 94 435 145 178 27 72
48

hr 17 5304 65 58 437 150 180 28 75
120

hr 13 5220 70 56 462 159 189 30 75

Conditions: [(P"PCOP)Ir(C,H4)] = 10 mM; [n-dodecane] = 1.3 M; [TBE] = 5.35 M; 200°C, 3
equivalents NaO'Bu relative to catalyst. Dimers are formed via Diels-Alder reactions and iridium-
mediate dimerization and are not well resolved on GC. Concentration of dimers are calculated
based on missing dodecane.
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Figure 2.8: Kinetics of major product formation for dehydroaromatization of n-dodecane

o-Pentyltoluene is the major C1; product, and 1,2-dipropylbenzene and 1-butyl-2-
ethylbenzene form in similar amounts along with a small amount of n-hexylbenzene.
There is 65 % total conversion of n-dodecane to Ci, aromatics. Again, a wide variety of
Diels-Alder dimers and iridium-mediated dimers are formed, but they are difficult to
resolve by GC due to low concentrations. In this case, the reaction is run at 200 °C which
causes less overall dimer formation and increased C, aromatics compared to other alkane
dehydroaromatization reactions. Specific concentrations after 120 hours at 170 °C and
200 °C are summarized below in Table 2.8 to highlight the decrease in dimer formation

and necessary increase in C12 aromatics.



Table 2.8: Final concentrations at 120 hours for dehydroaromatization of n-

dodecane
Identit Concentration | Concentration
e | at 170 °c (mm) | at 200 °C (mM)
TBE 20 13
TBA 5440 5220
Dodecane 100 70
Ci12 olefins 40 56
C12 aromatics 720 861
Dimers 115 75
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Conditions: [(P"PCOP)Ir(C;H4)] = 10 mM; [n-dodecane] = 1.3 M; [TBE] = 5.35 M; 200°C or 170°C,
30 mM NaO'Bu. Concentrations obtained after 120 hours.

Increasing the temperature from 170 °C to 200 °C allows for an increase in C12 aromatics
and a decrease in dimers. Increasing the temperature to 230 °C does not yield any
significant difference compared to the results for a reaction at 200 °C.

It should also be noted that attempts to run dehydroaromatization reactions with
ethylene as the acceptor instead of TBE have been met with limited success. TBE is
convenient on a laboratory scale but is not a commercially viable acceptor, whereas
ubiquitous ethylene is a desirable alternative to TBE. In all cases, catalyst decomposition
was observed during dehydroaromatization reactions using ethylene as the acceptor and
there was a large amount of wunreacted starting material. Acceptorless

dehydroaromatization was similarly ineffective.

2.3.5 Dehydroaromatization of n-Tridecane
The dehydroaromatization of n-tridecane vyields o-hexyltoluene, 1-butyl-2-

propylbenzene, 1-pentyl-2-ethylbenzene, and n-heptylbenzene (Scheme 2.12).
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n- CGH13 n- C4Hg
(P PCOP)Ir(C,H,) ©/\ ©:
170 °C, NaO'Bu n-CsH;
n-Cq3Hag f \ (10 %) (12 %)
n-CgsH n-C-H
4TBE  4TBA ©: o e

n-C2H5
(10 %) (<1 %)

Scheme 2.12: Yields for dehydroaromatization of n-tridecane

Percentages in parenthesis are yields based on the parent n-alkane obtained after 120

hours. Kinetics for this reaction are shown below in Table 2.9 and Figure 2.12.

Table 2.9: Kinetics for dehydroaromatization of n-tridecane (mM)

C o-Hexyl Pentyl Butyl n- C
. . 13 = 26
Time | TBE | TBA | Tridecane Olefins | toluene ethyl propyl Heptyl Dimers
benzene | benzene | benzene
Ohr | 5062 0 1272 0 0 0 0 0 0
2hr | 3579 | 1360 999 212 6 6 5 1 22
f: 19 5257 331 248 45 41 52 4 108
48
hr 6 5308 235 102 112 112 144 5 127
120
hr 12 5255 254 49 130 129 150 6 135

Conditions: [(P"PCOP)Ir(C;Ha)] = 10 mM; [n-tridecane] = 1.3 M; [TBE] = 5.35 M; 170°C, 3
equivalents NaO'Bu relative to catalyst. Dimers are formed via Diels-Alder reactions and iridium-
mediated dimerization and are not well resolved on GC. Concentration of dimers are calculated

based on missing tridecane.
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Figure 2.9: Kinetics of major product formation for dehydroaromatization of n-

tridecane

Surprisingly, o-hexyltoluene does not form as the major Ci3 product in this case;
1-butyl-2-propylbenzene forms as the major Ci3 product. This will be addressed in
Chapter 4. A similar amount of o-hexyltoluene and 1-pentyl-2-ethylbenzene is formed
along with a very small amount of n-pentylbenzene, and there is 40 % total conversion of
n-tridecane to Ci3 aromatics. Again, a wide variety of Diels-Alder dimers and iridium-
mediated dimers are formed, but they are difficult to resolve by GC due to low

concentrations. Specific concentrations after 120 hours are summarized below in Table

2.10.
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Table 2.10: Final concentrations at 120 hours for dehydroaromatization of n-

tridecane
Identity Concentration (mM)
TBE 12
TBA 5255
Tridecane 254
Ci3 olefins 49
Ci3 aromatics 504
Dimers 135

Conditions: [(P"PCOP)Ir(CzHa)] = 10 mM; [n-tridecane] = 1.3 M; [TBE] = 5.35 M; 170°C, 30 mM
NaO'Bu. Concentrations obtained after 120 hours.

2.3.6 Dehydroaromatization of n-Tetradecane

The dehydroaromatization of n-tetradecane vyields o-heptyltoluene, 1,2-
dibutylbenzene, 1-hexyl-2-ethylbenzene, 1-pentyl-2-propylbenzene, and octylbenzene as

the C14 aromatic products (Scheme 2.13).

n-C7Hqs n-C4Hg n-CeHq3
(PHPCOP)IF(C,H,) ©/\ i @[ ' @K
n-CzH5

170 °C, NaO'Bu (13 %) n-CaHo

n-Cq4H30 (12 %) (4 %)
/ \ n-CsHﬂ n-CgH17
4TBE  4TBA + ©: + ©/
n-C3H7

(1 %) (<1 %)

Scheme 2.13: Yields for dehydroaromatization of n-tetradecane
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Percentages in parenthesis are yields based on the parent n-alkane obtained after 120

hours. Kinetics for this reaction are shown below in Table 2.11 and Figure 2.13.

Table 2.11: Kinetics for dehydroaromatization of n-tetradecane (mM)

o- Hexyl Pentyl .

" n- Cis Di-butyl | n-Octyl Cas

Time | TBE TBA CisH3o | Olefins Heptyl ethyl propyl benzene | benzene | Dimers
toluene | benzene | benzene

Ohr | 4739 0 1292 0 0 0 0 0 0 0
2hr | 3162 | 1654 874 165 54 6 9 10 1 12

f: 19 4806 322 218 151 11 51 129 3 78

48

hr 16 4900 325 88 166 12 51 151 4 91
120

hr 12 4959 325 68 169 13 51 154 4 95

Conditions: [(P"PCOP)Ir(CzHa)] = 10 mM; [n-tetradecane] = 1.3 M; [TBE] = 5.35 M; 170°C, 3
equivalents NaO'Bu relative to catalyst. Dimers are formed via Diels-Alder reactions and iridium-
mediated dimerizations and are not well resolved on GC. Concentration of dimers are calculated
based on missing tetradecane.
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Figure 2.10: Kinetics of major product formation for dehydroaromatization of n-

tetradecane

o-Heptyltoluene is the major C14 product and 1,2-dibutylbenzene forms in a similar
amount along with a small amount of 1-hexyl-2-ethylbenzene. 1-Pentyl-2-propylbenzene
and n-octylbenzene form in very small quantities. There is 33 % total conversion of n-
tetradecane to Ci4 aromatics. Again, a wide variety of Diels-Alder dimers and iridium-
mediated dimers are formed, but they are difficult to resolve by GC due to low

concentrations. Specific concentrations after 120 hours are summarized below in Table

2.12.
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Table 2.12: Final concentrations at 120 hours for dehydroaromatization of n-

tetradecane
Identity Concentration (m)
TBE 12
TBA 4959
Tetradecane 325
Ci4 olefins 68
C14 aromatics 426
Dimers 95

Conditions: [(P"PCOP)Ir(C;H4)] = 10 mM; [n-tetradecane] = 1.3 M; [TBE] = 5.35 M; 170°C, 30 mM
NaO'Bu. Concentrations obtained after 120 hours.

2.4 Experimental

General

All reactions were performed under an argon atmosphere using standard Schlenk
techniques or in an argon-filled glove box. All alkanes, mesitylene, and TBE were distilled
under vacuum from Na/K alloy after several freeze-pump-thaw cycles and stored in an
argon glove box. H and 3P NMR spectra were obtained from either a 400 MHz or 500
MHz Varian NMR instrument. Gas chromatography (GC) measurements were performed
on a Varian 430 instrument fitted with a capillary column (30 m length x 0.25 mm inner
diameter x 0.5 um film thickness). Gas chromatography — mass spectrometry (GC-MS)
measurements were performed on a Varian 3900 Saturn 2100T instrument fitted with a

capillary column (30 m length x 0.25 mm inner diameter x 0.25 um film thickness).
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3-Bromomethylphenol

A solution of 1.5 mL (16.1 mmol) phosphorous tribromide and 20 mL degassed
CHCIs was added dropwise to a solution of 4.0 g (32.2 mmol) of 3-hydroxy benzyl alcohol
and 20 mL degassed CHCls at 0 °C for one hour. The solution was allowed to stir for two
hours at room temperature. The reaction was then quenched in ice and extracted with 2
x 20 mL of CHCIz. The combined organic layers were washed with 80 mL of brine and dried
over magnesium sulfate. The solution was filtered and dried by rotary evaporation to give
a clear liquid in 95 % yield. *H NMR (p-xylene dio, 400 MHz): 4.47 (s, 2H, CH.), 6.48 (s, 1H,

OH), 6.66 —7.12 (m, 4H, arene H).
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Figure 2.11: 'H NMR spectrum of 3-bromomethylphenol

3-Di-iso-propylphosphinomethylphenol

A solution of 4.7 g (25.7 mmol) 3-bromomethylphenol and 3 mL (25.7 mmol) di-
iso-propylphosphine was refluxed in 55 mL of degassed acetone for two hours. The
acetone was cannulated out and the resulting jelly was dried under vacuum. 20 mL of
degassed sodium bicarbonate was added and the solution was heated to 90 °C for six
hours. The solution was dried under vacuum and the resulting white gel was extracted
with 3 x 60 mL of ether via cannula filtration. Solvent was removed under vacuum and the

resulting pale yellow oil was left in a 65 % yield. 3P NMR (161.9 MHz, C¢De, ppm): § 10.54
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(s, 1P) and *H NMR (400 MHz, C¢Ds, ppm): 6 0.935 (dd, J =6.8 Hz, J = 2.4 Hz, 6H, PC(CH3s),),
0.967 (dd, J = 7.2 Hz, ) = 4.4 Hz, 6H, PC(CH3)2), 1.556 (septet of doublets, J = 7.2 Hz, J =2
Hz, 2H, P(CH(CH3);)2), 2.578 (s, 2H, CH:P), 4.244 (br s, 1H, OH), and 6.4 — 7.01 (m, 4H,

arene H).

3-(diisopropylphosphinomethyl)phenol.AS.06302010.H
Std proton 700

3-(diisopropylphosphinomethyl)phenoljAS.06302010.P 650
Std proton
600
+1000

550

500 L 500
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T T T T T T T T T T T T T T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 2.12: 3!P and *H NMR spectra of 3-di-iso-propylphosphinomethylphenol
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(P*PCOP) Ligand

A solution of 0.132 g (5.5 mmol) sodium hydride and 15 mL degassed THF was
cannulated into a solution of 1.12 g (5.0 mmol) 3-(di-iso-propylphosphinomethyl)phenol
and 40 mL of degassed THF and the resulting solution was refluxed for 1.5 hours. A
solution of 0.79 mL (5.0 mmol) di-iso-propylchlorophosphine and 15 mL degassed THF
was cannulated into the original solution and the resulting solution was refluxed for two
hours. The solvent was removed under vacuum and the resulting oil was extracted with
2 x 35 mL of degassed pentane via cannula filtration. The pentane was removed under
vacuum leaving a pale white oil in 84 % yield. 3'P NMR (161.9 MHz, C¢De, ppm): 6 10.82
(s, 1P) and 147.82 (s, 1P) and H NMR (400 MHz, C¢Ds, ppm): 6 0.99 — 0.88 (m, 18H,
OPC(CH3); and CP(C(CH3)2)2), 1.12 (dd, J = 10.4 Hz, J = 7.2 Hz, 6H, OPC(CH3)z), 1.53 (septet
of doublets, 2H, CP(CH(CHs)2)2), 1.73 (septet of doublets, 2H, OP(CH(CHs)2)2), 2.60 (s, 2H,

CH,P), 6.90 — 7.13 (m, 4H, arene H).
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Figure 2.13: 3!P and 'H NMR spectra of (P"PCOP) ligand

(P"PCOP)Ir(HCI)

A solution of 1.45 g (4.26 mmol) P"PCOP and 1.36 g (2.03 mmol) [Ir(COD)Cl]> was
refluxed under hydrogen atmosphere in 45 mL degassed toluene for seven hours. The
solvent was removed under vacuum and the resulting solid was extracted with 7 x 30 mL

of pentane via cannula filtration leaving a red solid in 79 % yield. 3P NMR (161.9 MHz, p-
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xylene-d10, ppm): 6 43.34 (d, J = 361.15 Hz, 1P) and 151.29 (d, J = 361.09 Hz, 1P) and *H
NMR (400 MHz, p-xylene-d10, ppm): & -36.54 (t, hydride), 0.82 — 0.87 (m, 6H, CH(CH3)z),
1.03 (dd, 6H, CH(CH3)2), 1.14 (dd, 6H, CH(CH3)2), 1.29 (dd, 6H, CH(CH3)2), 1.95 (septet of
doublets, 1H, CH(CHs)2), 2.05 — 2.08 (m, 1H, CH(CHs)2), 2.27 (septet of doublets, 1H,
CH(CH3)2), 2.66 (septet of doublets, 1H, CH(CHs)2), 2.76 (m, 2H, CH,P), 6.78 —6.89 (m, 3H,

arene H).
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Figure 2.14: 3P and *H NMR spectra of (P"PCOP)Ir(HCI)
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(P'PCOP)Ir(C2Ha)

A solution of 0.3 g (0.53 mmol) (P"PCOP)Ir(HCI) and 120 mL degassed pentane was
bubbled with ethylene gas. 0.52 mL (0.53 mmol) LiBEtsH was added dropwise and the
resulting solution was allowed to stir at room temperature for thirty minutes. The solution
was filtered via cannula filtration and the solvent was removed under vacuum to give a
brown solid in 90 % yield. 3'P NMR (161.9 MHz, p-xylene-d10, ppm): 6 61.50 (d, J = 285.92
Hz, 1P) and 180.86 (d, J = 285.92 Hz, 1P) and 'H NMR (400 MHz, p-xylene-d10, ppm): &
1.01 (dd, J = 12.8 Hz, J = 6.8 Hz, 6H, CPC(CH3)2), 1.11 (dd, J = 15.2 Hz, J = 7.2 Hz, 6H,
CPC(CHS3)z), 1.19 (dd, J = 16 Hz, J = 7.2 Hz, 6H, OPC(CH3)2), 1.27 (dd, J = 13.2 Hz, J = 6.8 Hz,
6H, OPC(CHS3)z), 2.12 — 2.23 (m, 2H, CPCH(CHs),), 2.39 — 2.48 (m, 2H, OPCH(CHs),), 2.84 (t,

J=2.8 Hz, 4H, C3H4), 3.15 (d, J =9.2 Hz, 2H, CHP), 7.10 - 7.22 (m, 3H, arene H).
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Figure 2.15: 3P and 'H NMR spectra of (P"PCOP)Ir(C2Ha)

The representative procedure for dehydroaromatization reactions is as follows: In
an argon-filled glove box, (P"PCOP)Ir(n2-Cz2H4) (5.6 mg, 0.01 mmol, 10 mM) was dissolved
in n-alkane (e.g. octane: 0.24 mL, 1.47 mmol, 1.43 M); TBE (4.1 equivalents with respect
to octane, 0.78 mL, 6.03 mmol, 5.9 M) and mesitylene (0.01 mL, internal standard) were
then added to the solution. Aliquots of this solution (0.1 mL each) were transferred to
several 5 mm glass tubes and the contents were cooled under liquid nitrogen and sealed
under vacuum. The sealed tubes were heated simultaneously in a preheated oven at

170°C. At regular intervals, a tube was brought to room temperature and the sample was
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analyzed by gas chromatography in comparison with authentic products. The major

products were confirmed by GC-MS.

The representative procedure for dehydroaromatization using ethylene as the
acceptor is as follows: In an argon-filled glove box, (P"PCOP)Ir(n2-C,Ha) (5.6 mg, 0.01
mmol, 10 mM) was dissolved in n-alkane (e.g. dodecane: 1.98 mL, 8.73 mmol, 4.37 M)
and mesitylene (0.02 mL, internal standard) in glassware with a bulb and condenser to
allow bubbling of excess high purity ethylene through the solution. At regular intervals,
an aliquot was removed and the sample was analyzed by GC in comparison with authentic

products.

The representative procedure for acceptorless dehydroaromatization is as
follows: In an argon-filled glove box, (P"PCOP)Ir(n?-C2H4) (5.6 mg, 0.01 mmol, 10 mM) was
dissolved in n-alkane (e.g. dodecane: 1.98 mL, 8.73 mmol, 4.37 M) and mesitylene (0.02
mL, internal standard) in glassware with a bulb and condenser to allow for release of H»
gas. At regular intervals, an aliquot was removed and the sample was analyzed by GC in

comparison with authentic products.

All alkanes, alkenes, mesitylene, and TBE were distilled under vacuum from Na/K
alloy after several freeze-pump-thaw cycles and stored in an argon glove box. Gas
chromatography (GC) measurements were performed on a Varian 430 instrument fitted
with a capillary column (30 m length x 0.25 mm inner diameter x 0.5 um film thickness).

Gas chromatography — mass spectrometry (GC-MS) measurements were performed on a



52

Varian 3900 Saturn 2100T instrument fitted with a capillary column (30 m length x 0.25

mm inner diameter x 0.25 pum film thickness).

2.5 Summary

The hybrid phosphine/phosphinite catalyst (P"PCOP)Ir(n? - C2H4) was synthesized
and characterized for use in dehydroaromatization reactions based on the previous
dehydroaromatization report from the Goldman Group. Dehydroaromatization reactions
were performed using the (P"PCOP)Ir(n? - C2H4) catalyst; increased yield was reported for
n-alkanes that were previously used for dehydroaromatization along with data for several
other n-alkane starting materials. It is worth noting that as the length of the starting
carbon chain increases, the total number of possible products increases, which leads to
less selectivity for any one product. Benzene forms as a side product in increasing yield as
the length of the starting alkane chain increases, and this will be discussed in Chapter 3.
The o-alkyltoluene is the major C, product for all starting n-alkanes except n-tridecane,

which will be further discussed in Chapter 4.

2.6 Appendix

The following figures are GC traces of dehydroaromatization reactions after 120

hours.
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Chapter 3

Elucidation of the Mechanism for Benzene Formation during Dehydroaromatization

Reactions

Abstract

Dehydroaromatization of n-alkanes yields a variety of alkylbenzenes along with
some interesting side products. Benzene is a surprising side product from
dehydroaromatization reactions and the amount of benzene formed increases as the
length of the starting n-alkane increases. The mechanism for benzene formation during
dehydroaromatization reactions is shown to be a retro-ene mechanism. This mechanism
is supported by kinetic studies of benzene formation for a variety of different n-alkane
starting materials, competition reactions between different n-alkanes, and through DFT
calculations which show that benzene formation increases with increasing carbon
number and unsaturation on the alkyl chain. Attempts to limit benzene formation via
isomerization or by changing the hydrogen acceptor for dehydrogenation are presented

along with attempts to increase benzene formation by favoring terminal olefins.
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3.1 Introduction

The elucidation and evaluation of mechanisms of reactions is a key focus for
organometallic chemistry because it allows for a more complete understanding of those
reactions. Mechanistic understanding of transfer dehydrogenation reactions via C-H
activation catalysts has helped to expand the field.! Goldman and coworkers reported the

mechanism for transfer dehydrogenation of alkanes in a 2003 paper (Figure 3.1).%3

S EEEEEEEERE TS > (PCP)IrHy - ---=nmmmmmemmmmmceaae
E COE >/ \< TBE E
5 M H E
+ | (PCP)Ir (F>CF>)|r/H ;
tBu | -
: >\ "(PCP)Ir" % l
: COA TBA 5
E -TBE | TBE 5
E (PCP)Ir " :
---------------------- E\‘-___----___--_-__---I

Figure 3.1: Mechanism of transfer dehydrogenation

Transfer dehydrogenation takes place via a 1,2-insertion of the hydrogen acceptor into
the metal-hydrogen bond followed by reductive elimination of the hydrogenated

acceptor leaving the active 14e™ catalyst species. Then, oxidative addition of the alkane
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starting material takes place followed by a B-hydride elimination which produces the
olefin product. This process has since been expanded to include multiple transfer
dehydrogenation reactions, and in 2011 Goldman and coworkers reported the first

example of homogeneous dehydroaromatization.*

Mechanistic support for this reaction was reported in 2013 by Sunoj and

coworkers (Figure 3.2).%°>

[Ir-cat], 170 °C, 120 hours
NN >
4 equiv. TBE +

fir-catl | 1ga - TBA

+ TBE A

NN TBE = /\’< TBA = [Ir-cat]
TBE

[Ir-cat]

[Ir-cat]
or C/\ | N A
\Or -TBA 7z TRz *

Other internal octenes

Figure 3.2: Proposed mechanism for dehydroaromatization of n-octane
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Dehydroaromatization takes place in one pot via transfer dehydrogenation of the starting
alkane to give a terminal or internal olefin, followed by transfer dehydrogenation of that
olefin to give a terminal or internal diene, followed by a third transfer dehydrogenation
of that diene to give a terminal or internal triene. Rapid electrocyclization of that triene
gives a monoalkyl or dialkyl cyclic intermediate, and a final transfer dehydrogenation

reaction yields the aromatic products with a preference for the o-alkyltoluene.

Over the course of studying the dehydroaromatization process, the original
researchers noticed that a large amount of benzene formed during the
dehydroaromatization of n-dodecane.* No explanation for the formation of benzene was
given in the original dehydroaromatization report, and it is the focus of this chapter to

explain the surprising appearance of benzene.

3.2 Results and Discussion

Benzene is a reported side product of the dehydroaromatization reaction with
yields typically no more than 3% from reactions using n-alkanes with C<10 after 120
hours. However, for C>11 the yield of benzene increases dramatically and reaches as
much as 32% from heptadecane starting material. Interestingly, no other non-C,
aromatics are observed kinetically alongside benzene (e.g. only Ci2 aromatics and
benzene are observed during dehydroaromatization of n-dodecane). This indicates that

formation of benzene is via a selective cleavage of the C, starting material. Data from
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reactions presented in Chapter 2 are shown again below with particular emphasis on any

non-C, intermediates and products.

3.2.1 Formation of Benzene through Dehydroaromatization of n-Decane

A small amount of benzene is formed through the dehydroaromatization of n-

decane (Scheme 3.1).

(P*PCOP)Ir(CyH,)

170 °C, NaOBu
n-CqoHz2 > C4o Aromatics +
m i :
ATBE  4TBA (2 %)

Scheme 3.1: Benzene formation from n-decane

Kinetics and concentration for benzene formation are shown below in Table 3.1.

Table 3.1: Kinetics of benzene formation for dehydroaromatization of n-decane (mM)

Time TBE TBA | Benzene | Decane C1o .
Aromatics
0hr 5285 0 0 1182 0
2 hr 4070 | 1181 3 929 18
24 hr 806 | 4599 17 266 549
48 hr 20 5366 20 107 811
120 hr 17 5367 21 27 987

Conditions: [(*"PCOP)Ir(CzHa)] = 10 mM; [n-decane] = 1.3 M; [TBE] = 5.3 M; 170°C, 30 mM
NaO'Bu
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Overall, a small amount of benzene is formed and the majority of products are Cio
aromatics. The amount of benzene differs greatly as the length of the starting n-alkane is

increased.

3.2.2 Formation of Benzene through Dehydroaromatization of n-Undecane

Compared to n-decane, the dehydroaromatization of n-undecane vyields a

significantly larger portion of benzene (Scheme 3.2).

(P'PCOP)Ir(C,H,)
170 °C, NaO'Bu

n-Cq4Hyy /\ C41 Aromatics + © + NN
50 %
(50 %) (9 %) (8 %)

4 TBE 4 TBA

Scheme 3.2: Benzene formation from n-undecane

In addition to a significant jump in benzene formation from n-undecane compared to n-
decane, pentane is an observed side product, which indicates that cleavage takes place
to give benzene and a Cns fragment. Presumably, butane was not observed during

dehydroaromatization of n-decane due to the gaseous nature of butane. Kinetics and



concentration of benzene formation from dehydroaromatization of n-undecane are

shown in Table 3.2.

Table 3.2: Kinetics of benzene formation from dehydroaromatization of n-undecane

(mM)
Time TBE TBA Benzene | Pentane | Undecane | Cii Aromatics
0hr 4900 0 0 0 1256 0
2 hr 3777 | 1020 10 2 1045 21
24 hr 1017 | 4058 82 16 448 126
48 hr 15 5191 114 91 185 437
120 hr 25 5209 121 98 122 629
Conditions: [(P"PCOP)Ir(C;Ha)] = 10 mM; [n-undecane] = 1.3 M; [TBE] = 5.3 M; 170°C, 30 mM
NaO'Bu

Overall, a significant jump in benzene formation is observed and it is not immediately

clear as to the reason for this increase.

3.2.3 Formation of Benzene through Dehydroaromatization of n-Dodecane

The dehydroaromatization of n-dodecane vyields more benzene than the

dehydroaromatization of n-undecane (Scheme 3.3).

(PPCOP)Ir(C,H,)
170 °C, NaO'Bu

n-Cy2Hoe / \

4 TBE 4 TBA

C12 Aromatics + © NN

(44 %) (18 %) (15 %)
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Scheme 3.3: Benzene formation from n-dodecane

Again, alongside benzene formation is the formation of a Cn.s fragment, namely hexane.
The formation of hexane further complicates this reaction because dehydroaromatization
of hexane can take place and consume equivalents of acceptor to leave unreacted
dodecane. Unreacted dodecane is observed, which is shown in Table 3.3 along with

kinetics and concentration of benzene formation.

Table 3.3: Kinetics of benzene formation from dehydroaromatization of n-dodecane

(mM)
Time TBE TBA | Benzene | Hexane Dodecane | Ci2 Aromatics
0hr 5303 0 0 0 1354 0
2 hr 3414 | 2083 36 0 872 23
4 hr 2109 | 3290 100 0 699 61
24 hr 16 5721 230 181 154 363
48 hr 7 5670 242 197 100 513
120 hr 4 5640 242 199 120 592
Conditions: [(*"PCOP)Ir(CzHa)] = 10 mM; [n-dodecane] = 1.3 M; [TBE] = 5.35 M; 170°C, 30 mM
NaO'Bu

Benzene formation is further increased starting from n-dodecane, but interestingly

decreases starting from n-tridecane.

3.2.4 Formation of Benzene through Dehydroaromatization of n-Tridecane
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Benzene formation from dehydroaromatization of n-tridecane is decreased

compared to n-dodecane but still increased compared to n-undecane (Scheme 3.4).

(PPCOP)Ir(C,Hy)
170 °C, NaO'Bu

n-C13H28 /\

4 TBE 4 TBA

Cq3 Aromatics + © + ©/ NN~

(40 %) o
(16 %) (5 %) (8 %)

Scheme 3.4: Benzene formation from n-tridecane

The decrease in benzene formation compared to n-dodecane can be attributed to the
formation of toluene and heptane. In the case of n-dodecane, fragmentation gives
benzene and hexane which can undergo dehydroaromatization to give more benzene. In
the case of n-tridecane, fragmentation gives benzene and heptane which yields toluene
from dehydroaromatization. This is why there is less benzene starting from n-tridecane
compared to n-dodecane. Kinetics and concentration of benzene and fragment formation

are shown in Table 3.4.

Table 3.4: Kinetics of benzene formation from dehydroaromatization of n-tridecane

(mM)
Time | TBE | TBA | Benzene | Heptane | Toluene | Tridecane Cas .
Aromatics
0 hr 5062 0 0 0 0 1272 0
2 hr 3579 | 1360 22 0 2 999 22
24 hr 19 5257 171 41 59 331 172
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48 hr 6 5308 206 103 61 235 451

120 hr | 12 5255 207 107 62 254 504

Conditions: [(P'PCOP)Ir(C,H4)] = 10 mM; [n-tridecane] = 1.3 M; [TBE] = 5.35 M; 170°C, 30 mM
NaO'Bu

Although benzene formation decreases for n-tridecane compared to n-dodecane because
of the appearance of toluene and heptane, overall fragmentation continues to increase

as the length of the starting alkane chain increases. This remains true for n-tetradecane.

2.3.5 Formation of Benzene through Dehydroaromatization of n-Tetradecane

Dehydroaromatization of n-tetradecane vyields the largest amount of benzene of

all the alkanes presented here (Scheme 3.5).

(PYPCOP)IFCoHs) G, Aromatics + ©
170 °C, NaO'Bu 33 %)
n-Cq4H3p /\ - ( °) (22 %) 8 %) 1 %)

4 TBE 4 TBA + NN
(11 %)

Scheme 3.5: Benzene formation from n-tetradecane

Along with the increase in overall benzene formation, there is an increase in other
fragmentation products. The Cns fragments from n-tetradecane are octane,

ethylbenzene, and o-xylene. The fragmentation of tetradecane to give benzene and the
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corresponding Cns fragment allows for dehydroaromatization of the Cn.c fragment to give
ethylbenzene or o-xylene, the same products that are observed from
dehydroaromatization of n-octane. The lack of toluene or Co, C10, C11, C12, or C13 aromatics
at any point during the dehydroaromatization of n-tetradecane indicates that
fragmentation takes place selectively to give benzene and a Cn.s fragment. Kinetics and

concentration for benzene formation are shown below in Table 3.5.

Table 3.5: Kinetics of benzene formation from dehydroaromatization of n-tetradecane

(mM)
Time | TBE TBA Benzene Octane Ethyl o Tetradecane Cua .
benzene Xylene Aromatics
Ohr | 5062 0 0 0 0 0 1266 0
2hr | 3579 1360 37 0 0 2 874 90
f“: 19 5257 261 120 15 93 322 371
f‘f 6 5308 273 135 17 102 325 417
1hzr0 12 5255 278 138 17 103 325 426
Conditions: [(P'PCOP)Ir(C;H4)] = 10 mM; [n-tetradecane] = 1.3 M; [TBE] = 5.35 M; 170°C, 30 mM
NaO'Bu

Benzene formation increases to 278 mM or 22 % of total products. Alongside the increase
in benzene formation is a decrease in total C14 aromatics. The mechanism for benzene

formation is discussed below.
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3.2.6 The Mechanism for Benzene Formation

The surprising appearance of benzene has been addressed for various n-alkanes,
and this information is summarized below after 7 hours in Table 3.6 with additional n-

alkane starting materials.

Table 3.6: Concentration and product percent of benzene after 7 hours for various n-

alkanes
[Benzene] % % TBE Total C,,
n-Alkane
(mM) Benzene Consumed Alkylbenzenes

Octane 0 0% 48 % 12 %
Nonane 4 03% 51% 13%
Decane 12 0.8% 55 % 11%
Undecane 65 5% 55 % 9%
Dodecane 95 7% 57 % 9%
Tridecane 75 6 % 59 % 8%
Tetradecane 140 11% 62 % 8%
Heptadecane 165 14 % 65 % 7%

Conditions: [(P"PCOP)Ir(C,H4)] = 10 mM; four equivalents TBE per n-alkane; 170°C. Percent and
concentration of benzene obtained after seven hours. Percent of benzene based off starting
concentration of alkane.

This particular time period was chosen to highlight the lack of benzene for octane; at
subsequent time intervals, a small (< 0.3%) amount of benzene is present from octane via
a different mechanism. The results presented in Table 3.6 suggest a significant correlation
between the chain length of the reactant and the yield of benzene because the percent
of benzene formed increases as the chain length of the starting alkane increases. For n-
octane, n-nonane, and n-decane the amount of benzene is small: 0, 0.3, and 0.8 percent

respectively. However, for n-undecane the amount of benzene jumps to 5 percent of total
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products and this number increases up to 14 percent for n-heptadecane. To rationalize
this trend, we focused on identifying the number of carbons in each side product
alongside benzene so as to ascertain where, and how often, fragmentation was taking
place. As previously detailed, fragmentation takes place selectively to give benzene and a
corresponding Cns fragment which can also potentially undergo dehydroaromatization.
The amount of TBE consumed increases as the length of the starting alkane chain
increases due to the Cns fragment being dehydroaromatized. It was also determined that
cleavage happens before aromatization because a reaction with hexylbenzene under

dehydroaromatization reaction conditions yielded no products with C<12 by GC.

The absence of fragmentation from hexylbenzene under the reaction conditions
suggested that the fragmentation to give benzene was not catalyzed by iridium.
Therefore, benzene formation via the catalytic dehydroaromatization process is proposed

to go through a retro-ene type mechanism (Scheme 3.6).6

X < X
C O TR O
R ) R ) R R

Scheme 3.6: Retro-ene mechanism
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This mechanism shows that transfer dehydrogenation can take place on the remaining
alkyl chain instead of inside the ring, which would complete aromatization. The double

bond on the alkyl chain opens up the possibility for the retro-ene reaction.

3.2.7 Evidence to Support the Retro-ene Mechanism

A retro-ene reaction is a rearrangement akin to a 1,5-hydrogen shift which, in this
case, leads to fragmentation to form benzene and a corresponding alkyl fragment. This
mechanism accounts for the appearance of benzene and side products which could later
react to form aromatics. It also explains the increase in benzene formation with increasing
carbon chain length. In addition, the retro-ene mechanism is not possible for octane due
to lack of the necessary chain length. For this reason, and due to a difference in kinetics
for the formation of benzene between octane and longer n-alkanes, the small (< 0.3%)
amount of benzene present at the end of the octane dehydroaromatization process is
proposed to go through an alternate mechanism. Decane should be better for
fragmentation than nonane because decane has an internal double bond, which is more
favorable for dehydrogenation from the iridium catalyst, and indeed this is the case.’
However, it is not initially clear from the mechanism why there is such a large jump in
benzene production between chains with 10 carbons or less and chains with 11 carbons

or more.

Concerning the retro-ene reaction, a specific fragment alongside benzene should

be observable via GC. As previously mentioned, there is selective cleavage at the sixth
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carbon to give a corresponding Cns fragment. Based on the retro-ene mechanism, the
fragment should be the Cy.6 terminal olefin. In order to observe the specific fragment and
provide more evidence for the retro-ene mechanism, a dehydroaromatization reaction
was performed with tridecane and octane in the same solution. The purpose of this was
to make a kinetic observation of the C7 fragment that forms from the retro-ene
mechanism as benzene is formed while using octane as a kinetic reference. In terms of
tridecane, C13 monoenes, dienes, trienes, and cyclic intermediates should form before
the retro-ene fragmentation takes place to yield benzene and 1-heptene, and in terms of
octane, octenes should form in conjunction with the C13 enes faster than any C7
fragments. As expected, a significant amount of octenes was observed before any C7
fragments, but contrary to expectations, no C7 monoenes were formed at any point
during the reaction. Instead, as benzene was formed, 2,4-heptadiene was observed. In
fact, the only C7 compounds that are observed are 2,4-heptadiene, heptatriene, 5-

methylcyclohexa-1,3-diene, and toluene (Scheme 3.7).

/\/\/\4’/\/\/\

2,4-heptadiene heptatriene
— OO —
5-methylcyclohexa-1,3-diene toluene

Scheme 3.7: All C; fragments formed during dehydroaromatization of n-tridecane
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These C7 compounds are the same as those observed during the dehydroaromatization
of heptane, so the observation of these compounds by GC indicates that the C7 fragment
is undergoing dehydroaromatization. This data shows that fragmentation leads to
benzene and the corresponding 2,4-diene, and that the 2,4-diene continues to react to

form an aromatic product through dehydroaromatization.

The presence of 2,4-heptadiene instead of 1-heptene from the fragmentation
reaction went against expectations based on the retro-ene mechanism. However, it was
then discovered that the (P"PCOP)Ir(n?-C2Ha) catalyst rapidly isomerizes 1,4-heptadiene
to 2,4-heptadiene at room temperature by combining that catalyst with 1,4-heptadiene
and examining the contents by GC. The dehydroaromatization reactions are performed
at 170 °C, and although 1,4-heptadiene and benzene are the expected products from the

retro-ene mechanism, 2,4-heptadiene is actually observed due to rapid isomerization of

X
- © — © l 2,4-heptadiene
| | |

Scheme 3.8: Fragmentation of n-tridecane and isomerization of 1,4-heptadiene to 2,4-

1,4-heptadiene (Scheme 3.8).

@ .
‘)(|—>© !
H | “H”

H

heptadiene



77

This explains why 2,4-heptadiene is observed instead of 1,4-heptadiene but does not

explain the presence of a diene instead of a monoene.

In order to explain the presence of a diene instead of a monoene, it was
hypothesized that increasing degrees of unsaturation on the alkyl chain of the cyclic
intermediate during dehydroaromatization favors the retro-ene mechanism. Density
Functional Theory (DFT) calculations were performed to test this hypothesis based on the

transformation illustrated in Scheme 3.9 (Table 3.7).

C11 Monoene

Scheme 3.9: Example of an intermediate used for DFT calculations

Table 3.7: Increasing degrees of unsaturation favor the retro-ene mechanism

Carbon Number | Arm Unsaturation | AG* (kcal/mol) | Calculated Rate (s2)
Cl11 Monoene 324 9.4E-4
C11 Diene 30.7 6.5E-3
C12 Monoene 32.5 8.4E-4
C12 Diene 30.9 5.2E-3
C14 Monoene 32.3 1.0E-3
C14 Diene 30.9 5.2E-3
C14 Triene 29.9 1.6E-2
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The calculations determine that the AG* and rate of the retro-ene mechanism depend on
chain length and arm unsaturation, and show that there is about a 1.5 kcal/mol difference
in AG* and about a factor of 6 difference in rate for the retro-ene mechanism between a
single double bond and two double bonds on the alkyl chain. Adding a third double bond
to the alkyl chain further decreases the AG* by 1 kcal/mol and increases the rate by a
factor of 3. While this effect is not as pronounced with a third double bond, this data does
support the hypothesis that increasing unsaturation on the alkyl chain favors the retro-

ene mechanism.

The final data supporting the retro-ene mechanism as the route through which
benzene is formed is also presented through DFT calculations. We observe negligible
amounts of small aromatics other than benzene that do not form via
dehydroaromatization, such as toluene or ethylbenzene, from long chain alkanes. This is
because the electrocyclization takes place in a disrotatory fashion according to
Woodward-Hoffmann rules which gives an intermediate that places the hydrogen away
from the double bond.? This makes the retro-ene mechanism extremely unfavorable

(Scheme 3.10).

| X | disrotation m
—_—
A R - R

H

Scheme 3.10: Disrotatory electrocyclization
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However, even if there were a rearrangement to place the hydrogen adjacent to the
double bond, DFT calculations show that the retro-ene mechanism is still unfavorable

towards the formation of ethylbenzene or toluene (Scheme 3.11 and Table 3.8).

Scheme 3.11: Transformation used for DFT calculations

Table 3.8: DFT calculations show why toluene is not formed

Arene | Arm Unsaturation | AG* (kcal/mol) | Rate (s™)
Benzene Monoene 32.5 8.4E-04
Toluene Monoene 34.4 9.6E-05
Benzene Diene 30.9 5.2E-03
Toluene Diene 33.1 4.2E-04

There is an increase in AG* of about 2 kcal/mol and a decrease of a factor of 9 in rate
between the formation of benzene and formation of toluene. The absence of small
aromatics such as toluene or ethylbenzene, and the observation that benzene is not

formed after aromatization takes place, helps to eliminate homolytic cleavage as a
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possible mechanism. The data collected and presented herein is sufficient to accept the

retro-ene mechanism as the means through which benzene is formed.

3.2.8 Attempts to Limit Benzene Formation

Understanding the  mechanism  for  benzene  formation  during
dehydroaromatization reactions is the first step towards limiting total benzene
production. The fact that the retro-ene mechanism can only take place with a monoalkyl
cyclic and not a dialkyl cyclic means that isomerization of double bonds to favor

dialkylbenzenes should also prevent benzene formation (Scheme 3.12).

— 3 NI
WH-C7H15 = n_C7H15 —>; @(\/\/

Scheme 3.12: Limiting benzene formation through isomerization of terminal olefins

Isomerizing the terminal double bond to an internal double bond prevents cyclization to
monoalkyl intermediates, which prevents benzene formation via the retro-ene
mechanism. Similarly, isomerization of the monoalkyl cyclic diene intermediate would
prevent benzene formation by moving a double bond to block the retro-ene mechanism

(Scheme 3.13).
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X X
Cl LU — O = QO
'1 H \ H
H
Scheme 3.13: Limiting benzene formation through isomerization of cyclic dienes

Preventing benzene formation by isomerizing double bonds will also have the added

benefit of increasing overall yield of alkylaromatics.

Finding a good isomerization catalyst proved to be a significant challenge.
Dehydroaromatization reactions are run at 170 °C and homogeneous isomerization
catalysts typically decompose at high temperatures. Heterogeneous isomerization
catalysts can have negative effects on the iridium pincer catalyst or cause skeletal
isomerization of the TBE acceptor. With this in mind, a variety of isomerization catalysts

were screened to prevent benzene formation.

The first isomerization catalyst screened was Pd/C, which is typically thought of as
a hydrogenation catalyst, but can also be used for isomerization.® A rotating oven was
used for these reactions to ensure mixing of the Pd/C with the reaction solution.
Unfortunately, no decrease in benzene was observed while using Pd/C as an isomerization

catalyst despite multiple attempts at different temperatures and catalyst loadings.
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In addition to Pd/C, a variety of other pincer catalysts were used as co-catalysts in
an attempt to limit benzene formation. It has been established that pincer catalysts are
thermally robust and good at isomerization.'® ! The (8YPCP)Ir catalyst cannot perform
dehydroaromatization due to steric hindrance and therefore seems an ideal pincer
isomerization catalyst. Unfortunately, a significant change in benzene formation was not
observed while using (B“PCP)Ir as a co-catalyst with (P"PCOP)Ir despite multiple attempts
at different temperatures and with different catalyst loadings. In fact, none of the pincer

catalysts screened offered any meaningful change in benzene formation (Figure 3.1).

e o oS

(‘Bu),P—Ir—P(Bu),  (Pr),P——Ir—P(Pr), (Pr)oP—Ir—P(Pr),

(BYPCP)Ir (PPCP)Ir (PPPOCOP)Ir

0 , , /[ P\
j B
(PN=Ir——P(Bu), (Bu),P—Ir—P(Bu),

(Bu) P—Rh—P(tBu

IPrNCOPtBu
( (®“POP)Rh (BUPCOP)Ir

V\/(QN
(@] 0]

"lr\N ] i
(Bu),P—Ir—P(Bu),
(BUPOCOP)Ir
(NCN)Ir

Figure 3.3: Pincer catalysts screened for isomerization
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Thus far, the only significant change in total benzene formation through
dehydroaromatization reactions has come from changing the hydrogen acceptor. Using
1-pentene instead of TBE as the hydrogen acceptor gives a significant decrease in total

benzene formation (Table 3.9).

Table 3.9: Decrease in benzene formation by changing the acceptor

Benzene
Acceptor | Temperature + C12 Aromatics
Hexane
TBE® 170°C 18 % 46 %
1-Pentene® 170 °C 9% 56 %

Conditions: a: [(P"PCOP)Ir(C;H4)] = 10 mM; [n-dodecane] = 1.3 M; [TBE] = 5.35 M; 30 mM NaO'Bu
b: [(P'PCOP)Ir(CzH4)] = 10 mM; [n-dodecane] = 1.47 M; [1-Pentene] = 6 M; 30 mM NaO'Bu

Switching the acceptor causes the total amount of benzene formed to decrease from 17
% to 9 % and total C12 aromatics to increase from 46 % to 56 % under the same conditions.
The exact nature of this decrease is unknown but the hypothesis is that the 1-pentene
adduct is lower in energy which allows for the dehydrogenation reactions to take place

faster and leaves less time for retro-ene reactions.

3.2.9 Attempts to Increase Benzene Formation
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It should be noted that because the fragmentation intermediates can also
undergo dehydroaromatization, more than four equivalents of hydrogen acceptor are
required for full conversion of n-alkane and the resulting Cn.c fragment from the retro-
ene reaction. Unfortunately, increasing the equivalents of TBE from four to six or eight
causes inhibition of the catalyst by the acceptor resulting from a decrease in
concentration of the active 14e” species of the catalyst and resulting yields of aromatics
and benzene are both significantly decreased. The reaction rate is also significantly
decreased. All attempts to use increased equivalents of acceptor to increase yield of

benzene were met with decreased rate and yield of all products.

As previously established, the retro-ene reaction can only take place on a
monoalkylbenzene precursor to give benzene and the corresponding fragment. No
dialkylbenzene precursors will go through the retro-ene mechanism based on Woodward-
Hoffmann rules and DFT calculations. Therefore, attempts to maximize benzene vyield
revolve around maximizing monoalkylbenzene precursors. This can be done by increasing
concentration of terminal olefins in solution because only terminal olefins can lead to the

monoalkylbenzene precursors (Scheme 3.14).
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Scheme 3.14: Terminal olefin dehydroaromatization

Using 1-dodecene as a starting material instead of n-dodecane should therefore

increase yield of benzene. Also, the (P'PCP)Ir catalyst is known to be terminally selective

for dehydrogenation while the (P'PCOP)Ir catalyst is internally selective so using the

(P"PCP)Ir catalyst should also give more terminal olefins and more benzene. Different

dehydroaromatization reactions starting from 1-dodecene are summarized below

compared to the dehydroaromatization of n-dodecane using both (P"PCOP)Ir and

(P"PCP)Ir catalysts (Table 3.10 and Table 3.11).

Table 3.10: Dehydroaromatization of 1-dodecene compared to n-dodecane using

(P"PCOP)Ir
Reaction Temperature | Benzene | Hexane Startlr.mg Ciz . Dimers
Material | Aromatics
Dodecane
4:1 TBE 170°C 10 % 8 % 9% 46 % 18 %
(PrPCOP)Ir
Dodecane
4:1 TBE 200 °C 7% 6 % 5% 65 % 12 %
(P"PCOP)Ir
1-Dodecene 170 °C 6 % 6 % 7 % 61 % 14 %
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3:1 TBE
(P"PCOP)Ir

1-Dodecene
3:1 TBE
(""PCOP)Ir

200 °C

8%

7%

7%

59 %

15%

1-Dodecene
4:1 TBE
(PrPCOP)Ir

170°C

8%

8%

0%

65 %

12 %

1-Dodecene
4:1 TBE
(PrPCOP)Ir

200 °C

9%

8%

1%

66 %

10 %

Conditions: [(P"PCOP)Ir] = 10 mM; [Starting Material] = 1.3 M; 170°C or 200 °C, 30 mM NaO'Bu.
Percentages of products calculated from concentration of starting material. Due to dimers being
unresolved on GC, dimer concentration is calculated based on missing dodecane.

Interestingly, the amount of benzene and hexane formed using 1-dodecene as the

starting material was decreased compared to using n-dodecane as the starting material.

The amount of dimers also decreased while using 1-dodecene as the starting material,

but total C1, aromatics were noticeably increased. Surprisingly, increasing the

temperature from 170 °C to 200 °C had no significant effect on any reaction starting

from 1-dodecene but had a drastic effect on the reactions starting from n-dodecane.

Overall, the amount of benzene formed is not increased by using 1-dodecene as the

starting material for dehydroaromatization.

Table 3.11: Dehydroaromatization of 1-dodecene compared to n-dodecane using

(P"PCP)Ir
tarti C
Reaction Temperature | Benzene | Hexane Star |r.1g 2 Dimers
Material | Aromatics
D
zieTcgrE‘e 170 °C 2% | 10% 8% 36 % 25 %
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(P"PCP)Ir
Dodecane
4:1 TBE 200 °C 11% 10 % 6 % 49 % 16 %
(P"PCP)Ir
1-Dodecene
3:1TBE 170°C 11% 10 % 6 % 34 % 38 %
(P'PCP)Ir
1-Dodecene
3:1TBE 200 °C 11% 10 % 6 % 41 % 30 %
(P'PCP)Ir
Conditions: [("'PCP)Ir] = 10 mM; [Starting Material] = 1.3 M; 170°C or 200 °C, 30 mM NaO'Bu.
Percentages of products calculated from concentration of starting material. Due to dimers being
unresolved on GC, dimer concentration is calculated based on missing dodecane.

Using (P"PCP)Ir as the catalyst for dehydroaromatization showed a small increase in
benzene/hexane formed, but overall yield of C12 aromatics was drastically decreased
while overall yield of dimers was drastically increased. Overall, neither using 1-dodecene
as the starting material nor using (P"PCP)Ir as the catalyst allowed for an increase in

benzene formation.

3.3 Experimental

3.3.1 General Procedure for Dehydroaromatization

The representative procedure for dehydroaromatization reactions is as follows: In
an argon-filled glove box, (P"PCOP)Ir(n2-CzHa) (5.6 mg, 0.01 mmol, 10 mM) was dissolved
in n-alkane (e.g. dodecane: 0.3 mL, 1.32 mmol, 1.3 M); TBE (4.1 equivalents with respect

to dodecane, 0.7 mL, 5.43 mmol, 5.35 M) and mesitylene (0.01 mL, internal standard)
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were then added to the solution. Aliquots of this solution (0.1 mL each) were transferred
to several 5 mm glass tubes and the contents were cooled under liquid nitrogen and
sealed under vacuum. The sealed tubes were heated simultaneously in a preheated oven.
At regular intervals, a tube was brought to room temperature and the sample was
analyzed by gas chromatography in comparison with authentic products. The major

products were confirmed by GC-MS.

All alkanes, alkenes, mesitylene, and TBE were distilled under vacuum from Na/K
alloy after several freeze-pump-thaw cycles and stored in an argon glove box. Gas
chromatography (GC) measurements were performed on a Varian 430 instrument fitted
with a capillary column (30 m length x 0.25 mm inner diameter x 0.5 um film thickness).
Gas chromatography — mass spectrometry (GC-MS) measurements were performed on a
Varian 3900 Saturn 2100T instrument fitted with a capillary column (30 m length x 0.25

mm inner diameter x 0.25 um film thickness).

3.3.2 DFT Information

All calculations were carried out using the Gaussian 09 suite of quantum chemical
programs and the Lee-Yang-Parr correlation functional B3LYP with a 6-311 + (d,g) basis
set.1? Rates were calculated using the Eyring equation.!® The following tables and figures

are DFT coordinates for the calculations presented in Table 3.7 and Table 3.8.



Figure 3.4: C11 monoene

Table 3.12: DFT coordinates for C11 monoene

89

-0.1968976282

C 0 2.1371672072 0.9755687054 | -1.3348721769
C 0 0.9832871701 0.3281949797 -1.009906185
C 0 0.9377182571 | -0.7240585804 | 0.0448035348
C 0 2.2087707943 | -0.8007068305 | 0.8382676731
C 0 3.3775978425 | -0.1638359789 | 0.4060975441
C 0 3.3566788726 0.7338693447 | -0.6446510831
H 0 2.1285303499 1.6877663053 | -2.1536933168
H 0 1.294659909 0.1004899365 2.1403879912
H 0 2.2906672472 | -1.6154793834 | 1.5499178024
H 0 4.3027668971 | -0.3510820823 | 0.9413041088
H 0 4.2595796782 1.2511448499 | -0.9456133172
H 0 0.099104087 0.4940137405 | -1.6080406242
H 0 0.8649650122 | -1.6922777561 | -0.5175865648
C 0 -0.2894712044 | -0.9540975882 | 0.8950279935
H 0

-1.8766063408

1.4666666706
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0.4686817941

-0.0506155723

2.0892870457

-1.650713258

-0.5579636069

0.676822224

-2.3503391927

-1.0649845747

1.3422180525

-2.1950485227

0.3827035701

-0.1359910737

-1.5825384299

0.929577037

-0.8426672818

-3.650440682

0.7458040264

-0.1272728131

-4.1674476023

0.1831041156

0.6570175171

-3.7525360643

1.8083279788

0.1347835148

-4.3457041882

0.5121568529

-1.4807369697

-4.3143795101

-0.5446971889

-1.7589079013

-5.3933988885

0.8239808595

-1.4410276341
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1.0815624211

-2.2778615412

Figure 3.5: C11 diene

Table 3.13: DFT coordinates for C11 diene

1.0227464197 | -1.8936430038 | 0.1791887536
0.5634235251 | -0.7012524186 | 0.9064237921
1.4418456755 0.4717305578 0.8283451927
2.6260886092 0.4190646318 0.0590270696
2.9469786792 | -0.6952965544 | -0.6790756524
2.1254887368 | -1.8633371705 | -0.6154722281
0.433891675 -2.8009448085 | 0.2654785528
-0.5005590211 -0.380426516 0.4239208992
3.2878361849 1.2789761462 0.0566539154

3.8515389004

-0.7112124999

-1.2762072607

2.4186888214

-2.7473653692

-1.1716150098

0.1908486597

-0.9143037052

1.9148876452

1.3456034857

1.2403950687

1.5822404304

0.1725796067

2.0100285833

-0.6107342247

0.6371990038

2.9487340538

-0.3350063851

I T|o|jT|jT|jT|T|T|T|T(oj0jo|jojo|O

O|0O|0O|O|O|O|O|O|O|O|O|O|O|O|O|O

0.595614954

1.4989921852

-1.4663600535
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-3.4003603409

-1.627583632

-1.0751782625

-4.6564825613

-1.2321932484

C 0 -1.0757139221 | 1.6739698949 | -0.1412045095
H 0 -1.5143247506 | 2.2869293941 0.645173263

C 0 -1.6996965829 | 0.4492333136 | -0.4238177194
H 0 -1.3729758985 | -0.0955206022 | -1.3084105009
C 0 -2.9761518354 | 0.0598518761 0.141973752

H 0 -3.3414521917 | 0.6723331706 0.9652471844
C 0 -3.7155364927 | -0.9893361374 | -0.2556243974
H 0

H 0

0.2225812535

Figure 3.6: C12 monoene

Table 3.14: DFT coordinates for C12 monoene

C 0 0.9906780983 | -1.7877534347 | -0.0314219188
C 0 0.5654569596 | -0.6764313901 | 0.8189846717
C 0 1.4196712727 0.5149679638 0.8129869674
C 0 2.6374074173 0.4908279133 0.0565837457
C 0 2.933827888 -0.5445220629 | -0.7821217065
C 0 2.0811920434 | -1.6957626999 | -0.8375011051
H 0 0.395468875 -2.6956403715 | -0.0221398173
H 0 -0.5724304794 | -0.2842008071 | 0.3785097455
H 0 3.316711895 1.3330131582 0.1431178436
H 0 3.8420222535 | -0.5254120912 -1.37418706

H 0 2.3495966788 | -2.5231730763 | -1.4857511057
H 0 0.1905918845 | -0.9724852077 | 1.8024835232
H 0 1.3982873138 1.1487915352 1.6902816369
C 0 0.3175559229 2.0298266616 -0.359889375
H 0 0.8295554695 2.9299840962 | -0.0396354884
H 0 0.657953729 1.6160637586 | -1.3016880554
C 0 -0.9813192225 1.7775941478 0.0622616272
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H 0 -1.3659879808 2.341244416 0.9117606583
C 0 -1.6430280142 | 0.5990206595 | -0.2887160741
H 0 -1.3820063748 | 0.1586476446 | -1.2530645494
C 0 -3.0236007925 | 0.2501997737 0.2198378752
H 0 -3.1681508898 | 0.6853764727 1.2161521168
H 0 -3.7741361363 | 0.7252518985 | -0.4287125938
C 0 -3.3149563295 | -1.2570984329 | 0.2699575801
H 0 -2.6041893286 | -1.7421598665 | 0.9484715657
H 0 -3.1349681047 | -1.6905048927 | -0.7211110875
C 0 -4.7451178268 | -1.5746336419 | 0.7143979091
H 0 -5.4785602297 | -1.1345491869 | 0.0313728538
H 0 -4.9238921061 | -2.6529479532 | 0.7434988873
H 0 -4.9460224657 | -1.1776561139 | 1.7145821897

Figure 3.7: C12 diene

Table 3.15: DFT coordinates for C12 diene

1.4252576077 | -1.7118751498 | 0.1722753018
0.8398675354 | -0.5917793075 | 0.9231365856
1.5282995114 0.6964435003 0.7839876651
2.6601615424 0.8082429386 | -0.0545372546
3.0976238537 | -0.2552894747 | -0.8079514317
2.4615862016 | -1.5296247245 | -0.6894082269
0.9850663966 | -2.6956808915 | 0.2988897105

-0.2922286327

-0.4355727743

0.5096187975

3.1861986998

1.7563251024

-0.1001517416

3.9571409218

-0.1457143487

-1.4592756143

2.8472534668

-2.3684883848

-1.259175976

0.5654568521

-0.844799412

1.9537550356

1.3623399082

1.4551866502

1.5360476146

-0.0418715197 1.9893002585 | -0.5979744434
0.2944520357 2.9935935289 | -0.3715495392
0.4017741983 1.5194272776 -1.466665648

-1.197349422

1.4884830634

-0.0453158186

ITojT|T|ojT|jT|T|T|T|T|T|0o/ojojojo|O

O|O|0O|0O|lO|O|O|O|O|O|O|O|O|O|O|O|O|O

-1.6747200877

2.0532133902

0.7545421946
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C 0 -1.6464293859 | 0.1757413023 | -0.2619303415
H 0 -1.2969221342 | -0.3366348622 | -1.1572623991
C 0 -2.819601947 -0.3802035065 | 0.3843684583
H 0 -3.2239557551 | 0.1881363639 1.2222682788
C 0 -3.4233114549 | -1.5317641391 | 0.0401749188
H 0 -3.0230813983 | -2.0968447083 | -0.8007225124
C 0 -4.626198306 -2.1106486011 | 0.7197955761
H 0 -4.9630656547 | -1.4799931253 | 1.5463448828
H 0 -5.4620115112 | -2.2261442252 | 0.0195305022
H 0 -4.416702672 -3.1100162805 | 1.1199144552
H
H

Figure 3.8: C14 monoene



Table 3.16: DFT coordinates for C14 monoene
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o

1.1339039053

-1.7981887001

-0.3141195977

0.8516102087

-0.7518587748

0.6681445626

1.8868047757

0.2696907201

0.8517881305

3.1197245488

0.1436161572

0.1305607906

3.2861654011

-0.8076197328

-0.8342116742

2.2634232499

-1.7843157829

-1.0698315087

0.4000318355

-2.5872626714

-0.4459540154

-0.1823586149

-0.120239519

0.2516529216

3.9210743059

0.8421303532

0.3500116169

4.2133409004

-0.8618254952

-1.3938244542

2.4267948544

-2.552583393

-1.8181185824

0.3827344105

-1.1067217006

1.5898978636

1.9274208034

0.7723458204

1.8096472278

1.1024236806

2.0962277831

-0.1141925182

1.7315701497

2.8457255225

0.3522374415

1.4235699927

1.7732100988

-1.0972823919

-0.2409550296

2.0033945594

0.226577762

-0.5759331747

2.496769759

1.1386275644

-1.0610834025

1.0105902028

-0.3131938931

-0.8215040605 | 0.6717989106 | -1.3230689782
-2.505204514 0.8258846669 0.0957296712
-2.631348749 1.1278420378 1.1423512997

-3.1324640282 1.5103125487 | -0.4936641916

-3.0360166471 | -0.6024738356 | -0.0968136815

-2.4546192849

-1.2947916345

0.5241765322

-2.8682286747

-0.9114197513

-1.136498756

OojT|T|o|lT|T|o|T|o|TjojT|T|o|lT|jT|T|T|T|T|(T|0ojojojojo|O

OoO|0O|0O0O|0O|O|0O|O|O|O|O|O|O|O|O|O|O|O|O|O|O|O|O|O|O|O

-4.5240420545

-0.7464493131

0.2387974107
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-5.1039341056 | -0.0525954056 | -0.3837677395
-4.6938287514 | -0.4347512544 | 1.2778305041
-5.0641765941 | -2.1679138282 | 0.0446085856
-4.8927351658 | -2.4796205877 -0.993044125
-4.4877210214 | -2.8616277065 | 0.6688209056

-6.5532890324

-2.3012611069

0.3762808675

-7.159392332

-1.6432806515

-0.254559426

-6.9064015462

-3.3248567639

0.2231433386

IT|IT|T|O|T|T|O|XT |

oO|OoOo|jojojo|o|o|o

-6.7525874393

-2.0340293914

1.4188906468

Figure 3.9: C14 diene

Table 3.17: DFT coordinates for C14 diene

1.0227464197 | -1.8936430038 | 0.1791887536
0.5634235251 | -0.7012524186 | 0.9064237921
1.4418456755 0.4717305578 0.8283451927
2.6260886092 0.4190646318 0.0590270696
2.9469786792 | -0.6952965544 | -0.6790756524
2.1254887368 | -1.8633371705 | -0.6154722281
0.433891675 -2.8009448085 | 0.2654785528
-0.5005590211 -0.380426516 0.4239208992
3.2878361849 1.2789761462 0.0566539154

3.8515389004

-0.7112124999

-1.2762072607

2.4186888214

-2.7473653692

-1.1716150098

0.1908486597

-0.9143037052

1.9148876452

1.3456034857

1.2403950687

1.5822404304

0.1725796067

2.0100285833

-0.6107342247

0.6371990038

2.9487340538

-0.3350063851

0.595614954

1.4989921852

-1.4663600535

-1.0757139221

1.6739698949

-0.1412045095

T o|lT|TjojT|jT|T|T|T|(T|T|ojojojojo|O

O|O|0O|0O|0O|0O|O|O|O|O|O|O|O|O|O|O|O|O

-1.5143247506

2.2869293941

0.645173263
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-3.4003603409

-1.627583632

-1.0751782625

-4.6564825613

C 0 -1.6996965829 | 0.4492333136 | -0.4238177194
H 0 -1.3729758985 | -0.0955206022 | -1.3084105009
C 0 -2.9761518354 | 0.0598518761 0.141973752
H 0 -3.3414521917 | 0.6723331706 0.9652471844
C 0 -3.7155364927 | -0.9893361374 | -0.2556243974
H 0

H 0

-1.2321932484

0.2225812535

Figure 3.10: C14 triene

Table 3.18: DFT coordinates for C14 triene

C 0 1.7613959857 | -1.9639638184 | 0.2567517458
C 0 1.6471298578 | -0.6576425338 | 0.9274844211
C 0 2.8460893195 0.1893031754 0.8682708815
C 0 3.9810329478 | -0.2323376359 | 0.1535116939
C 0 3.9868323555 | -1.4248557891 | -0.5391025441
C 0 2.8564644531 | -2.2945085373 | -0.4797575835
H 0 0.9255827741 | -2.6514080602 | 0.3350872653
H 0 0.7600530293 | -0.0590091457 | 0.3943662842
H 0 4.8664028647 0.3950182742 0.1557242481
H 0 4.867108932 -1.7287475862 | -1.0936316563
H 0 2.8956318421 | -3.2485441997 | -0.9948317454
H 0 1.1970587005 | -0.7168927551 | 1.9262798618
H 0 2.9377150676 1.0095247641 1.5661805652
C 0 2.092347216 2.0251010756 | -0.7354014418
H 0 2.7994790361 2.8020026221 | -0.4724405849
H 0 2.387486968 1.3526361938 | -1.5308903911
C 0 0.7955831557 2.068645793 -0.2935405418
H 0 0.5260837524 2.8230742879 0.4444586352
C 0 -0.1569003132 1.0668227887 -0.562261688
H 0 0.0351912441 0.3975536303 | -1.3993183764
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-1.4925274253

1.081367819

-0.0354322093

-1.7018053704

1.815088566

0.7427719561

-3.8247141174

0.2630192166

0.1436789135

-2.298115815

C 0
H 0
C 0
H 0 -4.0141975412 | 0.9973649146 0.9264237884
C 0 -4.8278428577 | -0.5518139558 | -0.2319798131
H 0 -4.6359900158 | -1.2843225952 | -1.0149016926
C 0 -6.2100086106 | -0.5382689971 | 0.3434509012
H 0 -6.3141362221 | 0.2215651992 1.1219840481
H 0 -6.9610668113 | -0.3367516109 | -0.4297826089
H 0 -6.4689214001 | -1.5099748926 | 0.7808147611
C 0 -2.4946738518 | 0.2468394227 | -0.4155277844
H 0

-0.4846176103

-1.1980801787

Table 3.19: DFT coordinates for C12 monoene methyl

H

Figure 3.11: C12 monoene methyl

o

0.8070388958

-1.71043863

-0.1113520972

0.5747864287

-0.5932472338

0.8075872368

1.6852838225

0.3634171195

0.92718102

2.922409796

0.0975386164

0.2519546241

3.0398427126

-0.9264249765

-0.6419781189

1.9487566241

-1.8340658704

-0.838568303

0.0149542366

-2.446812502

-0.2160971579

-0.3703679968

0.0832218664

0.2536642159

3.768755897

0.7480114038

0.4498011553

3.9718181591

-1.0881459298

-1.1720178467

2.0621195551

-2.6580261503

-1.5351822694

1.7508364499

0.9161493139

1.8575024514

1.0710548589

2.177589412

-0.1381422192

1.732038301

2.9052159326

0.3189268099

1.4054701355

1.7897356714

-1.0928702852

-0.2902348683

2.1983898164

0.1411313711

-0.634614416

2.7612982143

1.0079747342

-1.1449640599

1.2306010131

-0.3929218963

-0.8769863497 | 0.8327503188 | -1.3743364313
-0.1452410326 | -0.9370060521 2.11928633
-0.4991033115 | -0.0289197137 2.617138636

I T|o|T|o|lTjojT|TjojT|T|T|T|T(T|0o|jojojojo|O

O|0O|0O|0O|O|O|O|O|O|O|O|O|O|O|O|O|O|O|O|O|O

-1.0101367092

-1.5807183282

1.9358051506
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0.5235044074

-1.4611166775

2.8083672551

-2.6224674571

1.1741279178

-0.0711070643

-3.1458034387

1.9082448052

-0.6992211267

-2.7849688948

1.4934260199

0.9642907226

-3.2602746803

-0.2014310219

-0.2988116448

-4.3355314654

-0.1722077152

-0.1032709258

-3.1203132984

-0.5347047272

-1.3317461744

IT|IT|T|O|T|T|O|XT

oO|Oo|0OjOo|jOojO|O|O

-2.8218745012

-0.9586027526

0.356808698

Table 3.20: DFT coordinates for C12 diene methyl

Figure 3.12: C12 diene methyl

C 0 0.9295576547 | -1.8571525426 0.034182856

C 0 0.6619335835 | -0.6793502581 | 0.8787778162
C 0 1.7650980744 0.2935975339 0.9384799303
C 0 2.9620760829 0.0751630711 0.2197676087
C 0 3.1036177007 | -1.0061892649 | -0.6160074042
C 0 2.0617887661 | -1.9793491834 | -0.7085329713
H 0 0.1643082771 | -2.6266883901 | -0.0066732772
H 0 -0.2452411652 | -0.1057514444 | 0.3189658411
H 0 3.7793825054 0.7793066808 0.3380222877
H 0 4.0221541448 | -1.1502700484 | -1.1732573335
H 0 2.2009853789 | -2.8457550028 | -1.3464887336
H 0 1.7831025237 0.9871695238 1.7692012291
C 0 0.9257993868 2.1975395914 | -0.3488973817
H 0 1.5378238417 2.989123987 0.0656297822
H 0 1.3070439346 1.7122848782 | -1.2382438171
C 0 -0.3980516399 | 2.0671069176 0.0028893133
H 0 -0.7774916561 | 2.6642903144 0.8308416769
C 0 -1.2128214763 1.0257302996 | -0.4672808491
H 0 -0.9208318091 | 0.5324129413 | -1.3934132597
C 0 -2.5863203086 | 0.8379274226 | -0.0415256775
H 0 -2.8988782483 1.4101739284 0.8309118551
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C 0 -0.0176069282 | -0.9784796255 | 2.2294165231
H 0 -0.3417815353 | -0.0503557195 | 2.7083099964
H 0 -0.898828682 -1.6091432196 | 2.0881348161
H 0 0.6685687033 | -1.4924913696 | 2.9075972315
C 0 -3.4767073716 | 0.0194397116 | -0.6265268401
H 0 -4.4867913275 | -0.0804164473 | -0.2484810596
H 0 -3.2188020005 | -0.5678440457 | -1.5022734493

3.4 Summary

Benzene formation during dehydroaromatization reactions increases as the length
of the starting n-alkane increases. This has been attributed to a retro-ene reaction which
yields benzene and a corresponding Cn.s fragment. Kinetic studies and DFT calculations
provide support for this claim and show that increasing degrees of unsaturation on the
alkyl chain of the cyclic intermediate favors the retro-ene mechanism. Attempts to limit
benzene formation by isomerization has been met by limited success, while changing the
hydrogen acceptor from TBE to 1-pentene vyields a significant decrease in benzene
formation. Neither using 1-dodecene as a starting material instead of n-dodecane nor

using (P"PCP)Ir instead of (P"PCOP)Ir led to an increase in benzene formation.

3.5 Acknowledgements
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Chapter 4

Dehydroaromatization of n-Alkanes to Yield Polyethylene Naphthalate Precursors

Abstract

Polyethylene naphthalate is a highly desirable polymer that could replace
polyethylene terephthalate, which is used commercially in containers for foods and
liquids, fibers for clothing, and packing materials, among many other uses.
Dehydroaromatization reactions starting from n-dodecane can vyield 1,5-
dimethylnaphthalene, which can be isomerized with zeolites to a precursor to
polyethylene naphthalate, 2,6-dimethylnapthalene. Similarly, dehydroaromatization
reactions from n-dodecane yield o-pentyltoluene, which can be cyclized using zeolites to
give 1,5-dimethylnaphthalene. Dehydroaromatization reactions were performed starting
from n-dodecane and n-tridecane in attempts to maximize potential precursors to
polyethylene naphthalate. The mechanism for formation of 1,5-dimethylnaphthalene via

dehydroaromatization is discussed.
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4.1 Introduction

The original goal for dehydroaromatization was to synthesize alkylbenzenes from
n-alkane starting materials.! Expansion of the dehydroaromatization process has been
underway since this goal has been achieved. Synthesizing biaromatic compounds through
multiple dehydroaromatization reactions on the same starting material would be both
interesting and commercially viable. Specifically, two dehydroaromatization reactions

starting from n-dodecane could yield 1,5-dimethylnaphthalene (Scheme 4.1).

Dehydroaromatization Dehydroaromatization
CC

Scheme 4.1: Dehydroaromatization of n-dodecane to yield 1,5-dimethylnaphthalene

1,5-Dimethylnaphthalene is useful because it can be easily converted into
monomers of polyethylene naphthalate (PEN), which is a highly desirable polymer

(Scheme 4.2).28
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COOH
OO H- [3 Zeolite Co/Mn Br
265°C AcOH, 02

COOH

0]

ethylene gI col L
( )\/\\

0]

Scheme 4.2: Synthesis of polyethylene naphthalate from 1,5-

dimethylnaphthalene

The methyl shift reaction to convert 1,5-dimethylnaphthalene to 2,6-
dimethylnaphthalene is known to be effective using zeolites, conversion of 2,6-
dimethylnaphthalene to naphthalene-2,6-dicarboxylic acid goes through the
industrialized AMOCO process, and polymerization to PEN takes place using condensation
polymerization with ethylene glycol. PEN is an extremely useful polymer that has been
used sparingly in commercial applications. It can most closely be associated to the

ubiquitous polymer polyethylene terephthalate (PET) (Figure 4.1).
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0 0
N No
T °
O\/\\ O\/\\
B o] Jn i @) Jh
Polyethylene Naphthalate (PEN) Polyethylene Terephthalate (PET)

Figure 4.1: Structures of PEN and PET

PEN has better properties than PET in most important categories. For instance, PEN has
better thermal stability, a less permeable gas barrier, higher mechanical strength, and a
better UV light barrier.” PET is used commercially for water bottles, peanut butter jars,
fibers for clothing, and video packing films among many others and replacing PET would
be a massive undertaking because PET is produced on a scale of forty million tonnes per
year with a growth factor of seven percent.” 1 Unfortunately, the cost of producing PEN
in large quantities is prohibitively high due to the cost of producing 2,6-

dimethylnaphthalene.

The two major methods for synthesizing 2,6-dimethylnaphthalene are through
isolation of side products from naphthalene manufacturing and through condensation of
o-xylene and butadiene. Access to 2,6-dimethylnaphthalene via isolation of
monomethylnaphthalenes from feedstock used for naphthalene manufacture has proved
to be too inefficient due to availability of the feedstock.'' 12 Condensation of o-xylene and
butadiene is also a commercially undesirable process due to the chemicals required for

condensation. (Scheme 4.3).13-18,19,20
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2.5 % NaK Zeoli
N N 5% Na . Y-Zeolite .
80 °C - 150 °C ~ 150°C-230°C

Pt on alumina H- [3 Zeolite
440 °C OO 265 °C
Scheme 4.3: Condensation of o-xylene and butadiene to yield 2,6-

dimethylnaphthalene

This process is extremely harsh, requiring the dangerous use of sodium and potassium
metal at elevated temperatures for the condensation reaction. However, the methyl shift
reaction to convert 1,5-dimethylnaphthalene to 2,6-dimethylnaphthalene has been

shown to be effective.’

A provisional patent from the Goldman Group has shown that dehydrogenation
and aromatization using a pincer iridium catalyst and zeolites as a co-catalyst can give 1,5-

dimethylnaphthalene from o-pentyltoluene (Scheme 4.4).2

Ir Pincer Catalyst OO
(ji\/\/ Zeolites

Scheme 4.4: Synthesis of 1,5-dimethylnaphthalene from o-pentyltoluene
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Access to o-pentyltoluene was not trivial, but the advent of homogeneous
dehydroaromatization with a pincer catalyst shows that o-pentyltoluene is the major Ci,
product from dehydroaromatization of n-dodecane. Therefore, both accessing 1,5-
dimethylnaphthalene via dehydroaromatization or increasing yields of o-pentyltoluene

for use in aromatization with pincer catalysts and zeolites are of great interest.

4.2 Results and Discussion

Over the course of studying the dehydroaromatization reaction, better GC
methods were developed to identify more intermediates and products from these
reactions. Through these new methods it was discovered that 1,5-dimethylnaphthalene
was a product starting from n-dodecane in addition to the previously discussed
alkylbenzenes. Dehydroaromatization reactions with n-dodecane as the starting material

yield a small amount of 1,5-dimethylnaphthalene (Scheme 4.5 and Table 4.1).

(P PCOP)IF(C,H,)

170 °C, NaO'Bu
n-CqoHog > Cy, Alkylbenzenes + CgFragments +
/\ (41 %)

(17 %)

4 TBE 4 TBA 39

Scheme 4.5: Dehydroaromatization of n-dodecane yields 1,5-dimethylnaphthalene
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Table 4.1: Yields from a representative dehydroaromatization reaction with n-dodecane

Identit Concentration

entity (mM)
TBE 20

TBA 5440
Hexane 199
Benzene 235
Dodecane 100
Ci12 olefins 40
Ci2 alkylbenzenes 680
1,5-dimethylnaphthalene 40
Dimers 115

Conditions: [(P"PCOP)Ir(CzHa)] = 10 mM; [n-dodecane] = 1.3 M; [TBE] = 5.35 M; 170°C, 30 mM

NaO'Bu

Athree percent overall yield for 1,5-dimethylnaphthalene is very low but it was promising
that any 1,5-dimethylnaphthalene is observed via dehydroaromatization starting from n-
dodecane. It is important to note that for this reaction, four equivalents of TBE are used
and because a total of seven equivalents of TBE are required to go from n-dodecane to
1,5-dimethylnaphthalene, it is unsurprising that total yield of 1,5-dimethylnaphthalene is

low.

4.2.1 Mechanistic Study for Formation of 1,5-Dimethylnaphthalene

Before trying to maximize 1,5-dimethylnaphthalene formation from

dehydroaromatization of n-dodecane, effort was made to understand the mechanism
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through which this product was being formed. The initial hypothesis was that
dehydroaromatization took place to give o-pentyltoluene as an intermediate and then a

second dehydroaromatization took place to give 1,5-dimethylnaphthalene (Scheme 4.6).

Dehydroaromatization
SN TN TSN TN -

Ir Pincer Catalyst

Dehydrogenation X A OO
- (| ] - - >
Ir Pincer Catalyst 2) [Ir]

Scheme 4.6: Initial hypothesis for the mechanism of formation of 1,5-

dimethylnaphthalene

o-Pentyltoluene was synthesized to test this hypothesis. Surprisingly, a reaction with o-
pentyltoluene as the starting material under dehydroaromatization reaction conditions
gave no biaromatic or bicyclic compounds of any kind. The only products observed were

dehydrogenated o-pentyltoluene compounds (Scheme 4.7).
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>
X
(PPCOP)Ir(CyH,)
170 °C, NaO'Bu AN
/—\ > —X—>
TBE TBA AN
NG

Scheme 4.7: Reaction with o-pentyltoluene under dehydroaromatization reaction

conditions

This data rules out the initial hypothesis that 1,5-dimethylnaphthalene is formed via

dehydroaromatization of o-pentyltoluene.

A second hypothesis for the formation of 1,5-dimethylnaphthalene is that a cyclic
diene precursor can undergo a second cyclization before aromatization takes place to give
a partially dehydrogenated fused ring intermediate which can then be dehydrogenated

to give 1,5-dimethylnaphthalene (Scheme 4.8).
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1) [Ir] dehydrogenation [Ir] dehydrogenation SN
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Scheme 4.8: Second hypothesis for the mechanism of formation of 1,5-

N\

dimethylnaphthalene

This hypothesis is based on an iridium-mediated isomerization of the double bonds inside
the initial ring which allows for a second electrocyclization and dehydrogenation to give
1,5-dimethylnaphthalene. This idea is similar in nature to the retro-ene mechanism
presented in Chapter 3, where dehydrogenation takes place on the alkyl chain instead of
inside the ring to complete aromatization. Based on the mechanism for
dehydroaromatization, a second electrocyclization seems entirely plausible (Scheme

4.9).122
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Scheme 4.9: Electrocyclization based on the mechanism for dehydroaromatization

The final step of the proposed mechanism can be tested by using 1,5-
dimethyltetralin as a starting material to see if that can be dehydrogenated to give 1,5-
dimethylnaphthalene. A reaction with 1,5-dimethyltetralin as the starting material under
dehydroaromatization reaction conditions gives full conversion of the 1,5-

dimethyltetralin to 1,5-dimethylnaphthalene (Scheme 4.10).

(PHPCOP)Ir(C,H,)

170 °C, NaO'Bu OO

TBE TBA

Scheme 4.10: Reaction with 1,5-dimethyltetralin under dehydroaromatization

reaction conditions
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Unfortunately, the iridium-mediated isomerization is difficult to test
independently. No comparable cyclic dienes are commercially available and it would
extremely difficult to synthesize a cyclic diene to test if this iridium-mediated
isomerization is possible. However, it is well established that these iridium pincer
catalysts are good isomerization catalysts and the most favorable position for the double
bond to be on the molecule is in the tertiary position.?> 24 Therefore, the iridium-mediated
isomerization for this mechanism is plausible. The previous information allows for this

mechanism to be accepted as the mechanism for formation of 1,5-dimethylnaphthalene.

4.2.2 Attempts to Increase 1,5-Dimethylnaphthalene

As previously discussed, seven equivalents of TBE are required to convert n-
dodecane into 1,5-dimethylnaphthalene. Unfortunately, increasing the number of
equivalents of TBE from four to seven had a negative impact on the reaction. Overall yield
of all products decreased significantly along with the rate of the reaction. This is an
established effect on pincer catalysis when using TBE as the acceptor, but a similar trend
is observed while using 1-pentene as the acceptor.?® The decrease in reactivity and yield
is likely due to a reduced concentration of the active 14e” species in solution because

more olefin is in solution to bind to the 14e” species.

One way to circumvent the problem of having a decreased concentration of 14e"
species is to increase the olefin to alkane ratio while maintaining a constant concentration

of olefin. This can be achieved by diluting the reaction in a solvent. However, diluting the
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reaction in unreactive p-xylene to allow for an increase in equivalents of acceptor without
increasing total volume of acceptor was shown to be ineffective. Therefore, increasing

the amount of acceptor relative to the starting alkane is not an option.

Although there is a mechanism to explain the formation of 1,5-
dimethylnapthalene, it is difficult to take advantage of that information to maximize
formation of 1,5-dimethylnapthalene due to the complex mixture of dehydrogenated
intermediates. Using a co-catalyst to promote the isomerization step of the mechanism
should allow for an increase in yield of 1,5-dimethylnaphthalene because this can
decrease formation of alkylaromatics which cannot go on to form 1,5-

dimethylnaphthalene under dehydroaromatization conditions (Scheme 4.11).

[Ir] dehydrogenation
A cyclization B OO

Scheme 4.11: Isomerization can favor formation of 1,5-dimethylnaphthalene
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Conventional isomerization catalysts do not work for these reactions: most
homogeneous isomerization catalysts do not survive at 170 °C and most heterogeneous
catalysts cause skeletal isomerization of the hydrogen acceptor. Pincer catalysts are
known isomerization catalysts and therefore a large number of pincer catalysts were

screened as co-catalysts (Figure 4.2).

S ol oS

(‘Bu)P——Ir—P(Bu);  (Pr);P——Ir—P(Pr), (Pr)P—Ir—P(Pr),

(BUPCP)Ir (P"PCP)Ir (P"POCOP)Ir

. |
(PN—1Ir—P(Bu), ( Bu)zP—Ir———P('Bu

tBu)ZP—Rh—P(tBu)

iPr Bu
(""NCOP™Y)Ir (BUPOP)Rh (BUPCOP)Ir

O P,

tBU)zp_lr—_P ‘Bu);  (1Bu),P—Ir—P'BuMe
(BUPOCOP)Ir (Bu2pcpBuMe)|r
(NCN)Ir

Figure 4.2: Catalysts screened to increase 1,5-dimethylnaphthalene

concentration
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These reactions were carried out under dehydroaromatization reaction conditions
while maintaining a total catalyst concentration of 10 mM in solution. In all cases, ratios
of one to one and two to one of the (P'PCOP)Ir catalyst to the isomerization co-catalyst
were tested. No meaningful change in 1,5-dimethylnaphthalene concentration was
observed for any of the co-catalysts screened and yields of other products were not

increased in any significant way.

4.2.3 Attempts to Increase o-Pentyltoluene

As previously detailed, the Goldman Group has established that pincer catalysts

and zeolites can convert o-pentyltoluene to 1,5-dimethylnaphthalene (Scheme 4.12).2%

Ir Pincer Catalyst OO
(ji\/\/ Zeolites

Scheme 4.12: Conversion of o-pentyltoluene to 1,5-dimethylnaphthalene

Attempts to maximize o-pentyltoluene formation would therefore be of interest because
o-pentyltoluene is a potential precursor to polyethylene naphthalene monomers. Based
on the original report from the Goldman Group, B-zeolite and HSZ-25 zeolite were used

as co-catalysts for dehydroaromatization reactions to convert any o-pentyltoluene
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formed to 1,5-dimethylnaphthalene. Under dehydroaromatization conditions, both
zeolites caused deactivation of the catalyst and overall yield was significantly decreased
regardless of concentration of zeolite. Also, all of the co-catalysts used in Figure 4.2
caused no appreciable difference in o-pentyltoluene concentration due to lack of control

over product distribution of C, aromatics.

The only instances where o-pentyltoluene concentration was changed was related
to either decreasing dimer formation or decreasing benzene formation, which is further
detailed in Chapters 2 and 3. Adding NaO'Bu, increasing the temperature, and changing
the acceptor from TBE to 1-pentene all give increased yields of o-pentyltoluene (Table

4.2).



Table 4.2: Attempts to change the yield of o-pentyltoluene
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Reaction

Benzene
+

Hexane

Dodecane

o-Pentyl
Toluene

1,5-Dimethyl
Naphthalene

Other C12
Aromatics

Dimers

170°C
TBE

16 %

15 %

16 %

2%

12 %

22%

170 °C with
30 mM
NaO!Bu

TBE

17 %

9%

26 %

3%

17 %

18 %

200 °C with
30 mM
NaO'Bu

TBE

13 %

5%

36 %

3%

30 %

11%

170 °C with
30 mM
NaO‘Bu

1-Pentene

9%

29%

29%

1%

27 %

2%

Conditions: [(P'PCOP)Ir(C,H4)] = 10 mM; [n-dodecane] = 1.3 M. Dimers are formed via Diels-Alder
reactions and iridium-mediated dimerizations and are not well resolved on GC. Concentration of
dimers are calculated based on missing dodecane.

There are significant changes in o-pentyltoluene concentration for these reactions.

Without NaO'Bu at 170 °C the total o-pentyltoluene yield is at 16 %, but this can be

increased up to 36 % by increasing the temperature and adding base. Adding 1-pentene

as an acceptor instead of TBE causes a huge drop in dimer and benzene formation but

there is a large amount of unreacted n-dodecane due to dimerization of the acceptor. By

increasing the yield of o-pentyltoluene, the tandem pincer/zeolite catalyst reaction to

synthesize 1,5-dimethylnaphthalene becomes more viable and overall there is an

increase from 18 % to 39 % of PEN precursors.
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4.2.4 Attempts to Access 1,5-Dimethylnaphthalene from n-Tridecane

As previously detailed, dehydroaromatization of n-dodecane can give 1,5-
dimethylnaphthalene as a biaromatic product. However, only one of the Ci
alkylaromatics can be further used towards formation of 1,5-dimethylnaphthalene

(Scheme 4.13).

©/\”'CSH11 Ir Pincer Catalyst OO
OO Zeolites

n-CqaHog 0

X
qon
O,
U,
0/77‘9,«/?6
&
7

i

O O

N IN

T T

& ©
Y

Scheme 4.13: One C1; alkylaromatic can form 1,5-dimethylnaphthalene

n-Tridecane was thought to be a good alternative because two of the Ci3 alkylaromatic
products are potential PEN precursors as opposed to just one alkylaromatic from n-

dodecane (Scheme 4.14).%6
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n-CgHyq3
@ Ir Pincer Catalyst OO
n-CsHiq Zeolites

n-C3H7
n-C7zHq5

Scheme 4.14: PEN precursors from n-tridecane

The 1-ethyl-5-methylnaphthalene can undergo scission of the ethyl group to give 1,5-

dimethylnaphthalene via a known process (Scheme 4.15).2”

() = D
SR
316 °C

Scheme 4.15: Scission of 1-ethyl-5-methylnaphthalene to give 1,5-dimethylnaphthalene
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Interestingly, dehydroaromatization of tridecane does not give a fused biaromatic but
instead give 2-methylbiphenyl as the only biaromatic product (Scheme 4.16 and Table

4.3).

iPra PEN Other C13
(I r PCOP)Ir(CZH4) Alkylbenzenes + Alky|benzenes C7 Fragments
170 °C, NaO'Bu 20 % 0 (7 %)
n-Cy3Hag /\ - (20 %) (13 %)
e OO0
8 % 7%

Scheme 4.16: Dehydroaromatization of n-tridecane yields 2-methylbiphenyl

Table 4.3: Yields from a representative dehydroaromatization with n-tridecane

Identity Concentration

(mM)
TBE 12

TBA 5255
Benzene 207
Heptane 107
Toluene 62
Tridecane 254
Ci3 olefins 49
Other Ci3 alkylbenzenes 176
PEN alkylbenzenes 259
2-methylbiphenyl 89
Dimers 135

Conditions: [(P"PCOP)Ir(CzHa)] = 10 mM; [n-tridecane] = 1.3 M; [TBE] = 5.35 M; 170°C, 30 mM
NaO'Bu. Dimers are formed via Diels-Alder reactions and iridium-mediated dimerizations and
are not well resolved on GC. Concentration of dimers are calculated based on missing
tetradecane.
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2-Methylbiphenyl is an undesirable product because it is not a PEN precursor and it is
synthesized directly from o-hexyltoluene, which is a PEN precursor. Similar to the
attempts to optimize 1,5-dimethylnaphthalene from n-dodecane, optimization of PEN
precursors from n-tridecane was met with limited success despite multiple attempts with

a variety of catalysts (see Figure 4.3).

4.3 Experimental

The representative procedure for dehydroaromatization reactions is as follows: In
an argon-filled glove box, (P"PCOP)Ir(n2-C2Ha) (5.6 mg, 0.01 mmol, 10 mM) was dissolved
in n-alkane (e.g. dodecane: 0.3 mL, 1.32 mmol, 1.3 M); TBE (4.1 equivalents with respect
to dodecane, 0.7 mL, 5.43 mmol, 5.35 M) and mesitylene (0.01 mL, internal standard)
were then added to the solution. Aliquots of this solution (0.1 mL each) were transferred
to several 5 mm glass tubes and the contents were cooled under liquid nitrogen and
sealed under vacuum. The sealed tubes were heated simultaneously in a preheated oven.
At regular intervals, a tube was brought to room temperature and the sample was
analyzed by gas chromatography in comparison with authentic products. The major

products were confirmed by GC-MS.

All alkanes, mesitylene, and TBE were distilled under vacuum from Na/K alloy after
several freeze-pump-thaw cycles and stored in an argon glove box. Gas chromatography
(GC) measurements were performed on a Varian 430 instrument fitted with a capillary

column (30 m length x 0.25 mm inner diameter x 0.5 um film thickness). Gas



122

chromatography — mass spectrometry (GC-MS) measurements were performed on a
Varian 3900 Saturn 2100T instrument fitted with a capillary column (30 m length x 0.25

mm inner diameter x 0.25 pum film thickness).

4.4 Summary

Dehydroaromatization reactions can vyield precursors to the highly desirable
polymer, polyethylene naphthalate. Dehydroaromatization of n-dodecane can give 1,5-
dimethylnaphthalene or o-pentyltoluene, which can be converted to 1,5-
dimethylnaphthalene in a known process using a pincer catalyst and zeolites. Yields of
1,5-dimethylnaphthalene from dehydroaromatization are low despite multiple attempts
to increase those yields. Yields of PEN precursors from n-dodecane can be increased from
18 % to 39 %, but are still low. Dehydroaromatization of n-tridecane can give two
alkylaromatics which can be converted to 1,5-dimethylnaphthalene. Attempts to increase
yields of those two alkylaromatics were met with limited success due to the presence of
2-methylbiphenyl, which is the only biaromatic product present from

dehydroaromatization of n-tridecane.
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Chapter 5

Dehydroaromatization of Branched Starting Materials to Form Xylenes

Abstract

Dehydroaromatization reactions of n-alkanes can yield benzene, toluene, and o-
xylene from n-hexane, n-heptane, and n-octane, respectively. p-Xylene or m-xylene are
not observed at any point from dehydroaromatization of linear alkanes.
Dehydroaromatization reactions of branched starting materials are presented to allow for
formation of p-xylene and m-xylene. Specifically, 2-ethyl-1-hexene can yield mostly p-
xylene and is a convenient starting material because it can be synthesized from ethylene
using known procedures. Attempts to maximize p-xylene formation and minimize dimer

formation are discussed.
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5.1 Introduction

Benzene, toluene and xylene, the so-called BTX family, are three of the seven basic
building blocks of the chemical industry and p-xylene is the most desirable of the three
xylenes and of the entire BTX family.! Several million tons of p-xylene are produced each
year with a six to eight percent increase every year.? " * p-Xylene is used primarily as a
precursor to terephthalic acid, which is used to synthesize polyethylene terephthalate
(PET). PET is a highly versatile polymer that is used in a wide variety of commercial

products, including bottles, containers, fabrics, films, and packaging materials.>

Almost all industrially produced p-xylene comes from catalytic reforming of
naphtha.? This process is an unselective process that produces all three xylene isomers,
as well as benzene, toluene and other aromatics. Xylenes are separated from other
aromatics through fractional crystallization or adsorption, but separation of xylene
isomers is a difficult and energy intensive process due to similar boiling points.” Therefore,

alternative methods to access p-xylene are highly desirable.

Other ways to produce p-xylene are through toluene disproportionation or
methylation of benzene or toluene. Toluene disproportionation allows for two molecules

of toluene to react and form xylenes and benzene (Scheme 5.1).2
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Scheme 5.1: Toluene disproportionation

This is a useful process because toluene is the least desirable of the BTX family and allows
for conversion of toluene to xylenes. New processes allow for up to ninety percent
selectivity for p-xylene during toluene disproportionation reactions.’ The downside of this
reaction is that toluene is used for a variety of other purposes and using toluene to
synthesize the p-xylene decreases overall stock of toluene. Also, the reaction necessarily
allows for a theoretical maximum yield of fifty percent for p-xylene due to concurrent

production of benzene.

Unlike toluene disproportionation reactions, methylation of benzene or toluene
does not have the same limitations on maximum yield of p-xylene. This process usually
requires methanol and a zeolite catalyst, giving xylenes and water as a byproduct (Scheme

5.2).10

Zeohtes
Methanol " " * H0

Scheme 5.2: Methylation of toluene
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This process typically yields an unfavorable composition of xylenes due to the
thermodynamic equilibrium of the reaction (52 % m-xylene, 24 % o-xylene and 24 % p-
xylene).* 1112 Again, these isomers are difficult to separate due to similar boiling points.”
However, the zeolites used for the reaction can be tuned to allow for isomerization of m-
xylene and o-xylene to p-xylene.!® -1 This can be achieved by decreasing the pore size or
removing the surface acid sites on the zeolites. Decreasing the pore size allows for
increased diffusion of p-xylene compared to o-xylene or m-xylene, which leads to an
increase in isomerization of both o-xylene and m-xylene while leaving p-xylene
unchanged. The surface acid sites of zeolites can also isomerize xylenes and neutralizing
the acid sites on the exterior of the zeolites prevents unselective acid-catalyzed
isomerization of p-xylene by those surface sites. In some cases, zeolite modification can
allow for close to 100 percent selectivity for p-xylene.'* 2° While these reactions can be
highly selective, the use of toluene or benzene as a starting material is undesirable due to
the variety of other useful applications for those molecules. An alternative method for

producing p-xylene from less valuable starting materials would be highly useful.

Accessing p-xylene via dehydroaromatization is a worthwhile goal because the
reaction would allow for conversion of an alkane to p-xylene. Dehydroaromatization of
linear alkanes can give benzene, toluene, and o-xylene but cannot yield any m-xylene or

p-xylene due to the mechanism for aromatic formation (Scheme 5.3 and Figure 5.1).%
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(P*PCOP)Ir(C,H,), NaOBu
170 °C, 4 Eq TBE, 120hours ©

(P4PCOP)Ir(C,H,), NaOBu

-

170 °C, 4 Eq TBE, 120hours

(P4PCOP)Ir(C,H,4), NaOBu
170 °C, 4 Eq TBE, 120hours

Scheme 5.3: Formation of BTX aromatics via dehydroaromatization

BN

[Ir-cat], 170 °C, 120 hours
NN =
4 equiv. TBE *

+ TBE A
NN TBE = /\’< TBA -~ [Ir-cat]
TBE
[Ir-cat]

[Ir-cat]
RN

TBE

or —>, N A A >
\ | _— + | +
-TBA Z
or
Other internal octenes

[Ir-cat] = I .
('"Pr)oP—Ir—P(Pr),
CoHy4

Figure 5.1: Dehydroaromatization of n-octane yields o-xylene and ethylbenzene
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Dehydroaromatization of n-alkanes allows for access to members of all three aromatics
of the BTX family but dehydroaromatization of n-octane can only yield o-xylene of the
different xylene isomers. It would be desirable to find a way to use dehydroaromatization

reactions to give p-xylene, and that goal is the focus of this chapter.

5.2 Results and Discussion
5.2.1 Dehydroaromatization of 3-Methylheptane

One possible alkane that can be used as a starting material for

dehydroaromatization to form p-xylene is 3-methylheptane (Scheme 5.4).

(P4PCOP)Ir(C,H,4) (10 mM)
170°C, NaO'Bu (30 mM)

/\(\/\ 4 Eq TBE

Scheme 5.4: Formation of p-xylene via dehydroaromatization of 3-methylheptane

Dehydroaromatization of 3-methylheptane can yield multiple aromatic products

depending on the manner in which cyclization occurs (Scheme 5.5).
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Scheme 5.5: Potential products formed from dehydroaromatization of 3-methylheptane

Cyclization can take place from three different trienes, which yields three different Cg
aromatic products. The potential for multiple Cg aromatic products from 3-
methylheptane starting material is not ideal, but this would be an interesting reaction

nonetheless.

Data for dehydroaromatization of 3-methylheptane are shown below in Scheme

5.6, Figure 5.2, and Table 5.1.
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(P4PCOP)Ir(C,H,4) (10 mM) + + ©/\
170°C, NaO'Bu (30 mM)
/\(\/\ 4 Eq TBE

35 % 10 % 2%

+ Dimers

36 %

Scheme 5.6: Dehydroaromatization of 3-methylheptane
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Figure 5.2: Dehydroaromatization of 3-methylheptane
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Table 5.1: Dehydroaromatization of 3-methylheptane (mM)

. 3-Methyl Cs Ethyl o- pP- Cie
Time | TBE | TBA heptane | Olefins | benzene | Xylene | Xylene | Dimers
Ohr [5549| O 1376 0 0 0 0 0
2hr | 4855 | 645 1006 352 2 7 4 0

4 hr 4711 | 932 912 455 9 17 6 0

7 hr 4447 | 1077 822 500 12 25 13 5
24 hr | 3696 | 1882 568 573 21 53 70 55
48 hr | 2767 | 2555 366 480 24 72 151 150
120 hr | 954 | 4335 101 175 29 132 474 245

Conditions: [(P"PCOP)Ir(C,H4)] = 10 mM; [3-methylheptane] = 1.4 M; [TBE] = 5.6 M;
170°C, 3 equivalents NaO'Bu relative to catalyst. Dimers are formed via Diels-Alder reactions and
iridium-mediated dimerization and are not well resolved on GC. Concentration of dimers are
calculated based on missing 3-methylheptane.

Interestingly, the major Cg product is p-xylene by a factor of about 3.5:1 relative to o-
xylene and about 18:1 relative to ethylbenzene. This is a positive result towards the goal
of synthesizing p-xylene from an alkane starting material, but there are some

disadvantages with this reaction.

Dehydroaromatization of 3-methylheptane yields a significant amount of dimers
so that the overall reaction is inefficient, but the main issue with this reaction is the use
of 3-methylheptane as a starting material. 3-Methylheptane is not an economically viable
starting material because access to 3-methylheptane is not trivial. 3-Methylheptane is
available through gas streams but is not easily separated, and synthesis of 3-
methylheptane would be cost prohibitive. Therefore, another method for synthesizing p-

xylene is required.



133
5.2.2 Dehydroaromatization of 2-Ethyl-1-hexene

Although the dehydroaromatization of 3-methylheptane offered promising results
for formation of p-xylene, the cost prohibitive nature of the starting material was
undesirable. Attempts to find a suitable alternative led to using 2-ethyl-1-hexene for
dehydroaromatization, which should form the same products as dehydroaromatization

of 3-methylheptane (Scheme 5.7).

(P™*PCOP)Ir(C4Hy4) (10 mM)

170°C, NaO'Bu (30 mM)
/\[(\/\ * + + Dimers
3 EqTBE

Scheme 5.7: Products formed by dehydroaromatization of 2-ethyl-1-hexene

2-Ethyl-1-hexene is a desirable starting material for dehydroaromatization
reactions because it can be synthesized in an economically attractive fashion.
Dimerization of ubiquitous ethylene is a known reaction to form 1-butene and

dimerization of 1-butene is a known reaction to form 2-ethyl-1-hexene (Scheme 5.8).22-26

Ti(OC 4Hg)4/ TEA/THF/EDC CP,ZrCl,/MAO

= N /\[(\/\

Scheme 5.8: Synthesis of 2-ethyl-1-hexene
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These two known reactions show that 2-ethyl-1-hexene can be synthesized from
ethylene. Combining the synthesis shown in Scheme 5.8 with dehydroaromatization of 2-
ethyl-1-hexene means that p-xylene can be accessed from ethylene as the starting
material. This is highly desirable due to the massive amount of ethylene supply across the

world.

Data for the dehydroaromatization of 2-ethyl-1-hexene are shown below in

Scheme 5.9, Figure 5.3, and Table 5.2.

(P4PCOP)Ir(CoH,4) (10 mM)
170°C, NaO'Bu (30 mM)
/\[(\/\ g + + + Dimers
3 EqTBE

38 % 7% 2% 52 %

Scheme 5.9: Dehydroaromatization of 2-ethyl-1-hexene
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Figure 5.3: Dehydroaromatization of 2-ethyl-1-hexene
Table 5.2: Dehydroaromatization of 2-ethyl-1-hexene (mM)

. 2-Ethyl-1- Cs Ethyl o- p- Cis
Time | TBE | TBA hexene | Olefins | benzene | Xylene | Xylene | Dimers
Ohr |5540| O 1179 557 0 0 0 0
2hr | 4748 | 852 598 961 19 61 21 70
4 hr |4403 | 1215 482 987 24 80 53 85
7hr | 4247 | 1715 315 849 31 81 90 215
48 hr | 1184 | 4762 16 225 36 126 535 420
120 hr | 108 | 6153 0 8 37 128 687 470

Conditions: [(P"PCOP)Ir(C,H4)] = 10 mM; [2-ethyl-1-hexene] = 1.8 M; [TBE] = 5.6 M;
170°C, 3 equivalents NaO'Bu relative to catalyst. Dimers are formed via Diels-Alder reactions and
iridium-mediated dimerization and are not well resolved on GC. Concentration of dimers are
calculated based on missing 2-ethyl-1-hexene.
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Compared to 3-methylheptane, dehydroaromatization of 2-ethyl-1-hexene gives a slightly
higher percentage of p-xylene (38 % vs 35 %), but the biggest difference is the ratio of p-
xylene to o-xylene (5.4:1 vs 3.5:1). Another advantage to using 2-ethyl-1-hexene as a
starting material is that the dehydroaromatization process in this case only requires three
equivalents of hydrogen acceptor. This further decreases the overall cost of the reaction

due to the cost of using TBE as an acceptor.

Two other issues that need to be addressed are the interesting kinetics of
formation for o-xylene and the significant formation of dimers from this reaction. The
kinetics of formation for o-xylene show that a large amount of o-xylene is formed during
the first several hours of reaction but the total o-xylene concentration levels off after
seven hours while p-xylene is still forming for the full length of the reaction (see Figure
5.3). In order to understand this observation, analysis of the pathways of o-xylene and p-

xylene must be performed.

The pathways for formation of o-xylene and p-xylene show why o-xylene

formation levels off after a couple hours (Scheme 5.10).
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Scheme 5.10: Pathway of formation for p-xylene and o-xylene

In order for either o-xylene or p-xylene to form from 2-ethyl-1-hexene, isomerization of
the initial double bond needs to take place. That double bond can isomerize to the right,
which will ultimately lead to formation of p-xylene, or it can isomerize to the left, which
will ultimately lead to formation of o-xylene. Isomerization across the methyl group is
higher in energy than either isomerization between primary and secondary carbon or
isomerization between two secondary carbons and a second dehydrogenation reaction
will be favorable due to the presence of a diene which is stabilized by hyperconjugation,
so isomerization across the methyl group is unlikely.?”- 28 It should be noted that DFT
calculations were performed on the cyclization of the trienes, and although the o-xylene
triene precursor cyclizes faster than the p-xylene triene precursor, the difference in

cyclization rates is negligible.
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Therefore, the hypothesis states that o-xylene precursors are consumed faster
than the p-xylene precursors. Specifically, the cyclic diene intermediates A and B that are
formed after cyclization of the previous trienes show why o-xylene formation is quick and
levels off. For o-xylene precursor B, isomerization takes place to yield precursor B’, which
contains a conjugated pair of thermodynamically stable tertiary olefins. Intermediate B’
can easily be directly dehydrogenated to give o-xylene. On the other hand, p-xylene
precursor A will first isomerize to yield a non-conjugated pair of thermodynamically stable
tertiary olefins (precursor A’). Intermediate A’ cannot be directly dehydrogenated to give
p-xylene. In order to reach p-xylene, one of the tertiary double bonds needs to be
isomerized across the methyl group to produce precursor A”. Even though additional
thermodynamic stability is imparted to intermediate A” due to hyperconjugation of the
double bonds, the relatively high kinetic barrier of isomerization across the methyl group

slows down overall formation of p-xylene.

Also, it should be noted that a change in the active catalytic species is not the
reason for o-xylene formation leveling off: the ratio of o-xylene to p-xylene after two
hours is 1.8:1, and removing the catalyst from the solution and adding fresh reagents
gives a ratio of 2.4:1 of o-xylene to p-xylene. If the catalyst was the cause for o-xylene
leveling off, that ratio should decrease significantly to the point where p-xylene formation
is favored. Therefore, a change in the active catalyst is not the cause of the interesting

formation kinetics of o-xylene.

The amount of dimers formed after 120 hours during dehydroaromatization of 2-

ethyl-1-hexene is exceedingly high (52 %). This number would have to be significantly
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decreased for this process to be of commercial interest. Dimers are formed via Diels-Alder
reactions between the multitude of olefin intermediates produced or via iridium-
mediated dimerization. Dimer formation can be limited by increasing the temperature of

the reaction, diluting the reaction, or by promoting gas phase reactions.

Dimer formation via Diels-Alder reactions can be limited by increasing the
temperature of the reaction because Diels-Alder reactions are reversible at high
temperatures.?® Also, increasing the temperature of the reaction will increase the overall
rate of dehydroaromatization so intermediate olefins will react faster and be less likely to
undergo Diels-Alder dimerization or iridium-mediated dimerization. Attempts to limit
dimer formation by increasing the temperature of dehydroaromatization are summarized

in Table 5.3.

Table 5.3: Limitation of dimers through increased temperature after 120 hours

] Ethyl o- - Cis
Reaction benzZne Xylene nyene Dimers
170 °C 2% 7% 38% 52%
200 °C 6 % 7% 51% 33%
230 °C 5% 8% 45 % 42 %

Conditions: [(P"PCOP)Ir(C,Ha)] = 10 mM; [2-ethyl-1-hexene] = 1.8 M; [TBE] = 5.6 M; 3
equivalents NaO'Bu relative to catalyst. Dimers are formed via Diels-Alder reactions and iridium-
mediated dimerization and are not well resolved on GC. Concentration of dimers are calculated

based on missing 2-ethyl-1-hexene.

Increasing the temperature from 170 °C to 200 °C decreases total dimer formation to 33

% from 52 % and increases p-xylene concentration to 51 % from 38 %. Total o-xylene stays
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the same while ethylbenzene increases from 2 % to 6 %. The overall reaction is much
better because the dimer formation decreased while the ratio of p-xylene to o-xylene
increased from 5.4:1 to 7.3:1. Interestingly, although the temperature to 230 °C does give
better yields compared to the reaction at 170 °C, it does not give better yields of desired
products compared to the reaction at 200 °C. This is likely due to slight catalyst

decomposition at the elevated temperature.

Diluting the reaction in a solvent that is inactive towards the catalyst can also
decrease dimer formation because the olefins in solution will be diluted and therefore
less likely to react with other olefins. As the (P"PCOP)Ir catalyst cannot C-H activate ortho
to a methyl group, mesitylene can be conveniently used as a solvent in a 5:1 ratio to the
reaction mixture to dilute the concentration of olefin species in solution.3® Attempts to

limit dimer formation through dilution are summarized below in Table 5.4.

Table 5.4: Limitation of dimers through dilution after 120 hours

Reaction Ethyl 0 P- Cie
benzene | Xylene | Xylene | Dimers
170 °C® 2% 7% 38% 52 %
170 °CP
DiI(L)JteCd 3% 13% 43 % 27 %
200 °CP
Diluted 7% 11% 60 % 20%
230 °CP
Diluted 8 % 12 % 54 % 23 %

Conditions: @ [(""PCOP)Ir(C2H4)] = 10 mM; [2-ethyl-1-hexene] = 1.8 M; [TBE] =5.6 M; 3
equivalents NaO'Bu relative to catalyst.
®[(P'PCOP)Ir(C2H4)] = 10 mM; [2-ethyl-1-hexene] = 0.36 M; [TBE] = 1.1 M; 3 equivalents
NaO'Bu relative to catalyst. Dimers are formed via Diels-Alder reactions and iridium-mediated
dimerization and are not well resolved on GC. Concentration of dimers are calculated based on
missing 2-ethyl-1-hexene.
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Diluting the reaction by eighty percent in unreactive mesitylene leads to a significant
decrease in dimer formation (52 % to 27 %) and an increase in Cg aromatics (47 % to 59
%). However, there is a decrease in the ratio of p-xylene to o-xylene (5.4:1 to 3.3:1) and
some unreacted starting material. Combining the idea of increasing the temperature of
the reaction with diluting the reaction in mesitylene leads to a better reaction. At 200 °C
and eighty percent dilution in mesitylene total dimer formation is down to 20 % while p-
xylene formation is up to 60 %. Also, the ratio of p-xylene to o-xylene remains the same
and there is very little unreacted starting material. The yield of ethylbenzene increases
from 2 % to 7 % due to the rate of dehydrogenation increasing at higher temperatures
and leading to less isomerization of 2-ethyl-1-hexene, which aromatizes to ethylbenzene
(see Scheme 5.5). Again, increasing the temperature to 230 °C did not yield better results
than the reaction at 200 °C due to slight decomposition of the catalyst at the elevated

temperature.

The final method for decreasing dimer formation is to run the
dehydroaromatization reaction in the gas phase based on work performed in the
Goldman Group by Akshai Kumar and co-workers.3! Running the reaction in the gas phase
will limit dimer formation because the Diels-Alder dimerization will be entropically
unfavorable and the equilibrium will shift towards the retro-Diels-Alder products.3?
Unfortunately, every attempt to run gas phase dehydroaromatization reactions led to

catalyst decomposition and a large amount of unreacted starting material. Catalyst
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decomposition was observed despite changes to reaction time, temperature, catalyst,
NaO'Bu, volume, and reaction procedure. A dehydroaromatization reaction was run
under gas phase conditions and typical liquid phase dehydroaromatization conditions

from the same stock solution to compare yields of products (Table 5.5).

Table 5.5: Gas phase vs. liquid phase dehydroaromatization

Phase Unreacted Ethyl o- p- Cis
S.M. benzene | Xylene | Xylene | Dimers
Liquid 2% 3% 9% 43 % 40 %
Gas 46 % 2% 9% 35% 1%

Conditions: [(*"PCOP)Ir(CzH4)] = 10 mM; [2-ethyl-1-hexene] = 1.8 M; [TBE] = 5.6 M; 120 hours,

200 °C, 3 equivalents NaO'Bu relative to catalyst. Dimers are formed via Diels-Alder reactions

and iridium-mediated dimerization and are not well resolved on GC. Concentration of dimers
are calculated based on missing 2-ethyl-1-hexene.

Catalyst decomposition is observed for the gas phase reaction and not observed for the
liquid phase reaction despite both reactions being run under the same conditions. The
gas phase reaction has 46 % unreacted 2-ethyl-1-hexene compared to just 2 % for the
liquid phase reaction. However, despite a large amount of unreacted starting material for
the gas phase reaction, total dimer formation is drastically decreased compared to the
liquid phase reaction (1 % vs. 40 %). Also, total Cg concentration for the gas phase reaction
is only marginally lower than the liquid phase reaction, again despite 46 % unreacted
starting material for the gas phase reaction. Running the dehydroaromatization reaction
in the gas phase successfully decreases total dimer formation, therefore preventing

catalyst decomposition for this reaction is a worthwhile goal.
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5.2.3 Dehydroaromatization of 4-Methylheptane

Although m-xylene is not as useful as p-xylene, there is some commercial interest
in synthesizing m-xylene for use in synthesis of resorcinol.3® Resorcinol is used for
production of tires, resins, acne medications, and many other commercial products.3*
Based on previous results showing that 3-methylheptane can be dehydroaromatized to
give p-xylene, 4-methylheptane should dehydroaromatize to form m-xylene. Because the
triene formed from transfer dehydrogenation of 4-methylheptane is symmetrical, the

only aromatic product that can be formed is m-xylene (Scheme 5.11).

(Pr4PCOP)Ir(C,H,4) (10 mM)
/\)\/\ 170°C, NaO'Bu (30 mM) /\)\/\
> / / /

3 Eq TBE

(P4PCOP)Ir(CoH,4) (10 mM)
170°C, NaO'Bu (30 mM)

1 Eq TBE

Scheme 5.11: Formation of m-xylene through dehydroaromatization of 4-

methylheptane

Data for the formation of m-xylene from dehydroaromatization of 4-methylheptane is

shown below in Scheme 5.12 and Table 5.6.
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(P PCOP)Ir(C,H,) (10 mM)

170°C, NaO'Bu (30 mM)

4 Eq TBE

82 %

+ Dimers

17 %

Scheme 5.12: Dehydroaromatization of 4-methylheptane

Table 5.6: Dehydroaromatization of 4-methylheptane (mM)

. 4-methyl Cs m- Cie
Time | TBE | TBA heptane | Olefins | Xylene | Dimers
Ohr | 6026 0 1459 0 0 0
2hr | 5050 | 1031 792 659 10 0
4dhr | 4772 | 1243 728 752 23 0

7 hr | 4456 | 1586 597 801 54 0
24 hr | 2928 | 3122 303 724 335 50
48 hr | 1376 | 4236 119 409 810 80
120 hr 17 | 5988 3 20 1171 130
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Conditions: [(P"PCOP)Ir(C;H4)] = 10 mM; [4-methylheptane] = 1.43 M; [TBE] = 5.72 M; 120 hours,
170 °C, 3 equivalents NaO'Bu relative to catalyst. Dimers are formed via Diels-Alder reactions
and iridium-mediated dimerization and are not well resolved on GC. Concentration of dimers

are calculated based on missing 4-methylheptane.

Interestingly, the total dimer formation for this reaction is significantly decreased

compared to the dehydroaromatization of 3-methylheptane or 2-ethyl-1-hexene. Along

with decreased dimers, there is a large amount of m-xylene (82 % vyield). Applying the

same ideas that gave decreased dimers for dehydroaromatization of 2-ethyl-1-hexene

should also further decrease dimers for dehydroaromatization of 4-methylheptane.
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Similar to 3-methylheptane, 4-methylheptane is an exotic starting material and lack of an

economically viable synthetic procedure makes this reaction difficult to commercialize.

5.2.4 Dehydroaromatization of 2,5-Dimethylhexane

One of the disadvantages to using 2-ethyl-1-hexene as a starting material for
dehydroaromatization to for p-xylene is that multiple Cs aromatic products are possible
from that reaction. Dehydroaromatization using 2,5-dimethylhexane as a starting

material would give p-xylene as the only Cg aromatic product (Scheme 5.13).
(Pr4PCOP)Ir(C,H,4) (10 mM)
)\/\( 170°C, NaO'Bu (30 mM)
4 Eq TBE

Scheme 5.13: Formation of p-xylene from dehydroaromatization of 2,5-dimethylhexane

Dehydroaromatization reactions using 2,5-dimethylhexane gave very little p-xylene and
instead gave a large amount of 2,5-dimethyl-2,4-hexadiene, which does not go on to form

p-xylene (Scheme 5.14).
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Scheme 5.14: 2,5-Dimethyl-2,4-hexadiene prevents p-xylene formation

Once the double bonds are in the 2,4 position, they are unlikely to be isomerized. This is
due to the high stability imparted by both bonds being adjacent to tertiary carbons and
that the diene is stabilized by hyperconjugation. Changing the temperature, catalyst, and
reaction time had little effect on the overall concentration of p-xylene and it is unlikely

that 2,5-dimethylhexane can be a viable starting material for dehydroaromatization.

5.3 Experimental
5.3.1 General Procedure for Dehydroaromatization

The representative procedure for dehydroaromatization reactions is as follows: In
an argon-filled glove box, (P"PCOP)Ir(n2-Cz2Ha) (5.6 mg, 0.01 mmol, 10 mM) was dissolved
in substrate (e.g. 2-ethyl-1-hexene : 0.28 mL, 1.82 mmol, 1.8 M); TBE (3.1 equivalents with
respect to 2-ethyl-1-hexene, 0.7 mL, 5.46 mmol, 5.5 M) and mesitylene (0.01 mL, internal
standard) were then added to the solution. Aliquots of this solution (0.1 mL each) were
transferred to several 5 mm glass tubes and the contents were cooled under liquid
nitrogen and sealed under vacuum. The sealed tubes were heated simultaneously in a

preheated oven. At regular intervals, a tube was brought to room temperature and the
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sample was analyzed by gas chromatography in comparison with authentic products. The

major products were confirmed by GC-MS.

All alkanes, alkenes, mesitylene, and TBE were distilled under vacuum from Na/K
alloy after several freeze-pump-thaw cycles and stored in an argon glove box. Gas
chromatography (GC) measurements were performed on a Varian 430 instrument fitted
with a capillary column (30 m length x 0.25 mm inner diameter x 0.5 um film thickness).
Gas chromatography — mass spectrometry (GC-MS) measurements were performed on a
Varian 3900 Saturn 2100T instrument fitted with a capillary column (30 m length x 0.25

mm inner diameter x 0.25 um film thickness).

5.3.2 DFT Information

All calculations were carried out using the Gaussian 09 suite of quantum chemical
programs and the Lee-Yang-Parr correlation functional B3LYP with a 6-311 + (d,g) basis
set.3> Rates were calculated using the Eyring equation.3® The following tables and figures

are DFT coordinates for calculations presented in Table 3.7 and Table 3.8.

5.4 Summary

Dehydroaromatization reactions were performed on non-linear starting materials
to give different products. Specifically, 3-methylheptane and 2-ethyl-1-hexene were used

to form the highly desirable molecule p-xylene. 2-Ethyl-1-hexene is a particularly
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attractive starting material because it can be synthesized using known methods from
ethylene. p-Xylene is the major product formed form these reactions and attempts to
minimize all other products has led to a yield of sixty percent p-xylene. m-Xylene is useful
as a precursor to resorcinol and can be synthesized using dehydroaromatization starting
from 4-methylheptane. Attempts to synthesize p-xylene from 2,5-dimethylhexane
starting material were unsuccessful due to the formation of the highly stable diene 2,5-

dimethyl-2,4-hexadiene.

5.5 Appendix

The following figures are GC traces of dehydroaromatization reactions after 120

hours.
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