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CHAPTER 1

General introduction

Although longer chain terminal alkenes have a wide variety of uses, such as in the production of
detergents, plasticizers and iubricants and as pelymerization co-monomaers, only a limited number
of processes are industrially applied to prepare these alkenes. Among these processes are the
dehydration of natural alcohols, cracking of higher paratfins (wax cracking), and oligomerization
processes such as the Ziegler process and the Shell Higher Olefin Process {SHOP),'?

The basic raw material for the dehydration of alcohols is a fatty acid triglyceride, which is first
converted to the methyl ester and then reduced to the primary alcohol. The alcohol is dehydrated
to a terminai alkene in a catalylic vapeur phase reaction at 300-450 °C over a neutral o slightly
basic alumina catalyst (Figure 1.1).
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Figure 1.1: Schematic representation of the dehydrafion of alcohols

Thermal cracking of paraffin waxes (Figure 1.2) has been used for many years tc prepare terminal
alkenes (c-olefing). In order to minimize the production of ethene and propene and maximize the
yield of {erminal alkenes, wax cracking is conducted under scmewhat milder conditions
{500-600 °C for 5-15 s) compared to the production of ethene by cracking of naphtha or gas-oil.
Although the chemistry of this process is quite complex, the simplified process can be seen as a
radical chain mechanism in which the key step is the elimination of t-alkene from a secondary free
radical.
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Fiqura 1.2: Schematic reprasentation of wax cracking



General introduction

In the Ziegler process (Figure 1.3), ethene is converted inta C,-Cy terminal alkenes (a-olefing) with
an even number of carbon atoms. Unlike the product from the wax cracking process, the 1-alkenes
that are prepared with the Ziegler process are essentially free of diene, naphthene and aromatic

impurities.
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alpha-olefins
Et.Al

CoHy |

r
Phase i | H0
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alpha-oiefin
fractions NaAlQ;

Figure 1.3: Schematlic representation of the Ziegler process

The nickel-catalyzed cligomerization of ethene to prepare linear terminal alkeres on a large scale
was used by Shell in the Shell Higher Olefin Process (Figure 1.4).
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Figure 1.4: Schematic representation of the Sheif Higher Olefin Process (SHOP)
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SHOP involves four sequential operations, startting with ethylena oligomerization with a soluble
nickel catalyst to give linear terminal alkenas. These alkenas are isomerized over a heterogeneous
catalyst to internal alkenes in the second step. The third step involves a metathesis reaction,
followed by a combination of isomerization, hydroformylation and hydrogenation in the last step.

Most of the commercial processes are based on ethylene oligomerization, and produce only even
numbered linear terminal alkenes. The terminal alkenes that are available in South Africa however,
are mostly produced from a gasification plant and Fischer-Tropsch conversion (Sasal) (Figure 1.5).
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General introduction

As can be seen in the product grade-up section, the Cs-Cp aikene stream is distilled out in the
hydrocarbon upgrading step. These alkene streams inciude odd-numbered terminal alkenes,
making this product unique to South Africa. Since the world market is focused on even numbered
terminal alkenes, there is a need to convert shorter chain (odd-numbered) terminal alkenes into the
more valuable longer chain (even-numbered) terminal alkenes.

There are different catalytic routes to add value to the alkene streams available in South Africa,
which consist mainly of Cs-Cs alkenes. To increase the chain length processes such as
oligomerization and metathesis can be used, followed by the conversion of an intemal alkene into
a terminal alkene by using an isomerization step. When different cataiytic reactions are combined
in one reactor, without separation steps in between, the term “tandem cataiysis* is usea **

Metathesis Is the reaction that is used as the first step of the tandem reactions, and converts the
short chain terminal alkene starting material inte a longer chain intemal alkene in the presence of a
transition metal catalyst.®” The transalkylation reaction is based on the growth reaction that was
developed by Ziegler and co-workers. In this transalkylation reaction, an infernal alkene is
isomerized to a terrminal alkene in the presence of a trialkylatuminum compound and an
isomenzation catalyst, by the displacement and subsequent back-displacement of the alkyl groups
of the aluminum compound.®°

Although the industrial application of the transalkylation reaction was reported in patents, almost
no information can be found on the reaction itself. Therefore the transalkylation reaction will be
properly investigated before incorporating it in the tandem catatysis reactions.

The aim of this project is to obtain these longer chain terminai alkenes from widely available
shorter chain terminal alkenes through a tandem catalysis process. In this case, the fandem
catalysis experiments involve the combination of metathesis and transalkylation as well as
metathesis and isomerization in one reactor resutting in the formation of longer chain terminal
alkenes.
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1.1 AIMS AND OBJECTIVES

The aim of this study is to make longer chain terminal alkenes by using metathesis and

transalkylation or metathesis and isomerization in tandem catalysis. Te achieve this, the following

objectives were formulated:

Study and optimize the metathesis reaction of short chain alkenes with Grubbs 1 as a
catalyst.

Perform the metathesis reaction with 1-pentene under optimized conditions to obtain
4-octene, the starting material for the transalkylation and isomerization experiments.
Investigate the transalkylation reaction under different reaction conditions (temperature,
reaction time, alkene:Al ratios) with different aluminum compounds and optimize it for 4-
octene.

Find a suitable and available guantitative analysis technique to determine the vield of the
transalkytation reaction.

Develop a suitable reaction setup for the transalkylation reactions that can also be used in
the tandem experiments.

Combine metathesis and transalkylation in one single reactor to obtain 1-octene by using
tandem catalysis (Figure 1.6}.

Investigate the possibility of transforming the ruthenium Grubbs 1 cafalyst to an
isomerization catalyst in sifu, without the addition of chemicals to induce this change, for
the tandem metathesis-isomerization experiments.

Compare the 1-octene yield and selectivity of the tandem metathesis-transalkylation
reactions and the matathesis-isomerization reactions.

Ch=Cy
Cc=C,
fﬂhthu{ m
M=C, M=C

M(C~C)s M(C2r)a
c=C (\ I ‘ZC =C, w
C=sz1 c=C

Figure 1.8: Schematic representation of tandem catalysis
thydrogen and other ligands omittad for clarity, M = metal)
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1.2 STRUCTURE OF THIS THESIS

The metathesis reaction is descnbed in Chapter 2, where different alkenes are used in the
experiments and the metathesis reaction is optimized by varying the alkene:catalyst ratio.

The subject of Chapter 3 is the transalkylation reaction. The displacement and back-displacement
part of the transalkylation reaction are optimized and a suitable guantitative analysis methed
together with a stainless steel reactor setup is developed.

Chapter 4 describes two different types of tandem catalysis reactions that are both used to
transform short chain terminal alkenes into longer chain terminal alkenes. In the first tandem
reactions, the metathesis reaction (as described in Chapter 2) and the transalkylation reaction
{Chapter 3} ara combined and the tandem reaction is optimized. The 1-octene yields from these
tandem reactions are then compared 1o the second type of tandem catalysis reactions, in which
the metathesis is combined with isomerization by using the Grubbs 1 catalyst system under
different reaction conditions.

Chapter 5 summarizes the conclusions of the different components of this study and refiects on
the industrial importance of this research.
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CHAPTER 2

Vietathesis

ABSTRACT

In this chapter the metathesis reaction of different alkenes is studied and optimized. This
metathesis reaction will be used as the first stap in the tandem catalysis reactions as described in
Chapter 4. The Grubbs 1 catalyst showed high activity and selectivify and the obtained yields were
reproducible, ranging between 45 and 64% for the primary metathesis product.
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2.1 INTRODUCTION

Metathesis is the {(apparent) interchange of carbon atoms between a pair of double bonds. This
means that in 2 metathesis reaction two components react to form twe new components, with no
changes in oxidation number {Figure 2 1).

catalzst
ZCH2=C,-|H2,\ CnH2n=CnH2n + CH2=CH2

Figure 2.1: Schematic representation of the metathesis reaction

The quite extraardinary nature of the alkene metathesis reaction took chemists by surprise. No one
would have predicted in the 1950s or early ¥960s that a reaction in which the double bond was
apparently cleaved and the pieces put back together again was even remotely possible. Yet, not
only is it possible, in some cases It can proceed to equilibrium within seconds '?

In industry, metathesis is one of the fundamental technoiogies that can be used 1o manipulate
alkene streams. It allows manipulation of the carbon number of the streams, facilitates the
preparation of higher value products and can provide altemative feed streams for other processes.
A large-scale industrial process that incorporates alkene metathesis is the Sheli Higher Olefin
Process (SHOP}, where higher linear alkenes are produced from ethene.® Metathesis is also used
to produce compounds such as crown ethers, lactams and amino acids and in the ring-closing
metathesis of dienes.*®

In metathesis reactions, a distinction can be made between the primary metathesis reaction, which
is the homometathesis reaction of the starting compound, side-reactions due 1o iscmerization, and
secondary metathesis reactions. The secondary metathesis reactions include cross metathesis
reactions between terminal and internal alkenes and homometathesis reactions between identical
alkenes.”? Although cross metathesis (CM), is regarded as an unwanted side-reaction in
homometathesis, studies showed that it can be used for the homologation of terminal alkenes*

R1/\ CM R.l/\“" R2
+
\/Rz £

Figure 2.2: Scheratic representation of CM
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Other types of metathesis, which also include a metal-catalyzed redistribution of carbon-carbon
double bonds are ring-opening metathesis polymerization (ROMP), ring-closing metathesis (RCM),
acyclic diene metathesis (ADMET) and ring-opening metathesis (ROM).*"

= ‘-"‘—w_
RCM ADMET
CoHz -CaH;
X X
( ; ROMP ; :
n —_—
n

Figure 2.3: Schematic representation of various metathesis reactions

X X
( ) ROM
—— R

=
+

R

Figure 2.4: Schematic representation of ROM

These types of meatathesis were thoroughly investigated and excellent results wera obtained, for
example with ROMP to make functional polymers, '

2.1.1 Metathesis catalysts

Metathesis calalysts ¢an be divided into twa categories, homogeneous catalyst systems and
heterogeneous catalyst systems. In the heterogeneous systems, the catalyst and the substrate are
in a different phase. Usualty, the catalyst is in the solid phase, whereas the substrate will be in the
gas or liquid phase. In the homogeneous systems, the catalyst and substrate are in the same
phase, which usually is the liguie phase. Both homogenecus and heterogeneous systems are used

10
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for metathesis reactions, aithough most research is concentrated on homogeneous systems. The
main reason for this is that the homogeneous systems are more suitable for mechanistic studies.

2.1.1.a Homogeneous matathesis catalysts

Homogeneous catalysis syslems play an impartant role on laboratory scale, where a
comprehensive understanding of the metathesis process at a molecular level is required. Contrary
to the ill-defined Ziegler-Natta type homageneous catalyst systems, catalysts that are commonly
used for alkene metathesis almost invariably contain a transition metal or organometallic complex
and are usually well-defined." These are sometimes effective by themselves, but often require the
presence of a second compound (cocatalyst) and samatimes even a third compound (promotery.™

The systems most commonly used are based on the chlorides, oxides or other easily accessible
complexes of Mo, Ru, W, Rh of Re.’>™ Catalyzed alkene metathesis reactions are chain reactions
with usually high tumover numbers.!

Ruthenium compounds have found wide application as catalysts for synthetic transformations in
organic synthesis. The 11 different oxidation states of ruthenium make it suitable as a catalyst
metal, as well as its capability to accommodate different ligands and its relative low price
compared to other catalyst metals. Ruthenium catalyzea reactions include alkene metathesis,
hydragenation, oxygenation, Lewis-acid-catalyzed reactions and many more."®%°

Grubbs developed in the mid 1980s a ruthenium catalyst that was a breakthrough in homogeneous
metathesis research {Figure 2.5).

PG
Cly,, 1 ¥s
‘Ru=s
o | Ph
PCy3

Figure 2.5: Grubbs 1 catalyst [Cly(PCyyzRu=CHPh]}
{(bis(tricyclohexyiphosphine)benzylidene ruthenium(iVidichloride)

The Grubbs catalyst is the most popular and useful metathesis catalyst known to date.**' |t
combines a high activity with an excellent tolerance towards polar functional groups, which is due
to the well balanced electronic and coordinative unsaturation of the Ru(lll} centre”*® The
nithenium complex has lower metathesis activity than the catalyst developed by Schrock based on
molybdenum (Figure 2.6), but this lower intrinsic reactivity is compensated by an increased
tolerance towards functional groups and a somewhat higher selectivity.

1"
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N

il
RO Mo==
¥ Ph
RO

Figure 2.6: Schrock's molybdenum catalyst (R=0OC(CH3)(CF3}2)

In contrast 1o the Schrock catalysts, the ruthenium compiéxes ¢an be used in the presence of both
air and water.> *2%3 The Grubbs catalyst is known to be active in a broad temperature range, at
alkene:Ru ratios up to 100,000, with high selectivities and litle or no activity for alkene
isomerization > ™

After the first generation Grubbs catalyst, the second generation was developed, which consisted
of N-heterocyclic carbene {NHC)-ligated compiexes (Figure 2.7).%" This type of catalyst showed
higher reactivity, selectivity and toleration towards functional groups.®*

Figure 2.7: Second generation Grubbs cafalyst (Grubbs 2)
[RUCL{=CHPR)(PCy3)(/Mes)]

Further investigations into functionalized ruthenium catalysts with different ligands are camed out
in order to improve activity, setectivity and functional group tolerance %

2.1.1.b Hi neous metathesis catal

In industry, mostly heterogeneous catalysts are used. These catalysis usually consist of Mo, Ru, W
or Re in & high oxidation state on an inorganic support such as alumina, silica or other inert
surfaces.”” Rhenium catalyst systems received attention because of their better functionality
tolerance and its ability to operate under milder reaction conditions. The advantages cf hetero

12
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genaous catalysis include easy separation of preducts from the catalyst, greater themmal stability
and longer catalyst lifetime.”*®% To be able to use heterogeneous catalysts and achieve the
activity that is common to homegeneous catalysts, several studies were performed. In a particular
study, a special type of supported catalyst was developed.?® This Ru-based heterogeneous
catalyst is released from the solid support during the metathesis reaction and the active species is
solubilized. After the catalytic sequence, the propagating species returns to the solid support.

2.1.2 Metathesis mechanism

The mechanism of the metathesis reaction was not understood until almost 20 years after its
discovery in the mid 1950s.%° In 1970, Chauvin proposed a mechanism that involved meial
carbene and metallacycle intermediates, which has become known as the carbene mechanism
and remains the generally accepted mechanism to date. He discovered that the metathesis
reaction occurred by a nonpairwise metal carbene alkene exchange, which was later supported by
Grubbs, who found that indeed carbene and metallacycle intermediates were formed, 234144

R R R
MI=" jﬂ:[ . M] E
Rz — R\ Rz R] RZJJ R1

Figure 2.8: Mechanism of alkene metathesis

The principal steps of the alkene metathesis according 1o the Chauwvin mechanism (Figure 2.8)
involve a transition metal carbene that forms a ™ complex by coordination of an alkene. The [2+2]
cycloaddition forms a metallacyclobutane, followed by a [2+2) cycloreversion and dissociation that
leads 1o the alkene product ***7

For the Grubbs catalyst systems, the propased mechanistic pathways can be divided into an
associative and dissociative mechanism (Figure 2.8).123 The associative pathway involves initial
binding of the alkene to form an 18-electron T complex (intermediate or transition state), followed
by dissociation of phosphine (Figure 2.10).* The disscciative pathway proceeds by the initial loss
of PCy, to generate a 14-electron intermediate, foliowed by coordination of the alkene. The rate-
limiting step is believed to be the formation of the metallacyciobutane.* Kinetic and mechanistic
studies have shown that the dissociative mechanism can be accepted as the preferred

1.32.42 48-51

pathway.

13
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Figure 2.9: Associative pathway in atkene melathesis
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Figure 2.10; Dissociafive pathway in alkene metathesis
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Figure 2.11: Schematic representation of dissociative pathway
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When looking at the simplified schematic representation of the dissociative pathway (Figure 2.11),
it can be seen that first a complex enters the catalytic cycle (initiation) by the loss of phosphine
from the 16-electron benzylidene complex. The resultant 14-electron intermediate can either rebind
the phosphine, or bind the alkene. Rebinding the phosphine removes the complex from the
catalytic cycle, whereas reaction with the alkene (propagation) continues the catalytic cycle.

Although a lat of research has been done and there is general agreement about the mechanism,
there is still a lot of discussion about the individual reaction steps. This invoives the nature of the
metallacyclobutane, which is considered 1o be either an intermediate or a transition state. %2 Other
mechanistic aspects that have not been elucidated completely involve the determination of the
actual rate-determining step and the structure of the active catalytic species.>® Both theoreticat and
kinetic studies are carried out in order to find the answers to the guestions that still exist with
regard to the metathesis mechanism, **47313

Due to the extensive research considering the metathesis mechanism and the influence of different
ligands on catalyst systems and metathesis activity, it was decided to concentrate this study on the
optimization of the metathesis reaction to make it suitable to use as the first step in the tandem
catalysis experiments. >~ 4472821

2.1.3 Factors influencing metathesis activity
A number of factors can influence the activity of a catalyst system.’

e The ratio of the different components. This usually involves the amount of catalyst relative
to the amount of substrate, but also the relative amount of solvent can play a role.

» Reaction temperature. Generally it is found that activity increases when reaction
temperature is increased, but the occurrence of side-reactions also plays a role in
determining the optimal reaction temperature.

» Aclivation period and order of addition of companents. This is important for systems that
require the use of a cocatalyst.

+ Solvent. It is important 10 choose a sclvent with suitable properties. For example, in
homogeneous systemns all compoenents have to be soluble in the chosen solvent.

To achieve the highest activity and selectivity, the optimal reaction conditions have to be
determined by varying the above-mentioned faciors.
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2.1.4 Aims and objectives

In this project, the metathesis reaction was used as the first step in tandem catalysis experiments.
The fong chain intemnal atkenes that were prepared in the metathesis reaction from shorter chain
terminal alkenes were used in the transalkylation and isomerization reactions in order to form
longer chain terminal alkenes.

. Grubbs?
Metathesis 1-pentene 2 CHy=C4Hg —————a= C4Hp=C4Hg + CH;=CH,

Grubbs1

Metathesis 1-occtene 2CHy=CyH1y ————» C7H14=CHy4 + CH2=CH;
Grubbs?

Metathesis 1-decene 2CH,=CgH1p —— CoH1g=CoHig+ CHa=CH;

Figure 2.12: Schematic representation of metathesis reaction of 1-pentene,
7-actene and T-decene with Grubbs 1 as a catalyst

Grubbs 1 was chosen as the catalyst for the metathesis reactions, because of its high selectivity
towards the primary metathesis product (PMP) and reiatively low price compared to the second
generation Grubbs catalyst. The reaction temperature was not varied. A temperature of 30 °C was
used for the reactions, because at this low temperature no significant isomerization and SMP is
found. The optimai alkene to catalyst ratio was determined for 1-octene. Alkenes with different
chain iengths were usec in the reactions and the influence of the presence of the solvent was
investigated.

16
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2.2 EXPERIMENTAL

2.2.1 Materials

Chlorobenzene (99%) was purchased from Aldrich and dried before use by refluxing it over CaH..
1-Octene (97%) was obtained from Merck, passed through an activated Al.O; column to remove
impurities (such as peroxides) and stored under nitrogen. Grubbs 1 catalyst (Aldrich) was used as
received. 1-Pentene (97%) and 1-decene (95%) were purchased from Acros and were used as

received.

2.2.2 Experimental method

The general metathesis procedure that was used in this project is schematically drawn in Figure
2.13. In a typical experiment, 0.00524 g Grubbs 1 catalyst (alkene:Ru molar ratio = 1,000) was
weighed and transferred to a 3 mL glass reaction vial fitted with Mininert valves (mini-reactor). The
reactor was brought under nitrogen and closed, followed by the addition of 0.6 mL chlorobenzene
(solvent and internal standard for gas chromatography, GC) and 1 mL 1-octene with gastight
syringes. The reactor was stirred on a magnetic stirrer and kept at 30 °C in an aluminum heating
block on a hot plate. A GC sample was taken for analysis at regular time intervals during the
metathesis reaction.

Mininert valves Gastight syringe for

/ addition of reagents
O
Al heating block

E
&

open

¥

Glass Mini
reactor

(3or5mil)

Figure 2.13: Schematic representation of metathesis procedure
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Experiments were camried out with 1-pentene, 1-octene and 1-decene as the starling alkene.
Generally, an alkene:Ru molar ratio of 1,000 was used for the experiments, but experiments where
the ratio was varied were alsc perfarmed. In some expenments, the ethene gas that was formed
during the metathesis reaction was ailowed to escape. To achieve this, a needle was put in the
septum of the reactor during the reactan.

2.2.3 Analytical techniques

Analysis of the reaction mixture was performed on an Agillent Technologies 6850 gas
chromatograph, equipped with a HP-1 column {30 m x 0.32 mm x 0.25 ym, Methyl Siloxane) and
FiD detector. The following analysis conditions were used:

Inlet temperature ©300°C

Detector temperature © 350°C

N carrier gas flow rate 1.8 mL min"' at coom temperature
Injection volume ;0.2 Wbl {manual injection)

Crvan program o 70°C for 1 min

7010 200 °C at 10 °C min'
200 °C for 1 min

H; gas flow rate ;40 mL min™ at room temperature
Air flow rate 450 mL min™ at room temperature
Split ratio : 501

2.2.4 Calculations

Ta determine the composition of the metathesis reaction mixture the internal standard method was
used, with chlorobenzene {CsHsCl) as the internal standard. First, the response facter (rf) of the
alkene compared 1o the intermal standard was calculated, using the following formuta:

V:"n = d‘i
VPhCi A}'»Cl
Ven = volume of alkene [mL]
Vena = volume of intemal standard [mL)
Ao, = areaof alkene peak (cbtained from GC)
Apnci = area of intemal standard peak (obtained from GC)
f = response factor
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The respeonse faclor was calculated by plothing Veo/Vena against Acn/Apne for solutions with
different alkene:chlorobenzene ratios. The slope of the calibration curve represented the response
factor. The calibration results for the different alkenes are presented in the table below.

Table 2.1: Response factors of different alkenes calculated from
calibration curves with chiorobenzens as intemal standard
“Alkene
“T-pentene 15
1-octene 1.2
1-decene 1.2

The conversion of alkene at a cerain time during the metathesis reaction was calculated using the

following formula:

alkene conversion [mol%] = (l —"—’Jx 100
n

i

n: = number of moles of alkene at time t

ni = number of moles of alkene before reaction

The number of moles can be calculated with the following formula:

Vea* Prn - Aew Vo X 1 X Py

" M., Mo, % Aoy
n = number of moles alkene
Ven = wglume of alken& [rml]
Pcn = density of alkene [g/mL]
Mc, = molar mass of alkene [gimol]
Az, = areaof alkene peak {obtained from GC)
Ve =  volume of internal standard [ml]
f = response factor
Apner = area of intemal standard peak {obtained from GC)

The alkene conversion was then plotted against reaction time.
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2.3 RESULTS AND DISCUSSION

A typical gas chromatogram of the reaction mixture after metathesis is presented in Figure 2.14.
As can be seen from this graph, the different peaks are separated and suitable for quantitative
analysis. Table 2.2 was composed to get an overview of possible reaction products from the
metathesis reaction of 1-octene.”*'

PA Eg
17500 + .'3
1-octene chlorobenzene

15000 -
=

10000
7500 8 T-tetradecene
sc0{ DCM T § /
\ | A
2500 | a
N
04 - . -
— 3 T T Li T L]
25 5 75 10 125 18 min

Figure 2.14: Typical gas chromatogram of the reaction mixture after metathesis of 1-octene
with Grubbs 1 after 5 hours [alkene:Ru ratio = 1,000, solvent/int std = chlorobenzene, T = 30 C]

Table 2.2: Overview of possible reaction products from the metathesis of 1-octene

Reaction Substrate Products
1 Primary metathesis (PMP)*
Homometathesis® C=C Cs=C; +C=C
Isomerization C.=C Ce=C:
3 Secondary metathesis (SMP)°
Cross metathesis® Cs=C +Cs=C; C;=Cs+Co=C
Cr=Cz + Cs=C
Homometathesis® Ce=C: Ce=Cs + C=C;

a, Primary metathesis refers to the major metathesis reaction

b. Homometathesis refers fo the metathesis reaction between the same alkenes
c S ¥ is refers fo the metathesis sid ions due o i

d. Cross metathesis refers to the metathesis reaction befween different alkenas

20



Metathesis

As can be seen from Figure 2.14, only PMP (7-tetradecens) was formed, no SMP was detected. A
litle isomerization was observed, which caused the small peak nght next to the 1-octene peak.
The DCM peak refers to the dichloromethane, a solvent that was used to rinse the syringe
between analyses.

To optimize the metathesis reaction with Grubbs 1 the alkene:Ru ratio was varied. Reactions were
also carried out with different alkenes to investigate the influence of alkene chain length.

2.3.1 Different alkene:Ru ratios

1-Octene:Ru ratios of 1,000 to 100,000 were used to compare PMP yields. The analysis of the
reaction mixture after the metathesis of 1-octene with Grubbs 1 with different alkene:Ru ratios
showed anly PMP, no SMP was detected. These resuits were similar to the results obtained from
the metathesis reaction of 1-octene with an alkene:Ru of 1,000 (Figure 2.14), where aiso only PMP
was detected. As can be seen from the graph displaying the PMP yield in time, the lower 1-
octene:Ru ratios showed higher initial reaction rates. This was expected. since more catalyst
generally results in higher yields and reaction rates.”

PMP [%]

4 +
a 50 100 150 200 250 300
Reacton time [mia]

Figure 2.15: Kinetics of the metathesis reaction of 1-octene with different 1-octene:Ru ratios
(1-octene:Ru = B 1,000, A 5000, ®10,000; ¢ 50,000; ¥100000)
[Grubbs 1, solvent/int std = chiorobenzene, T = 30 TJ
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The initial reaction rates were high with atkene:Ru ratios of 1,000 and 5,000, where the 5,000 was
even higher than the one of 1,000, This can be due to inaccuracies in the reaction method,
because the results were very close. The initial rates of the higher ratios (10,000, 50,000 and
100,000) were considerably lower and for the 50,00C and 100,000 ratios the PMP yield was only
around 20%.

To compare the yields for the different alkene:Ru ratios after the metathesis reaction, the PMP
yield was caiculated after 5 hours.

Tabie 2.3: influence of the 1-cetene:Ru ratio on the PMP
yield of the metathesis of 1-ocfene after 5 hours
with Grubbs 1 [T = 30 °C, solventint std = chlorobenzensa]

Ratio C=C,/Ru PMP [%)]

1,000 45
5,000 4g
10,000 35
50,000 21
100,000 17

When looking at the table, it was again confimed that the PMP yield was increased with
decreased 1-octene:Ru ratios. Although the PMP yield for a ratio of 5,000 was higher than that of
1,000, both yields were very close. When looking at vields of 50,000 and higher, it can be seen
that the PMP yield dropped considerably. This could be attributed to an “overcrowding” effect of
the catalyst in the relatively small reactor volume, meaning that the solution could become too
concentrated. Since the PMP yieid obtained from an alkene:Ru ratio of 1,000 was repreducible
and sufficient for further studies, this ratio was used for the following optimization experiments.

2.3.2 Different atkene chain lengths
To investigate the influence of alkene chain length on the PMP yield in metathesis, reactions were
carried out with 1-pentene, 1-octene and 1-decene. First, the metathesis reaction 1-pentene was

investigated, which produced the following products (Figure 2.16). Table 2.4 summarizes the
possible reaction products from the metathesis reaction of 1-pentene.

When looking at the GC analysis of the metathesis product (Figure 2.16), it can be seen that only
cis-and trans-4-octene (PMP) were formed, no SMP or isomerization products were detected.
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pA E;
20000 4 9 chlorobenzene
1-pentene | 4 actene
15000 - §
40000 -
5000 -
o
1 1 - T b T T T
1 2 3 4 5 6 min

Figure 2.16: Typical gas chromatogram of the reaction mixture after metathesis of 1-pentene
with Grubbs 1 after 5 hours [alkene:Ru ratio = 1,000, solvent/int std = chlorobenzene, T = 30 C]

Table 2.4: Overview of possible reaction products from the metathesis of 1-pentene

Reaction Substrate Products

1 Primary metathesis (PMP)

Homometathesis Cs=C Cs,=C;+C=C
2 |somerization Cs=C Cs=C;
3 Secondary metathesis (SMP)

Cross metathesis Cs=C +Cs=C; Cs=C;3+C,=C

C4=C,+ C3=C
Homometathesis Cs=C; C3=C; + C:=C;

Figure 2.17 shows the product composition in time during the metathesis of 1-pentene with
Grubbs 1 at 30 °C. The PMP yield (composed of 4-octene and ethene) is around 60% after 5
hours, and the 4-octene yield around 40%. As can be seen from Figure 2.17, the initial reaction
rate is high, and levels out after two to three hours. After three hours the PMP vyield is aimost
constant. The second alkene in this comparison is 1-octene, of which the analysis results were
discussed in Figure 2.14 and Table 2.2. When looking at the product composition in time during
the metathesis of 1-octene (Figure 2.18) it is clear that a similar pattern to that of the metathesis of
1-pentene can be found. The initial reaction rate is high and the maximum PMP yield was reached
after two to three hours. The PMP yield of the metathesis of 1-octene was around 45%.
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Figure 2.17: Kinetics of the metathesis reaction of 1-pentene (@ 1-pentene; A PMP,; ® 4-octene)

[Grubbs 1, alkene:Ru ratic = 1,000, T = 30 T, solvent/int sid = chiorobenzene]
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Figure 2.18: Kinetics of the standard metathesis reaction of 1-octene ( 1-octene; A FMP}
[Grubbs 1 catalyst, alkene:Ru ratio = 1,000, T = 30 <, scivent/nt std = chicrobenzene]
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Finally, the metathesis of 1-decene was performed under the same reaction conditions as were
used for 1-pentene and 1-octene.

pA ] 'i‘;
18000 ¢ chlorobenzene

14000
12000 4

10000 4
- g 1-decene

—_ 1 / 9-octadecene _
wo] DCM B \§
& A

1'd min

T T T T

T T
w 4 -] 8 10 12

Figure 2.19: Typical gas chromatogram of the reaction mixture after metathesis of 1-decene
with Grubbs 1 after 5 hours [solvent/fint std = chlorobenzene, T= 30 C]

Table 2.5 gives an overview of possible reaction products from the metathesis of 1-decene.

Table 2.5: Overview of possible reaction products from the metathesis of 1-decene

Reaction Substrate Products
1 Primary metathesis (PMP)

Homometathesis Ce=C Cy=Cy + C=C

|somerization Ce=C Cs=Cz

Secondary metathesis (SMP)

Cross metathesis Co=C +Cs=C, Cg=Cz+ C=C
Cs=C: + Cs=C

Homometathesis Cs=C> Cs=Cy + Co=C;

As can be seen from Figure 2.19, only PMP (9-octadecene) was formed and no significant
isomerization was observed. These results fit in with the other results that were obtained in the
metathesis reactions with Grubbs 1, and confirm the selectivity of the catalyst towards PMP.2!
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Figure 2.20: Kinetics of the metathesis reaction of 1-decene, (m1-decens, & PMF)

[Grubbs 1, atkene:Ru ratio = 1,000, T = 30 °C, solvent/int std = chlorobenzens]

The product composition during the metathesis of 1-decene with Grubbs 1 at 30 °C is presented in
Figure 2.20. A similar patiern was observedt in the metathesis of 1-pentene and 1-octene, where

the initial reaction rate was high. But for 1-decene the reaction rate decreased after 1 hour,
reaching the maximum PMP only after 4 hours.

Finally, the PMP yields after 5 hours for the metathesis reaction of the different alkenes were
compared (Table 2.6).

Table 2.5. influence of alkene chain iength on the PMP
yield after 5 hours [Grubbs 1, alkene:Ruy ratio = 1,000,
T = 30 1, solventint std = chiorobenzene]

PMP [%]
Tc. e
C=C; 45
C=Cs 52
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The PMP yields after the metathesis of 1-octene and 1-decene are relatively ciose, which means
that the influence of alkene chain length is not very clear. The PMP vield of 1-pentene is slightly
higher, but this can possibly be described to the escaping of ethene gas during the reacticn,
caused by leaking of the mini-reactors, shifting the equilibrium to the right. Although the
experiments wera carried out in similar mini-reactors, small differences in for instance closing
capacity of the valves might be observed. The shorer chain 1-pentene was also more voiatile at
the reaction temperature (30 °C) than the other two alkenes, which might also have caused
differences in catalyst/alkene interactions, leading to different results.

2.1.3 Influence of solvent and equilibrium shift

The standard metathesis was performed without a solvent, using only a very smali guantity of
chiorobenzene as intemal standard for the GC analysis. The PMP yield was compared 1o the PMP
yield after a standard metathesis reaction (Figure 2,18).

160
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I3 »
§_ o4 - A A
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Q
2
E
§ B e BT . .
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g
B o d e e e e

a y t } + t

a 50 100 150 200 250 300

Reaction tima [min]

Figure 2.21: Kinetics of the metathesis reaction of 1-actens, without soivent (8 T-octene; & PMP)

[Grubbs 1 catalyst, alkene Ru ratio = 1,000, T = 30 T, chiorobanzene = int stdj

The PMP yield was higher when no soivent was used, compared to the standard metathesis
reaction. This may indicate that the solvent dilutes the reaction mixture in such a way that the
catalyst has less interaction with the alkene, thus resulting in lower yields.
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An aftempt was made to shift the aquilibrium of the reaction by removing the ethene that formed

during the metathesis. This was done by putting a needle in the septum of the reactor during the
reaction.
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Figure 2.22: Kinetics of the metathesis reaction of 1-octens, ethene atiowed 1o escape
(m 1-octene; & PMP) [Grubbs 1 catalyst, alkene:Ru ratio = 1,000, T=30 T,

solventint std = chiorobenzenaf

Figure 2.22 shows an increase in PMP yield, which was as expected. It is known from literature

that it is possible to shift the equilibrium towards the products if the by-product that is formed is a
volatile alkene, such as etheng 2%

Table 2.7 presents an ovérview of the PMP yields of the standard metathesis reaction of 1-cctene,
compared to the reactions without solvent and the one in which the gas was allowed to escape.

Both variations on the standard reaction method caused an increased PMP yield. The reaction in

which the gas was allowed to escape, attempting to shift the equilibrium to the right showed the
highest increase irs PMP yield.
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Table 2.7: influence of solvent and equilibrium on the PMP yield of
the metathesis of 1-actene after & hours [atkene.Ru ratio = 1,000,
solvent/int std = chlorobenzene, Grubbs 1, T= 30 CJ

PMP [%]
Standard 45
No solvent 60

Equilibrium shift 64

2.4 CONCLUSIONS

The metathesis reaction was performed on a small scale with good results and a reasonable
understanding of the homogeneous metathesis reaction of alkenes with Grubbs 1 was developed.
Grubbs 1 showed feo be a suitable catalyst in these optimization reactions, since it had high activity,
leading to relatively short reaction tmes, and high selectivity towards the primary metathesis
praduct. At a reaction temperature of 30 °C na significant SMP ar isomerization was detected.

Reproducibie PMP yields were obtained from different alkenes, ranging from 45% after 5 hours for
1-octene to above 60% when 1-pentene was used or when the equilibrium of metathesis of 1-
octene was shifted to the right.

1t was determined that the presence of a sclvent, in this case chlorobenzene, was nat necessary to
obtain a high PMP yield. The PMP yield for reactions without solvent even increased compared to
the reactions in which a solvent was used (60% PMP compared 10 45% with solvent}. This can be
an advantage when the reaction is scaled up, not only from a cost perspective, but also from a
volume perspective. When no solvent is used, reaction volumes can be kept lower, requiring
smaller reactors, or more PMP can be formed in the same size reactor.

The metathesis reaction proved to be a suitable way to preduce longer chain {internal) aikenes,
with high yields and relative short reaction times, making it possible to incorporate this reaction in
the tandem catalysis reactions.

29



Chapter 2

o o oaw

~

10.
1.
12,
13,

1

15.
16

17.
18.
19.

20.
21,
22.
23.

24,

2.5 REFERENCES

vin, ¥.J., Mol, J.C., Olefin metathesis and metathesis polymerization, Academic Press,
London, 1997, p.472

Transition metals for arganic synthesis, Beller, M. and Bolm, C., Eds., Alkene and alkyne
metathesis in arganic synthesis, Vol. 1, Wiley-VCH, Weinheim, 2004, p 321

Mal, J.C., J. Mol. Catai. A: Chem., 2004, 213, 3%

Ivin, K.J., J. Mol. Catal. A: Chem., 1998, 133, 1

Buchowicz, W., Mol, J.C., J. Mol. Catal. A: Chem., 1999, 148, 97

Burdeft, K.A., Harmis, L.D., Margl, P., Maughon, B.R., Mokhtar-Zadeh, T., Saucier, P.C.,
Wasserman, E.P., Organometallics, 2004, 23, 2027

Vosloo, H.C.M., Dickinson, A.J., Du Plessis, J.A K., J. Mol. Calal A: Chem., 1897, 115 199
Bourgeois, D., Pancrazi, A., Nolan, 5.P., Prunet, J., J. Organomet. Chem., 2002, 643-644,
247

Blackwell, H.E., O'Leary, D.J., Chatterjee, A K., Washenfelder, R.A., Bussmann, D.A_,
Grubbs, R.H., J. Am. Chem. Soc., 2000, 122, 58

Ulman, M., Grubbs, R.H., Organametallics, 1998, 17, 2484

Uiman, M., Grubbs, R.H., J. Org. Chem., 1999, §4, 7202

Trnka, T.M., Grubbs, R.H., Acc. Chem. Res., 2001, 34, 18

Wilkinson, G., Comprehensive Organometallic Chemistry, The synthesis, reactions and
structures of arganometaliic compounds, 8, Pergamon Press, Oxford, 1982

Van Schalkwyk, C., Vosloo, H.C.M., Du Plessis, J.A.K., Adv. Synfh. Catal, 2002, 344, 781
Nubel, P.O., Hunt, C.L., J Mol Catal. A: Chem., 1999, 145, 323

Van Schalkwyk, C., Vosloo, H.C.M., Du Plessis, JAK., J. Mol Catal A; Chem,, 1998, 133,
167

Doledec, G., Commereug, D., J. Mol. Catal. A: Chem., 2000, 161, 125

Gassman, P.G., Macomber, D.W., Willging, S.M., & Am. Chem. Soc., 1985, 107, 2380
Mégerlein, W., Dreisbach, C., Hugl, H., Tse, M.K_, Klawonn, M., Bhor, 8., Beller, M., Cata/l.
Today, 2007, 121, 140

Naota, T., Takaya, H., Murahashi, S.i., Chem. Rev., 1998, 98, 2559

Van Schalkwyk, C., Vosloo, H.C.M., Botha, J.M., J. Mol. Catal. A: Chem., 2002, 180, 185
Dinger, M.B., Mal, J.C, Adv. Synth. Catal.,, 2002, 344, 671

Lysenko, Z., Maughon, B.R., Mokhtar-Zadeh, T., Tulchinsky, M.L., J. Organomet. Chem.,
20086, 691, 5187

Vehlow, K., Maechling, S., Kéhler, K., Blechert, S., J. Organomet. Chem., 2008, 891, 5267

30



Metathesis

25.
28.

27

28.

28

30.
31,

32.
33.

35.

36

37.
38.
38.
40.
41,
42.
43.

45,
46.
47.
48.
49,

50.
51,
52.

Grubbs, R.H., Chang, S., Tetrahedron, 1998, 54, 4413

Faulkner, J., Edlin, C.D., Fengas, D, Preece, |., Quayle, P., Richards, S.N., Tetrahedron
Lett., 2005, 46, 2381

Ledoux, N., Allaert, B., Schaubroeck, D., Monsaert, 8., Drozdzak, R., Van der Poort, P,
Verpoart, F., J. Organomet. Chem., 2006, 694, 5482

Hong, S.H., Day, MW, Grubbs, R.H., J. Am. Chem. Sac., 2004, 126, 7414

Firstner, A., Alkene metathesis in organic synthesis, Topics in Organometallic Chemistry,
Springer-Verlag, Berlin, 1998, p.231

Dragutan, V., Dragutan, |., J. Organomet. Chem., 2006, 691, 5129

Lehman, $.E., Schwendeman, J.€ . &'Donnell, P.M., Wagenear, K.B., Inorg. Chim Acta,
2003, 345, 190

Adlhart, C., Chen, P., J. Am. Chem. Soc., 2004, 126, 3496

Pariva, C., Jayaprakash, KN, Sarkars, A., Coord. Chem. Rev., 1998, 168, 1

Lynn, D.M., Mohr, B., Grubbs, R.H., Henling, L.M., Day, M.W., J. Am. Chem. Soc., 2000,
122, 6601

Dias, E.L., Nguyen, 8.T., Grubbs, R.H., J. Am. Chem, Sec., 1697, 119, 3887

Louie, J., Grubbs, R.H., Organometallics, 2002, 21, 2153

Calderon, N., Acc. Chem. Res., 1972, 5,127

Al-Arfaj, M.A., Luyben, W.L., Chem. Eng. Sci., 2002, §7, 715

Buchmeiser, M.R.. J. Moi. Catal. A: Chem., 2002, 180, 145

Grey, R., J. Franki. |., 2000, 337, 793

Meier, R.J., Aagaard, O.M., Buda, F., J. Mol. Catal. A; Chem., 2000, 160, 189

Grubbs, R.H., Tefrahedron, 2004, 60, 7117

Grubbs, R.H., Camr, D.D., Hoppin. C_, Burk, P.L., J. Am. Chem. Soc., 1976, 98, 3478
Grubbs, R.H., Burk, P.L., Carr, D.D., J. Am. Chem. Soc., 1875, 97, 3265

Adlhart, C., Chen, P., J. Am. Chem. Soc., 2004, 126, 3496

Grupbs, R.H., Miller, S.J., Fu, G.C., Acc. Chem. Res., 1995, 28, 446

Fomine, S., Vargas, S.M., Tlenkopatchev, M.A., Organometallics, 2003, 22, 93

Love, J.A., Sanford, M.S.. Day, MW, Grubbs, R.H.. J. Am. Chem. Soc., 125, 125, 10103
Jordaan, M., Van Helden, P., Van Sittert, C.G.C.E., Vosloo, H.C.M., J. Mol. Catal. A;
Chem., 2006, 254, 145

Sanford, M.S., Ulman, M., Grubbs, R.H., J. Am. Chem. Soc., 2001, 123, 749

Cavallo, L., J. Am. Chem. Soc., 2002, 124, BI6S

Sanford, M.S., Love, J.A., Grubbs, R.H., J. Am. Chem. Soc., 2001, 123, 6543

31



Chapter 2

53.
54.

55.
§6.
57.

Bernardi, F., Bottoni, A., Miscione, G.P., Organometaliics, 2003, 22, 940

Janse vanr Rensburg, W., Steynberg, P.J., Meyer, W.H,, Kirk, M.M., Forman, G.S.. J. Am.
Chem. Soc., 2004, 126, 14332

Bepcze, L, Szilagyi, R., J Organomet. Chem., 1994, 475 183

Sabbagh, |.T., Kaye, P.T., Theochem., 2006, 763, 37

Van Schalkwyk, C., Die katalitiese sintese van lineére alkene via 'n metatesereaksie, Ph.D.,
(Potchefstroemse Universiteit vir Christelike Hoér Onderwys), 2001

32



CHAPTER 3

Transalkylation

ABSTRACT

The aim of the Iransaikylation reaction is fo obtain ferminal atkenes from intemal atkenes by using
trialkylaluminum as a catalyst. in this chapter, the chronoiogical development of the successful
reaction method and analysis of the transalkylation reaction is described as well as the
development of a stainiess steel reactor 1o be used for the experiments. This research provés that
if is possible to carry out the transalkylation in one single reactor, without the need of separation
steps and with reproducible high yields.
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3.1 INTRODUCTION

Alkene isomerization resuits in the apparent migration of the double bond along an atkyl chain and
is often am undesired side-reaction in arganometaliic catalyzed reactions of alkenes, ie.
hydrogenation, metathesis, oligomerization and hydroformylation.” It is also found in & number of
industrial processess as an intermediate step, such as in the SHOP process, Most isomerization
reactions involve terminal-to-internal double bond isomerization, but in literature also reports of

internal-to-terminal iscmerization have been found.

The following coservations generally apply to alkene isomerization reactions:?
« Trens alkenes are more siable than cis alkenes.
e Imemal alkenas are more stable than terminal atkenes.
« Conjugated di- and oligoalkenes are favoured over isoiated double bonds.
» Substituted (internal) alkenes with the highest degree of branching are thermodynamically
favoured.

e Polar solvents accelerate the isomerization reaction.

Most catalytic isomerization reactions that are reported involve metal complexes as catalysts. Two
different mechanisms are generally accepted, i.e. the metal hydride addition-ebmination
mechanism and the T-allyl mechanism. The first mechanism (Figure 3.1) is favoured when the
catalytic species are capable of metal hydride formation. This mechanism requires extemal
hydrogen and involves a 1,2 intermolacutar hydrogen shift.

M

Ry e R AL M R

Figure 3.1 Metal hydride addition-elimination mechanism

Metals capable aof m-allyl formation like Fe, Ni, Rh and Pd favour the second mechanism. This
mechanism invelves a 1,3 intramolecular hydrogen shift {Figure 3.2).

M
R M. r R R M _Rr
H

Figure 3.2: w-allyl complex machanism
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In this project, two specific types of isomerization reactions were investigated, i.e. 1-octene
isomerization and transalkylation. The 1-octene isomerization was used to obtain internal alkenes
that were used in the transalkylation reactions and is discussed in Paragraph 3.1.1. This
isomerization reaction is an exampie of a terminal-do-internal type of isomerization,

The aim of this study is to add value to the short chain ferminal alkenes that are widely available in
South Africa by converting them into longer chain terminal alkenes. The metathesis of short chain
terminal alkenes to obtain longer chain internal alkenes (Chapter 2) was used as the first step to
achieve this aim. After the metathesis, a “contrathermodynamic” isomerization step is required to
convert these internal alkenes into terminal alkenes.

In literature, only a few examples of intemnal-to-terminal double bond isomerization are menticned.
Among these are:

« Metal hydride and related catalytic systems. This category includes the Wilkinson catalyst,
{Ph3P):RhCi, which is a well known hydrogenation catalyst. This cataiyst is reported 1o give
inter afia terminal alkenes when an intemnai alkene is subjected to typical hydrogenation
conditions (Figure 3.3). Metal hydrides also piay a role in hydrosilylation reactions, in which
isomerization takes place via the reversible formation of a metal alkyl.

Hy
N N e N e N NP A S T
cat.
Figure 3.3: Schematic representation of the hydrogenation reaction with the Wilkinson catalyst

* Metal carbene and related catalytic systems. The primary cause of secondary metathesis
product (SMP) in the metathesis reaction is double bond isomerization (Table 3.1},

Table 3.1: Overview of possible reaction products from the metathesis of 1-pentene

Reaction Substrate Products
1 Primary metathesis (PMP)

Homometathesis Ce=C Ca=Cy + C=C

Isomerization C.=C Cs=C;

Secondary metathesis (SMP)

Cross metathesis CimC + C=Cy C=C3+Cp=C
C,;=C3;+ Cy=C

Homometathesis C3=Cs C3=C3 + C=C2
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SMP is formed as a rasult of cross metathesis betweean the original alkene and the isomer
alkene. A metal carbene and metal carbene hydride mechanism was suggested tc account
for this abservation (Figures 3.4 and 3.5).*

| (l:H CH
M CH =" M=C MG
N A 7™
\ ! ?H
Cr G CH
\
Cn
Figure 3.4: Metal carbene mechanism
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Figure 3.5 Mefal carbene hydride mechanism (shown for intermnai-to-ferminal migration)
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Other catalytic systems. Other organometallic complexes that are reported to have
isomerizing properties under certain reaction conditions include Co, Cu(l), Pt chloride and
Rh complexes as well as metallocenes.

Stoichiometric methods of isomerization.® This type of isomerization includes aiuminum
catalyzed isomerizations, organoboranes and zirconocene regactions. Aluminum catalyzed

isomerizations involve reactions such as alkyl growth, displacement and hydroalumination
(Figure 3.6).5°

. b, AL
Al
FAERN

Figure 3.6: Hydroalumination and migration

Another aluminum catalyzed isomarization reaction that was reported in patents recently is
the transalkylation reaction.®'® Based on the *Aufbau® or “growth® reaction by Ziegler'", the
reaction was modified to convert internal alkenes into terminal alkenes by means of an
alkylaluminum compeund and an isomerization catalyst (See Paragraph 3.1.2).

Organcboranes were used to produce terminal organoboranes from intemal alkenes by
heating it above 130 °C (Figure 3.7). This phenomenon makes it possible to functionalize

the terminal pasition of the alkenes, for example by cxidation to the corresponding
alcohol. "

BR,
T P R, \/K/\L S BR2

Figure 3.7: Thermal isomerization with organoboranes

Zirconium has the abiiity to migrate along a metat-bound polymer chain from an internal
position to a terminal position, in the reaction of Cp.Zr(R)Cl with an alkene.” The
corresponding terminal alkene can then be recovered by cieaving of the alkylzirconium
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complex (Figure 3.8). In contrast to the analogous grganoboren or -aluminum compeounds
that rearrange slowty at elevated temperatures, the migration of the metallic moieties in the
case of Zr proceeds rapidly at room temperature.

Internal
alkene
ifeed
Cp\ /R Cp\ /R‘
Step 1 —» /Zr\ + Ry —= /Zr\ R-
Cp X Cp X '
. Teminal
, l alkene
Cp\ /R Cp\ /R product
Step 2 /Zr\ +Re. —» /Zr\ + Ry —
Cp X Cp X

Figure 3.8: fsomerization and displacement reaclions of zirconocene
(R- = alkene, R. = terminal alkene, R-; =infernal alkeng)

Although a number of routes were available to prepare terminal alkenes from intemal ones,
transalkylation was used in this study. One of the main reascns for this was that alkylaluminums
are mare available and accessible in industry compared to alkylboranes or the zirconium
compounds. Furthermore, organoaluminum compounds are relatively cheap and show
characteristic reactivity. Since aluminum is found in the earth’'s crust in large amounts, the
environmental pollution caused by aluminum will be minimat."® Another important fact regarding
this subject is that the majority of literature available on the transalkylation reaction consists of
patents, and almost no publications have been found in the open literature. Therefore no reports
have been found about the optimization of the transalkylation reaction, making it an interesting
reaction to investigate.

Both isomerization reactions that were used in this project will be discussed in the next
paragraphs. First, the choice of catalyst for the 1-octene isomerization is discussed in Paragraph
3.1.1. Secondly the transaikylation reaction is discussed in detail in Paragraph 3.1.2, including its
history and an overview of available literature (including patents) on the subject.
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3.1.1 1-Octens isomerization
Isomerization is a common reaction used to obtain internal alkenes from terminal alkenes.'"”
Since intemal octenes were used for the transalkylation reaction and 1-octene was readily

available, isomerization was used to obtain intemal octenes.

C2Hy=CeCyz
CHp=C7C1y —— < C3Hs=C:sCyp
C4H3=C4CB

Figure 3.9: Schematic representation of isomerization of 1-cctene

In literature, a wide variety of homogeneous and heterogeneous isomerization catalysts are
reported.’ This includes metal complexes such as Ni'*, Ni with Al as a co-catalyst® Rn*
Ru, ¥ Pd®% and metal hydrides (ie. Rh, Ru, Co).* Zeolites, such as BZSMS,® HzSM22,
HZSM35* and HZSM5* are also used as heterogeneous isomerization catalysts.

HZSM5 is a protonic zeclite, which is used in industry for different reactions, such as skeletal
isomenzation in alkenes, xylene isomerization and cracking. Its structure is composed of Si0. and
AlzOa blocks forming rings and pores, and it reacts by means of its internal acidic hydroxyl groups
that bridge between Si- and Al-substituted tetrahedral lattice sites. H2SMS5 is repaorted to have high
catalytic activity, but a low selectivity due to the occurrence of side-reactions. Cracking is one of
the main side-reactions that are observed in isomerization with HZSMS, but this occurs generally
at higher temperatures.*'" HZSM5 was chosen as the catalyst for the isomerization of 1-octene
because of its high activity and selactivity, its availability and the fact that it is a heterogeneous

catalyst, making separation easy.
3.1.2 Transalkylation

3.1.2.a History and development of the transalkylation reaction

Ziegler and co-workers'' discovered in 1953 that certain combinations of transition metal and
arganometallic compounds converted ethene to a linear, high molecuiar weight polymer. A
trialkylaluminum compaund (such as friethylaluminum, TEA) was mastly used for this reaction, in
combination with a titanium halide catalyst.
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30CH, - CrHa(ED AH
AE); ——— A (CoHEY —2= Al(Et)z + 3 CHy=CH{CHyCHa)4Et
(C2H4)n(EL)

Figure 3.10: Ziegler process — growth reaction and displacement

In this “growth” reaction, the ethene is repeatedly inserted in the aluminum-alkyl bond and
produces leng-chain trialkylaluminums, from which long-chain pnmary alkenes with an even
carbon number were cbtained in a subsequent displacement reaction.*“**' From the 1950s to the
18705, more companies tried to exploit this growth reaction by registering their discoveries in
patents. This process was realized on industriai scale by Guif O, Continental Oii*® and Ethyi
Gorperation.>

A similar process was used by Shell, known as the Shell-higher-olefin process (SHOP).” In this
process a series of chain lengthening and shortening steps (such as oligomerization, isomenzation
and metathesis) are combined to synthesize primary alkenes (Figure 3.11).%®

The Ziegler route was alsc used to prepare alcohols, where the aluminum trialkyls formed after
ethene insertion are oxidized by atmospheric oxygen and hydrolyzed to the corresponding alcohols
(Figure 3.12).1%%

This process was used on industrial scale by several companies ® Continentai Qil patented two
different oxidation reactions of trialkylaluminum compounds, one with an oxygen containing
compound and the other with an excess of an aliphatic aldehyde whereby aluminum hydroxide
was a by-product®® |n the oxidation and hydrolysis reaction of trialkylaluminum patented by
Esso, an aluminum oxide complex was the by-product after hydrolysis with water. %

After Ziegler's discovery, the idea of using the trialkylaluminum compound in cooperation with an
isomerizing catalyst, to obtain primary alkenes from internal alkenes was formed.* In this modified
methad, the first step, which was the chain growth step in the Ziegier method, consists of the
displacement of the alkyl group on the aluminus®, instead of inserting the alkene in the aluminum-
alkyl bond. The alkyl on the aluminum can only be displaced by a terminal alkene, thus the need
for an isomernizing catalyst.

The second step is quite similar to the second step of the Ziegler method, the displacement (in this
case called the back-displacement) of the alkyl group by anotheér alkene, setting free a primary
alkene (Figure 3.13}.
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H,C=CH;

Oligomerization
(soluble nickel catalyst)

T N N N S R, G
Ry, G

Isomerization
{heteroganeous catalyst)

RN N N Y A e NP N T

N S VN )

Metathesis
(heterogeneous catalyst)

Hydroformiylation
(soluble cobalt catalyst)

TN SO G
N S S S SO G

Figure 3.11: Reaction steps in the SHOP process

(Ca2Ha)n{ED _AOCaHyn(EY) ,
AI:(CZH‘;)H(Et) +150, —» AI:(OCIH.,),,(Et) —"» AIO(OH) +3 HO(CH,CHa) Et
(C2Hgn(EY (OCoH)n(ED)

Figure 3.12: Ziegler alcobol synthesis
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CHs ¢ H, _-CaHzpet
AI:Csz —_— AI-\-C,,H;,M + 3 CyH,
CaHs CaHanet

Figure 3.13: Schematic representation of the displacement of TEA with an alkene

Around the 19808, several companies such as Ethyl Corporation,® Monsanto,’®'® Henkel %%
Phillips Petroleum” and Hercules Inc.%® Jaid the basis for this method. After a long period of
silence, this method was optimized with a first repert in 1850 by Ethyl Corporation.®® This
publication was followed by additional patents by the same company, defining the displacement
and back-displacement of trialkylaluminum, to obtain primary alkeres from internal ones.”®" In
these patenis the transalkylation reaction {displacement and back-displacement) was described.

The major change with regard to eanlier patents was that the displacement reaction takes place in
the presence of a catalyst, avoiding the need of extremely high temperatures (>300 °C) as is
necessary in thermal displacement

/CZH5 CnH2n /CnH2n+1 CxHy /CxHyﬂ
AI:CZHﬁ -_— AIQCHHZH+1 + 3C2H4* —"AlqcxHyﬂ + 3 CH4=Cp1Hana
CoHs CatHap CiHyn

Figure 3.14: General schematic representation of the transafkylation reaction with TEA

The first part of the transalkylation reaction, the displacement, takes place with a trialkylaluminum
(such as TEA) as a starting compound. The alkyl group on the aluminum is displaced by an
alkene. This alkene, or a mixture of alkenes consists of internal aikenes (linear or branched), which
isomerize in the presence of an isomerizing catalyst, such as a nickel compound.

Once the alkene is isomenzed to a terminal alkene, it can displace the alkyl group of the aluminum.
The displacing alkene should have a higher boiling peint than the displaced alkene from the
aluminum, because removal of the dispiaced alkene drives the reaction.”

It is favourable that the isomerization catalys! that is used alsc catalyzes displacement. The most
suitable catalyst according te literature is a nickel compound, but aiso cobait, palladium and iron
compounds are reported.® Suitable nickel compounds include nickel(ll) salts, nickel(ll) carboxy-
lates, nickel(ll} acetonates and nickel{0} complexes.®*’? The nickel catalyst can be reactivated
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before the back-displacement reaction, in which it can aiso act as a catalyst. The mechanism of
the nickel catalyzed transalkylation reaction is still poorly understood. It is believed that the
catalytic active nickel species still contains at least one of the ligands that were originally bound to
the nickel atom.™

The nickel catalyst has the tendency to catalyze undesired side-reactions, such as dimerization,
chain growth and isomerization.” Fortunately, the rate of the side-reactions is much lower than the
reaction rate of the back-displacement reaction. Therefore, with the apprepriate measures, the
catalyst can be deactivated after the reaction before the side-reactions become significant.

To stop these side-reactions, literature reports on several methods. A catalyst poison, containing
lead can be added to the reaction mixture, forming a precipitate that can be filtered off after the
reaction. Acetylenic hydrocarbon compounds are also reported to be useful in these aspects.
Finally, a cyclodiene, preferably 1,5-cyclooctadiene (COD) can be added.?'*%#7%72 A small amount
of COD would catalyze isomerization, but when an amount exceeding 1 g/mg Ni is added,
isomerization is inhibited.

The COD is said to preduce a vinyl alkene product that has reduced isomer impurity content and
can be recovered for reuse.” COD is reported to displace aluminum alkyls, such as TIBA, but only
at higher temperatures (>145°C). This poses no problem n this project, since reactions are taking
place at lower temperatures.”™”"

Amoco™ and Albermarle™ also patented their version of the transalkylation reaction. Amoco looked
specifically at cobalt catalysts and Albermarle focused on dialkylaluminumchiorides to replace the
trialkylaluminum in the transalkylation.

Another important player in this field was BASF, wha brought several patents on the market,*1080-82
Their first patents consisi of basically the same transalkylation reaction presented by Ethyl
Corporation, but focuses on the optimization of the industnal process mainly involving recycling
and separation steps. Their Jast patent on the transaikylation reaction involves the production of
internal alkenes by means of a metathesis reaction.” They also investigated the possibilities of the
deactivation and separation of the nickel catalyst after the reaction.® Other reports of this
particular way to produce terminal alkenes from internal ones included di-alkylaluminum hydrides,
aluminum chiorides and alkylaluminum chiondes.”>'”

nfiugncing i nsailkylation ion

A number of factors are expected to have an influence on the yield of the transalkylation reagtion.
Among these are:
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o (Catalyst to aluminum ratio (ir displacement + back-displacement part}
® Chpice of trialkylaiuminum compound (in displacement reaction)
- possible steric andior electronic effects
« Displacing/back-displacing alkene -» possible steric and/or electronic effects
» Reaction conditions (lemperature/reaction time/pressure)
(in displacement + back-dispiacement part)

To achieve the maximum yield from the transalkylation reaction, these parameters have to be
varied to be able to obtain optimal reaction conditions.

3.1.3 Aims and objectives

The aim of this project is ta prepare longer chain terminal alkenes from shorter chain alkenes.
Chapter 2 describes how short chain terminal alkenes are converted to longer chain internal
alkenes in a metathesis reaction as the first step in the tandem catalysis experiments. The
transalkylation reaction was used as the second step in the tandem catalysis reactions and is used
to obtain terminal octenes from internal ones. This chapter describes the investigation of the
transalkylation reaction, which has not been reporied in literature befora.

4-QOctene was used as starting matertal for the transalkylation reactions because this was the
product from the metathesis reaction of 1-pentene as described in Chapter 2. Another reason for
using the transalkylation reaction to isomerize internal octenes is that 1-ociene is currently in high
demand in industry and is used in a variety of reactions, cne of them is as comonomer in the
production of linear low-density palyethylene (LLDPE).*#*

The objectives are therefore:

e Use HZSMS5 as a catalyst o isomerize 1-octene to provide internal octenes for the
optimization of the transalkylation reaction.

e Find a suitable and available quantitative analysis technique to determine the yield of the
fransalkylation reaction,

« Develop a suitable reaction setup for the transalkylaticn reactions that can alsc be used in
the tandem experiments.

» Invesligate the transalkylation reaction under different reaction conditions (temperature,
reaction time, ratios) and optimize it for 4-octene.

s Use triiscbutylaluminum (TIBA) and TEA as the aluminum compounds in the transalkylation
reaction.

* Use nickel acetylacetonate (Ni(acac);) as the catalyst in both isomerization/displacement
and back-displacement reactions.
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3.2 EXPERIMENTAL

3.2.1 Materials

A mpdure of internal octenes, which consisted mainly of 2-octene was obtained from Sascl and
was used as received. Chlorcbenzene (99%) was purchased from Aldrich and dried before use by
refluxing it over CaH,. 1-Octene {87%) was obtained from Merck, passed through an activated
A0, column to remove impurities (such as peroxides) and stored under nitrogen. Ni(acac), and
HZSMS5 catalysts, obtained from Aldrich and Sasol respectively, were used as received. Intemal
octenes (2-octene, 3-octene and 4-octene) were purchased from Aldrich and used as received. 1-
octanol, 2-octanol, 3-octanol and 4-octanol {Aldrich) were of analytical grade and were used
without further purification. Dichloromethane {Merck) was used as received. 1,5-Cyclooctadiene
was purchasad from Aldrich and used as received. Triethylaluminum (83%), trioctylaluminum
(25wt% in hexane) and triiscbutylaluminum were obtained from Aldrich and used as received. 1-
Hexene (97%) was purchased from Merck und used as received. Hydrogen peroxide {Saarchem)
and sulphuric acid (Aldrich) were used as received. Deuterated benzene {C.Ds) was purchased
from Aldrich and used as received. All solvents used were of analylical grade.

3.2.2 Experimentat method

3.2.2.8 1-Oclene isomerization

A mixture of intemal octenes was obtained by heterogeneous isomerization of 1-octene with
HZSMS as a catalyst. The HZSMS catalyst was calcined under nitrogen at 300 °C for 18 hours in a
round bottom Rask. After cooling down, the catalyst was used to isomerize 1-octene, where 5
grams of catalyst were used for every 100 mL octene. The reaction mixture was kept at 40-50 °C
while stirring and the progress of the isormnerization reaction was followed by GC.

3,220 Transatkylation

The transalkylation reaction consists of two parts, the displacement part, where the alky! group on
the aluminum is replaced by the chosen alkene and the back-displacement pant, where the alkyt
group of the formed trialkylaluminum (TAA) is replaced again by an alkene, setting free a 1-alkene.
Firstly, attempts were made to carry cut the displacement reaction and analyse the product. The
results will be discussed in chronological onder, to make it clear how the final method was
developed and how the reactor that was used for the final experiments was designed.

B1 Displacement, oxidation and hydrolysis of trialiylaluminurm

B1 Displacement, oxidation and hydrolysis of trialkyfaluminum — Method 1
In the first attempt to analyze the trioctylaluminum (TOA) that farmed in the displacement reaction
it was reacted with air and water to obtain an alcohol. The formation of a primary aicohal {in this
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case 1-octanol) would be an indication of the yield of the displacement reaction. In literature there
were two possible reaction paths when reacting the TOA with oxygen (from air) and water. The first
reaction path (figure 3.15) shows that an aluminum complex is formed together with the alcohol *

o
Al(CoHanetls ——= AIOC,Haonerks

6 H,0
2AIOC Hane1ls — 2 § CpHanyOH+ALO4.3 MO

Figure 3.15: 1* passible reaction path of oxidation/hydrolysis with ai/water

The second reaction path indicates that an aluminum hydroxigde will form, again with the primary
alcohol *

(CHCHLCoHs o _-O(CHCH ) CoHs
A|—(CHQCH2)YCZH5 — A|:0(CH2CH2)y02H5
{CH,CH2),C;Hs O(CH;CH,),CoH5
CaHs(CHaCH),OH h:0
Al{OH); + CyH5(CH,CH3),OH
CoHs(CHCH,),OH

Figure 3.16: 2™ possible reaction path of oxidation/hydrolysis with airiwater

In a typical experiment, a 3 mL mini-reacter was brought under nitrogen and closed with a septum.
Triethylaluminum {TEA) (C.1 mL) was added to the reactor with a gastight syringe fram its
container, which was also piaced under nitrogen. The syrnge was rinsed with dichloromethane
(DCM) and acetone. 1-Octene (1.8 ml} was added with a gastight syringe and the mini-reactor
was kept at room temperature (25 °C) while stiring. After 2 hours the Supelco distillation setup
was connected to the mini-reacter under nitrogen, and the excess 1-octene was distilled off at
160 °C. After cooling down the reactor was kept in an ice-bath and air was added with a syringe
through the septum. The reaction mixture was then filtered with a Teflon syringe filter, and water
was added (0.4 mL). The reaction mixture was then analyzed by GC after passing through a Teflon
syringe filier.
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After the experiment the reaction mixture was diluted with water, cast away on sand and disposed
as chemical waste in a separate drum. The reaction was also scaled up and performed in a three-
necked round bottom flask. In these experiments 1.6 mL TEA and 20 mL 1-octene were used.

B1 Displacement, oxidation and hydrolysis of trialkylaluminum — Design of stainless steel reactor,
first reactor design

Since the oxidation reaction was a very exothermic reaction and trialkylaluminum compounds are
known to react vigorously with both air and water, a glass flask without pressure release valve was
not suitable for the experiments.® Therefore, a stainless steel reactor was designed.

The reactor that was designed had a volume of 150 mL, a pressure release valve and an analogue
pressure meter (Figure 3.17). The temperature was monitored with an thermocouple. A heating
mantle was fitted around the reactor to assure an even temperature in the reactor while it was
heated on a hot plate. The reactor was also equipped with a sample inlet and two sample outlets,
one for gas samples, the other for liquid samples. The liquid sample tube reached the bottom of
the reactor, making it possible to obtain samples from the reactor under pressure, even when the
volume of liquid that was left in the reactor was relatively small.

§ ==

Figure 3.17: Schematic representation of first reactor model
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B1 Displacement, oxidation and hydrolysis of trialkylalurninum — Method 2

The second attempt to oxidize and hydrolyze the formed TOA to obtain 1-o¢tancl was done by
reacting it with pure oxygen to form aluminumalkoxide, followed by hydrolysis with aqueous
sulphuric acid. GC analysis was used to identify the 1-octancl that was formed.

CeHir QCgHyz
AlZCaHyy — AIZOCgH1 ‘Z—M" Al(OH); + 3 CgHy70H
CgHiz OCgH,;

Figure 3.18: Oxidation/hydrolysis method with O; and H>S0,

In a typical experiment 20 mL 1-octene was fransferred to the stainless steel reactor, which was
brought under nitrogen. The trialkylaluminum {TIBA or TEA) (2 mL) was then added to the reactor
with a gastight syringe. The reactor was flushed with nitrogen and the temperature was increased
slowly to 100 °C on a hot plate, while stirring {magnetic stirer). The reaction mixture was left at
100 °C for 4 to 6 hours. After cooling down the reactor the oxidation was carried out by
pressurizing the reactor using oxygen while continuously stimng the reaction mixture. The reactor
was depressurized and a sample was taken for analysis. For the hydrolysis, 2 mL of agueous
H804 (10 vol%) was added to 2 1 mL sample from the reactor, shaken and the top layer was
analyzed by GC

This method was also camried out with Ni(acac); as a catalyst, where the catalyst wes adaed 1o the
reactor before the TAA. In later experiments, chlorobenzene (1 mL) was added to the reactor
before oxidation as intermal standard for the GC aralysis. The optimal reaction time in
displacement and the optimal oxidation time where also determined.

After the reaction, the cocled down reactor was opened, DCM was added for extra dilution and the
liquid was transterred to an Erlenmeyer. The contents of the Erenmeyer was then taken outside
the building and discarded on sand. After adding water to the sand, the mixture was dried and
collected in a large container, to be disposad of as chemical waste.

Bt Displacernent, oxidation and hydrolysis of trialkylatuminum — Method 3

Reactor was fitted with high-pressure lines for air, nitrogen and oxygen. A gas inlet with a tube to
the bottom of the reactor was also added to bubble gas through the reaction mixture. Method 3 is
identical to method 2, with the only difference that during oxidation the oxygen is bubbled through
the reaction mixture.

48



Transalkylation

81 Displacement, oxidation and hydrolysis of trialkylaluminum — Method 4
According to literature another way to oxidize and hydrolyze the farmed TOA is to react it with
hydrogen peroxide (H:Qp) {figure 3.19). Hydrogen peroxide is known to be a widely available,

efficient and relatively inexpensive oxidant, which generates no toxic by-products.®®

Al
AlZCgHyy ——— Al(OH} + 3 CgHy7OH
CgHy7

Figure 3.18: H,0, method for oxidation and hydrolysis

Irs a typical experiment, 5 mg Ni(acac), (0.03 mol% of the TAA), 20 mL intemal octernas {1s02) and
1 mL chiprobanzene were added to the reactor. The reactor was flushed with pitrogen and 2 mL
TIBA was added with a gastight syringe. The displacement reaction was caried out at 100 °C for 3
hours. After cooling down the reaction mixture to room temperature, a sample was taken for
analysis. For the oxidation and hydrolysis, 2 mL H,0; was added 10 1 mL of the reaction product,
shaken and the top layer analyzed by GC.

B2 Pressure monitoring during displacement reaction

Since the oxidation and hydrolysis experiments were not successful as a quantitative method,
another analysis method was tried. In this case, the analogue pressure meter was used to monitor
the pressure during the reaction. The pressure build-up during the displacement reaction was
moenitored, giving an indication of the amount of isobutene gas that was formed.

~CaHa CgHig Catlr
A'<C4H9 —_— A':CeHn +|3 C4H,|
Cqhg CsHiz

Figure 3.20: Schematic representation of displacement reaction with TIBA and octene, pressure
monitaring during reaction refating to isobutene formation

Due to the influence of vapour pressures and the fact that the composition of the reaction mixture
during the reaction was not completely known, the formation of isobutene could not be monitored
during the reaction.
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For the calculations, the pressure of the reactor after the displacement reaction at room
temperature was taken. Since the starting pressure of the reactor was zero and no gas was added
during the reaction, this final pressure could only be due to the isocbutene gas that was formea. To
verify whether the gas formed during the displacement reaction was indeed isobutene, a gas
sample was taken from the reactor through the gas outiet and analyzed by GC.

General procedure

Before the reaction, the reactor was cleaned and dried. After reassembling, the reactor was filled
with nitrogen. Octene was added with a gastight syringe and the reactor was flushed with nitrogen.
After adding the TAA, the reactor-valve was closed, the reactor was flushed with nitrogen again
and the contents were stirred continugusly. The temperature was gradually ingreased 1o 100 °C
and the pressure was monitored. After the reaction, the reactor was cooled down to room
temperature {25 °C) and the rermaining pressure was measured.

B3 Boiling off excess 1-octene between displacement and back-displacement

In an attempt to gain quantitative results in the transalkylation reaction, another metnod proved to
be successful. In this method, the normal transalkylation reaction is performed and the excess
octene is boiled off after the displacement ® This means that after back-displacement the amount
of octene prasant in the reactor is equal to the tolal amount of octene that was displaced from the
aluminum, since no octene was present in the reactor before the back-displacement.

.CdHs CoHse _Caty
.N::C‘;HQ —_— AI:CBHW +3 C‘Ha*
C4Hg CgHy?
CgHyg b
_Caany

AI:CHH?_"H CpHan /CBHIT
CrHzpey = AI\-\CaHr,r

+ CgHir
3 GHp=CHy,

Figure 3.21: Schematic representation of transalkylation
whereby excess octene is boiled off after displacement
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B3 Bailing off excess octene between displacement and back-displacement — Design of slainiess
steel reactor, second reactor design

For this method a new stainless steel reactor was designed, with some modifications compared to
the previous reactor. The tubing that was used inside the reactor and for the sample outlet has a
slightly larger diameter (1/4 inch instead of 1/8 inch), to avoid clogging of the tubes by the
aluminum compounds.

The new reactor was also equipped with a digital pressure meter (Wika), making the monitoring of
the reactor pressure more accurate. This digitai pressure meter has a pressure range of 0-16 bar
with an accuracy of 0.1% and is equipped with a 12-36 V DC power supply.

Another feature on the new reactor was the septum sample inlet. This sample inlet consists of a
normal outlet connection equipped with a valve and a small cap on top. This cap has a small
opening, with a diameter that fits a needle. Directly underneath this cap is a rubber septurn that is
pierced when a needle is used to add a sample to the reactor. This iniet facilitates the injection of a
liguid when the reactor is under a nitrogen atmosphere, bacause the reactor does rot have to be
opened and therefore direct contact with the outside environment and possible leakage or
evaporation is prevented by the septum. When the reactor is under nitrogen, the atmosphere is not
disturbed while injecting liquid with a gastight syringe. The septum is protected from high
prassures with a vahlee, which can be closed during the reaction when the septum is not used.
When the septum is used to add a sampie, the reactor has 1o be depressurized to avoid damaging
the septum. The septum can be easily reptaced by simply unscrewing the cap on top of the outlet
connection.

Schematically, the reactor is displayed both from the front and the back (Figure 3.23), fo be able o
get a proper view of all the features. On the front side, the septum sample inlet is shown
(discussed above). The gas inlet (where the gas can be bubbled through the reaction mixture) and
the liquid sample outlet are regulated with a 2-way vaive. The third connection is the sample cr gas
inlet, and the connection to the digital pressure meter. The back view shows the pressure release
valve, which can be set on an appropriate pressure to insure safety during the experiments. The
second connection is shared between the thermocouple and the gas cutlet.

General procedure

For the displacement reaction, Ni{acac), {20 mg, 2 mol% of the TAA) was weighed and put in the
reactor. Internal octenes (10 mL, 5x excess to Al) were added and the reactor was inertized with
nitrogen. TIBA (1 mL) was added through the septum and the reactor was heated to 100 °C and
stirred for 3 hours. After the displacement, the reactor was heated to approximately 150 °C and the
oclene was boiled off under nitrogen. After the octene was boiled off, the reactor was cooled down
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to room temperature. Chlorobenzene (1 mL, intemal standard) was added through the septum and
GC analysis was used to determine the amount of octene left in the reactor after displacement.

Figure 3.22: Picture of final reactor

For the back-displacement, the back-displacing alkene (for example 1-decene) was added (5x
excess to Al) through the septum, and the reactor was stirred at room temperature. Samples for
GC analysis were taken at certain time intervals.

For the optimization of this method, the back-displacement part was first investigated using 1-
octene. Various parameters were varied, such as the amount of catalyst, back-displacing alkenes
(ethene, 1-hexene and 1-decene), alkene:Al ratios and temperature.

Once the back-displacement reaction was optimized, the isomerization of the octene after the
back-displacement reaction was investigated. 1,5-Cyclooctadiene (5 mL, 1.5 g/mg Ni) was added
at different times to stop isomerization and thus resulting in a higher yield of 1-octene.

The total transalkylation reaction was then carried out, which was optimized by using different
amounts of catalyst in both displacement and back-displacement, different temperatures and
reaction times.
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2-Way valve Gas inlet
{Fﬁémm
i ’r‘1
s»sm--n-a»---pl-———“‘-“E
Inlet 1l
%I"g)@:@:——-mm
[ EEL N | R,

Back

Figure 3.23: Schematic representation of final reactor for transalkylation reactions
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3.2.3 Analyticai techniques

Analysis of the reaction mixture was performed on an Agilen? Technologies 6850 gas
chromatograph, equipped with a HP-1 column (30 m x 0.32 mm x .25 uym, Methyl Siloxane) and
FID detector. The following analysis conditions were used.

Inlet temperature : 280°C

Detector temperature © 300 °C

N, camier gas flow rate  © 2 mL min” at room temperature
Injection volume 1 0.2 yL {manual injection)

Oven program : 50 °C for 4 min

50 to 255 °C at 20 °C min”
255 °C for 2 min

H; gas flow rate T 40 mL min" at room temperature
Air flow rate ;450 mL min™ at room temperature
Split ratio -

3.2.3.b Nuclear magnetic resonance Spectro. NMR,

'H-NMR, ™C-NMR ana ZAI-NMR analysis of the alkylaluminum ¢ompounds in deuterated penzene
(CsDs) were atternpted on a Varian Gemini 300 spectrometer. Analysis by ZAINMR would allow
insight in the reaction mechanism, by showing the state of the aluminum as a result of the alkyl
groups present at different times during the reaction. 'H-NMR and "C-NMR would provide
information on the alkyl groups, for instance to see which and how many of the alkyl groups were
connected to the aluminum. Unfortunately the starting alumisum compounds (TEA/TIBA) could not
be detected with this spectrometer and as a result no NMR data could be obtained from the
reaction.

3.2.4 Calculations

3.2.4.a Displagement, oxidation and hydrolysis of triatkyialuminum

After the displacement, oxidation and hydrolysis the amount of 1-octancl was determined to
calculate the amount of alkyl groups that were displaced from the aluminum. This amount
corresponds to the amount of octene that reacted. To be able to determine the amount of 1-octanol
after hydrolysis by GC analysis, the response factor (f) of 1-octancl compared to the intemal
standard had to be determined. Chlorobenzene {CgHsCl) was used as the internal standard, and
the response factor was determined by using the following formula:
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V{'BOH = ACKDH

VPI-(‘I APhC{
Vceon = volume of 1-octanol [mL]
Venet = volume of internal standard [mL]
Aceon = area of 1-octanol peak
Apngy = area of intemal standard peak

The response factor was calculated by plotting Vcaon/Veno 89ainst Acson/Pency for solutions with
different 1-octanci:chlorobenzene ratios. The slope of the calibration surve represented the
response factor. The calcuiated respense factor for 1-octanci was 0.7.

The amount of 1-octancl that was determined after hydrolysis was used to determine the yield of
the displacement reaction. The yield in this case was defined as the amount of 1-octanol after
hydrolysis compared to the maximum amount of 1-octanol that could have been formed when all
availabie alkyl groups of the aluminum compound were displaced with 1-cclene. A 100% yield
would mean that all alkyl groups cf the aluminum were displaced by 1-octene.

To caleulate the yiedd, the following formula was used:

n C,OH(1)

Yield [%)] = x190
n C,OH(max}
In which:
n C,0H(t) = Feson * Oonem - Ao *Vower X0 X Praou
3
CRoH Meron * Appey
And:

n C,O0H(max) = LU

TAA

n = number of moles

Peaon = density of octanol [g/mL)

Mcson = moiar mass of octanot (g/mol]

Viaa = volume of trialkylaluminum compound [mL]

praan = density of trialkylaiuminum compound [g/mL]
Mras = molar mass of trialkylatuminum compound [g/mol]
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3.2 4.b Pressure monitoring during displacement reaction

The amount of isobutene gas that was formed during the displacement reaction was calculated
from the final pressure in the reactor. After calculating the amount of isobutene gas, the yield of the
reaction could be determined. A 100% yield would mean that all alkyl groups of the aluminum were
displaced by 1-octene.

niC,
n iC,{max)

Yield [%] = x100

Where:
niC{g)=n, —hy;
Mot = number of moles gas in reactor after reaction
NNz = number of moles nitrogen before reaction
" = Px¥
™ RxT
P = final pressure in reactor [Pa]
\ = volume of gas in reactor [m*]
R = gas constant [J/mol-K]
T = temperature [K]
ny, = Vi _ Eﬂo’ _thud
B~ .
Via = valume of nitrogen {m?
Vi = molar valume of ideal gas [m?]
Visactor = volume of reactor [m?]
Viqua = volumne of liquid in reactor [m”]
And:

n iC,{max) =3 xn TAd ELIWLY .

T4
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3.2.4.c Boiling off excess octene between displacement and back-displacernent

The yield of the experiments was defined in the results as “Octene [%]", meaning the amount of
octene that was recovered after back-dispiacement compared to the maximum amount of octene
that could have been obtained when all alkyl groups of the aluminum compound were replaced. To
calculate the amount of octene present in the reaction mbdure after back-displacement, the
response factor of octene relative to the internal standard (chlorobenzene} was determined with
GC analysis, using the following equation:

Yoo oy e

VP&C ! AFhCI

Ve
Acs

volume of actene [mL]

area of 1-octene peak

After plotting plotting Ves/Vere against Acs/Apne, for solutions with different Cq:PhCI ratios, the
response factor was calculated by determining the slope of the calibration curve. The response
factor of octene was 1.2.

To calculate the yield {ar octene %) from the GC results after the reaction, the following formula
was used:

n Gl1)
n Cy(max)

Octene %] = x100

In which:
n Cs(t) _ ;’Vts x pL-F - A(‘ﬂ X ;’Pk'.‘ x?j‘ x pf!
M, My X Apey
And:
n Cy(max) = LIS LY

Tdd

Pcs density of octene [g/mL]
Mcs = malar mass of octene [g/imol]
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3.3 RESULTS AND DISCUSSION

3.3.1 1-Octene isomerization

To monitor the isomerization of 1-octene over an HZSMS5 catalyst, GC analysis was used, and
samples were taken at regular time intervals. Since the isomerization was very slow, the
temperature was increased after 1 day with 10 °C to 50 °C to speed up the reaction. Isomerization
of 1-octene was performed twice during this study (iso1 and iso2 respectively), both with HZSMS

as a catalyst.
pA
] 1-octene
\
3/4-octene
egi? cis-2-octene
4000 - /trans-2-octene
2000 -
DCM
3 1
T T T T T
1 2 3 4 5 min

Figure 3.24: Typical gas chromatogram of the product mixture obtained during the
isomerization of 1-octene (iso2) in the presence of HZSMS after 4 days at 50 T

The gas chromatogram shows that the peaks of the internal octenes are clearly distinguishable
and therefore the exact composition of the reaction product could be calculated. The DCM peak
refers to the dichloromethane, a solvent that was used to rinse the syringe between analyses. The
compositions of both the isomerization products after 4 days, as well as the composition of the
internal octenes mixture that was obtained from Sasol are given in the table below. These three
octene mixtures were used in the transalkylation reactions.

The isomerization reaction with HZSMS5 resulted in a mixture of internal octenes, with 1-octene still
the main component. In both cases the isomerization went as far as 3- and 4-octene, although only
a small amount of 4-octene was identified. The Sasol mixture mainly consisted of 2-octene, mixed
with 1-octene and little 3-octene.
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Table 3.2: Product composition of internal octenes

Iso1 [%] Is02 [%] Sasol mix [%]

1-octene B85 67 29
2-octene 32 27 69
3-octene 2 5 2
4-octene 1 1 0

3.3.2 Transalkylation

The results of the different methods that were used in the transalkylation reaction are discussed in
chronological order, starting with displacement, oxidation and hydrolysis of TAA (a), followed by
pressure monitoring during displacement (b) and finally boiling of excess octene between
displacement and back-displacement (c).

3.3.2.a Di ion and h

After hydrolysis, the reaction product was analyzed with GC. A typical GC graph of the reaction
product is presented in Figure 3.25, in which the 1-octanol peak is clearly visible.

P
o 3.octene | Cis-2-octens
3500
3000 4
DCM
2500
4-octene
trans-2-octene
2000 N e
1500 4
chiorobenzene
1000 1-octene 1-octanol
500 4 \
o r—
1 2 3 4 H 8 7 min

Figure 3.25: Typical gas chromatogram of reaction product after oxidation and hydrolysis

59



Chapler 3

Mothod 1
As was discussed in Paragraph 3.2.2 B1, two possible reaction paths of trialkylaluminum in
oxidation and hydrolysis wera réporied in literature.

O
AUC Hanet)s ——— AlOC,Haneih

6 H;0
2 Al{OCHon1)s — 2 0m 6 CoHapsOH+ ALO;.3 H0

Figure 3.26: T possible reaction path of oxidation/hydrolysis with airfwater

(CH2CHZ3CaHs " _-O(CHCH2,C,Hs
Al_(CHQCHz)VCZHs _— Ai:O(CHchz)yCﬂ‘h
{CH;CH),CoHs O{CHZCH3),CoHs
CoHs(CHZCH,,OH f20
AKOH)3 + CaHs{CH>CHZ),OH
CsHg(CHyCHZ),0H

Figure 3.27: 2™ possible reaction path of oxidation/hydrolysis with air‘water

Both reacticn paths show the formation of a primary alcohol. Therefore, the reaction product was
analyzed by GC and the amount of alcokol was determined.

Because of the formaticn of a gel during hydrolysis, the analysis of the reaction mixture was very
difficult. Only a small amount of liquid could be recovered by filtration and analyzed by GC. The
formation of a gel could be due to the reaction of aluminum with water, forming A{OH); or
Alz03.3 H0.

No 1-cctanal was detected after hydrolysis, which could mean that the oxidation and hydrolysis
was not successful under these reaction conditions or that the displacement reaction did not take
place. The GC analysis of the experiments that were carned out on a slightly farger scaie in the
three-necked round bottorn flask aiso showed no 1-octanol.

Since the oxidation step was very exothermic, the reaction setup proved to be unsuitable for the
experiments. Furthermore, the mini-reactors and the Supelco distillation setup were not totally
airtight, making the results unreliable. Therefore, a stainless steei reactar with a pressure release
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valve was develpped, and further experiments were performed with this new setup. Other oxidation
and hydrolysis metheds, as well as other analysis possibilities haa ic be explored.

Table 3.3: Displacement of TEA with 1-octane, oxidation with air and kydrolysis
with water in 3 mL mini-reactor with Supelco distillation setup

TEA 1-octene Reaction T° GC-detection
[ml] [mL tme®[h] [°C] of 1-octanal

0.1 1.8 2 25 No
0.1 18 2 25 No
0.1 18 2 25 No
0.2 1.8 4 25 No

Mathod 2
In this methad, the temperature of the displacement reaction was 100 °C, and the oxidation was

camied out with oxygen instead of ar at higher pressure. This was possible with the high-pressure
nines fitted on the reactor.

-Cahiz 0. ~OCsHz H,S04(aq}
AII:CSHW E— A'<003H17 ——— A|(OH)a + 3 CgHy;0H
CeHyz OCgHy7

Figure 3.28: Oxidation/hydrolysis method with O, and H,S0,

The GC analysis of the reaction products was difficult in this method as well, since a gel formed
during hydeolysis, indicating the formation of Al{OH),. In three cases, the GC analysis showed 1-
octanol, indicating that the displacement reaction took place (Table 3.4). These were all
experiments were TIBA was used; no 1-0¢tancl was detected in the expenments with TEA, Since
the excess 1-octene present after the displacement was not distilled off, a reference experiment
was carmied out, which proved 1-octene did not oxidize and hydrolyse under the current reaction
conditions. This points out that the 1-octanol detected after hydrolysis was in fact formed from the
octene that displaced the alkyl group of the aluminum.
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Table 3.4° Qualitative analysis of 1-octanol after displacement of TIBA
and TEA with 1-octene in stainless steel reactor, oxidation
with O, for 6 hours under pressure, hydrolysis with H;50,

TIBA TEA 1-octene Nifacac); Reacton T° GC-detection
[mL] [mk] [mL mol%toAl time®fh] [°C] of 1-octanol

2 - 29 - 4 100 Yes
2 - 20 - 4 100 Ne
2 - 20 0.03 5 100 Yes
2 - 20 0.03 5 100 Yes
- 2 20 n.c3 8 100 No

To be able to get quantitative results, an internal standard {chlorobenzene) was added before
oxidation. Samples were 1aken at regular time iniervals, to monitor the reaction progress as a
function of time. The vield was calculated in such a way that a 100% yield would mean that the 1-
octanol detected corresponds o the maximum amount of 1-octene that could have reacted with
the aluminum compound.

Table 3.5: Determination of optimal axidation time after displacement of TIBA with internai
octenes (Iso1} at 100 T for 7 hours in a stainless steel reactor, with 0.03 moi% Ni(acacy)
catalyst, oxidation with O, under pressure, hydrolysis with H,80,

Oxidations  Amount of octena

time [h] reacted [%)]
0 0.5
1 3.5
2 53
3 6.0
4 6.0
5 6.3
24 38
Diract ox 286
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As can be seen from this table, the yield was very low, even after 24 hours. This could indicate that
the displacement reaction did not proceed uniil the full extend, or that the yield of the oxidation and
hydrolysis reaction was very low. The vield after oxidation was compared to the yield of direct
oxidation, where a sample was taken and a large amouni of oxygen was directly injected in the
liquid. This method also showed a relatively low vield.

When looking at the graph of oxidation time vs. yield, it was determined that an cxidation time of 3
hours was sufficient for further experiments.

Yield [%]

[\ 1 2 3
Onxidation time [h]

Figure 3.29: Determination of optimal oxidation time after displacement of TIBA with infernal
octenes (Iso1) at 100 °C in a slainless steel reactor, with 0.03 moi% Ni{acac;)

catalyst, oxidation with Oz under pressure (2 bar), hydrolysis with H:SC4 (B 1-octanoi)

After determining the optimal oxidation time, the displacement reaction was investigated. As can
be seen from the results in Table 3.6, the vield did not change significantly with different
displacement reaction times. This may indicate that the displacement reaction takes place within
one hour and the maximum yield is reached, or the slight variations are only to be attributed to the
oxidation and hydrolysis step, which does not proceed to completion. The different internal cctenes
mixtures showed no significant differences in yield, which was expected, since both mixtures had a
high 1-octene content. The 1-octene present in the mixture would displace the alkyl group of the
alumninum first, since no doubie bond isomerization was required.
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Table 3.6: Results of quantitative analysis of 1-octanc! after different duration of displacement
reactions at 100 T of TIBA with infemmal octenes (1so1/Sasol mix) in stainless steel reactor,
with 0.03 mol% Ni(acac); catalyst, oxidation with O for 3 hours under pressure, hydrolysis

with H.SQ,, chiorobenzene as intemal standard

TIBA Iso1 Sasclmix Reaction Amount of octene

fmL]  [mL] [mL] time ° [h] reacted [%]
2 20 - 1 486
2 20 - 2 4.2
2 - 20 1 5.8
2 - 20 2 4.1

Method 2+3+4

The yield from the standard reaction as mentioned above was compared 10 the yield obtained from
slightly different methods. Firstly, method 2 was used, in which the pressure was released during
the displacement reaction, letting the possibly formed isobutene gas escape. Method 3 involved
the bubbling of the oxygen through the liquid reaction mixture, made possible by the fitment of a
gas inlet tube reaching to the boftermn of the reactor. Finally, method 4 was performed, whereby
H»0O. was used in the oxidation ang hydrolysis step.

CgHiz
- HyOy
A':CaHﬂ 222 . AOH); + 3 CgHq,0H
CaHi7

Figure 3.30: H;0, method for oxidation and hydrolysis

The results from these experiments are presented in Table 3.7.

As can be seen from these resuits, methods 2 and 3 showed almost the same yield. The yield of
method 4, where H,Q; was used was higher, indicating that this oxidation/hydrolysis method was
more successful. The oxidation with oxygen is reported in literature to have generally lower yields
than cxidations where hydrogen peroxide was used. This is attributed to the fact that the use of
axygen is often difficult to control and only one of the two oxygen atoms is known to be productive

in the oxidation,&-*
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Table 3.7: Resulls of quantilative analysis of 1-actano! after displacement reaction af 100 C of
TIBA with internal octenes (Isc1/5asol mix) in stainless steel reactor, with 0.03 mol% Nifacag);
catalyst. oxidation and hydrolysis, chiorobenzene as internal standard

TIBA Iso1 Sasol mix Oxidation Reaction Oxidation Amount of octene Method
mL] [mL] [mL] method  time “[h]  time [h} reacted [%]

2 - 20 3 2 3 4.1 2
2 - 20 3 2 3 4.5 2 — P reieased
2 20 - 4 3 1.5 5.8 3
2 20 - 5 3 - 8.0 4

Summary of results of oxidation and hydrolysis method

The different methods that were used to oxidize and hydrolyze the trialkylaluminum that was
formed during the displacement reaction ail showed very low yields. It is not clear whether these
low yields are due to the iow yield of the displacement reaction or that the yield of the oxidation
and hydrolysis step was not 100%. Therefore, another analysis method was investigated, which
involved the monitoring of the pressure during the displacement reaction.

3.3.2.b Pressure monitoring during displacement reaction

The isobutene gas that was expected to form during the displacement of TIBA with octene would
result in an increase in reactor pressure, since the reaction takes place in a closed system. This
pressure was monitored during and after the reaction by measuring the pressure in the reactor with
an analogue pressure meter.

CHy  CoHyg _-Catyy
AI:C,,HQ —— Al-CagHiz +|3 C4Hs
CsHg CgHy7

Figure 3.31: Schemalic rapresentation of displacement reaction with TIBA and octens, pressure

moniforing during reaction relating fo isobutene formation

The conditions of the experiments in which the pressure was monitored during the reaction are
displayed in the table below. Six types of reactions with different parameters were carried out.
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Tabie 3.8: Reaction parameters of displacement
reactions during which the pressure was monitored

1-octene TIBA TEA  Nifjacac); Melar ratic
[mL] ImL} {mL] [mol% ta Al] Ca:Al

1 25 2 - - 20
2 2 - - - -
3 20 2 - - 18
4 20 4 - -

5 20 - 2 -

6 20 2 - 0.03 16

During experiment 1 a relatively large pressure increase was observed. To get an idea of the
influence of the vapour pressure of 1-octene on the total pressure with increasing temperature,
experiment 2 was carried out with only 1-octene (Figure 3.32). The pressure obtained in this
experiment was considerably lower, and since this could not only be due to the vapour pressure of
TIBA, which was a very small quantity, it could be assumed that indeed isobutene was formed in
the reaction.

200

P [xPa]

TCl

Figure 3.32: Pressure at various temperatures during displacement of TIBA with 1-octene

{m experiment 1, A experiment 2)
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The pressure increase with time for experiments 3-6 is given in Figure 3.33. As can be seen from
this graph, the pressure is higher for the reaction with TEA (experiment 5} and the one with
catalyst (experiment 6). The pressure in experiment 4 is a bit higher than in experiment 3, this
could be due to the fact that in experiment 4 more TIBA was used, increasing the vapour pressure.

200

Figure 3.33: Pressure at various temperatures during displacement of TIBA/TEA with 1-octene

(® experiment 3; ® experiment 4, O experiment 5. ¥ experiment 6)

GC analysis of the gas sample that was taken from the reactor after the displacement reaction of
TIBA and 1-octene showed a large peak at 1.86 min (Figure 3.34). This was confirmed to be
isobutene by a reference sample from a gas cylinder. This proved that indeed isobutene was
formed during the reaction, indicating that the displacement reaction ook place.

The calculations that were performed are based on readings with an analogue pressure meter,
which is not very ascurate; therefore the results can only be a rough indication. Since a lot of
factors play a role, the calculation of the amount of alkyl groups that was displaced from the gas
pressure is quite complicated. The wvapour pressures of octene and the TAA increase with
increasing temperature, and it is a closed volume. The exact composition of the liquid reaction
mixture 15 not known during the reaction, and therefore the amount of oclene reacting aver time
cannot be calculated.
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pA
e isobutene
25000 <
20000
15000 -

10000

5000 4

Figure 3.34: Results of GC analysis of gas formed during displacement of TIBA with 1-octene

However, the total amount of octene that displaced isobutene or ethene on the aluminum during
the reaction could be calculated. Since the reactor pressure before the reaction at room
temperature (25 °C) was 0 and the reactor showed an increased pressure at room temperature
after the reaction, this pressure could be attributed to the isobutene that was formed. Since it is a
simplified approach, the vapour-liquid equilibrium data of octene, isobutene, ethene, nitrogen and
TAA were left out of the calculation, as well as any dissolved isobutene. Therefore, with this final
pressure reading, an indication could be given of the percentage of alkyl groups that was displaced
during the reaction.

Table 3.9: Calculation of displaced alkyl groups during displacement
of TIBA/TEA with 1-octene (see table 3.7 for reaction parameters)

Final P Gas formed Yield [%]
[kPa] [kmol] (= % Alkyl groups

displaced)
1 20 1.033 4.4
3 20 1.073 4.5
4 25 1.321 28
5 70 3.758 86
-] 45 2418 10.2
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With this method, very low yields were calculated. This could be due to the low yield of the
displacement reaction, indicating that the reaction conditions were not optimal. Another possibility
could be that the pressure readings were not accurate enaugh, or that the reactor had a smaill leak,
resulting in a lower final pressure. The yield, or % alkyl groups displaced was calculated in such a
way that a 100% yield would mean that the octene displaced all alkyi groups on the aluminum,
since the octene was in excess over the aluminum compound. Experiment 5, performed with TEA,
showed a higher yield, which comesponds with observations during the reactions, in which TEA
reacts more violently than TIBA. The yield from experiment 6 is slightly higher, which could indicate
that the catalyst indeed had an influence on the reaction.

Summary of results of prassure monitoring method

From the results of this analysis method it can be concluded that the displacement reaction indeed
took place. The yield was higher when TEA was used instead of TIBA, and alsa the addition of a
nickel catalyst increased the yield. Unfortunately. the yields were relatively low. Since it was not
clear whether this was caused by the low yield of the dispiacement reaction or that this anailysis
method was not accurate enough, other possible analysis methods had to be explored.

3.3.2.c Boiling off excess actene between displacement and back-displacement

This method involves bailing off the residual oclene after the displacement reaction, pricr to the
back-displacement reaction.

04H9 CeHiz
-~ CagHyg -
AI—\-C4H9 —_— AJ:C;HW +3 C4H3f
CqHy CgHz
CoHigd
_CaHan

AI:C,,HZM CaHar _-CaHyr
CnHQmW «—— Al-CgHly

+ CgHq7
3 CH2=C7H14

Figure 3.35. Schematic representation of transalkyiation

whereby excess octene is boiled off aflter displacement
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The reaction mixture after back-displacement was analyzed by GC (Figure 3.36).

8000
hexene

6000 /
s DCM
2000 - 1-octene  chlorobenzene

= B

Figure 3.36: Typical gas chromatogram of the reaction product after back-displacement

After the displacement, the excess octene was boiled off, confirmed by GC that no octene was left
and the back-displacement reaction was performed with 1-hexene. Both displacement and back-
displacement were performed with a 5-fold excess of alkene to the aluminum (500 mol%). The first
experiments performed with this method showed promising results.

Table 3.10: Octene yield after displacement of TIBA with intemal octenes (iso2)
[100 <C, 3 h, 0.03 mol% Ni(acac),] and back-displacement with 1-hexene
[25 C, chlorobenzene = int std]

Time Octene [%]

5 min 2
1 hour 3
4 days 45

After these first experiments it was decided to optimize this method, with some alterations to the
initial method. Due to the fact that the reactor was not equipped for distillation, a small amount of
octene was left after the boiling off procedure. Attempts to boil off the total amount of octene were
unsuccessful, as the results proved to be inaccurate and not reproducible. This could be due to
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other components being boiled off together with the octene due to the small volume of liquid in the
reactor at the end of the boiling off procedure.

To make sure the amount of octene calculated after the back-displacement was only the amount of
octene that was displaced from the aluminum, an extra GC analysis was performed before starting
the back-displacement. This way a correction was done for the octene that could not be boiled off.
When the excess octene was not boiled off after displacement, the yields were considerably lower
and not reproducible, indicating that the GC analysis might not be accurate enough to determine
the slight increase in octene after back-displacement when a large amount of octene was still
present. The octene yield coresponds with the total amount of octene that was displaced from the
aluminum (which was corrected for the amount of octene that was left after the boiling off step) and
includes any octene that might have isomerized after it was released from the aluminum. The
optimization experiments were started with an investigation of the back-displacement reaction.
After optimizing this part, the total transalkylation reaction could be optimized.

Back-displacement

Initial back-displacement reactions were performed for longer periods of time, untii it was clear that
the maximum yield was reached after approximately 2 hours. Since the increase in yield thereafter
was relatively small, the experiments were carried out for 2 hours. To compare the yields after
back-displacement, the yields after 2 hours of reaction time were taken info account, regardless of
whether the reaction carried on for longer. Firstly, different back-displacing alkenes were used,
with or without the Ni{acac); catalyst, the results of which are presented in the table below.

Tabig 3.11: Octene yieid after 2 hours after back-gdisplacement of TOA with different
alkenes with and without catalyst {2 mol% Ni(acac), T = 28 C, 5x excess alkene to Alf

Alkene Octene [%] Octene [%]
with catalyst  without catalyst

Cc=C a7 &8
C=05 a0 76
€=Cy 93 69

From these results it can be seen thal the yields were higher when catalyst was added. To
compare the octene yield in time during back-displacement of the different back-displacing alkenes
for the experiments with catalyst, the octene yield for the back-displacement reaction was plotted
as a function of time in Figure 3.37.
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Figure 3.37. Qctene yield after back-dispiacement of TOA with different alkenes with catalyst

(m 1-hexene; A 1-decens; ® gthene) [2 moi% Nifacac), T = 25 C, 5x excess alkene fo Al]

As can be seen from this graph, the results for both hexene and decéne were almost the same.
When using ethene, which is a gas, the amount that was used could not be measured acturately,
resulting in a tower and less reproducible yield.

Figure 3.38 shows the octene yield as a function of time during the back-displacement of TOA
using different alkenes without catalyst.

This graph shows that the results of the back-displacement without catalyst were more scattered,
and also lower. This indicated that indeed the presence of the Ni{acac); catalyst was necessary for
this part of the transalkylation reacticn.

The results for 1-decene were most reproducible in the experiments with and witheut catalyst, and
since the tridecylaluminum compound was expected to be the most stable of the three possible
aluminum compounds after back-displacement, 1-decene was chosen as the back-displacing
alkene for the optimization experiments. The influence of the amount of catalyst used in the back-
displacement reaction was investigated next.
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Figure 3.38: Octene yield after back-displacement of TOA with different alkenes without catalyst
(m 1-hexene; A 1-decene; ® ethene) [T = 25 C, 5x excess alkene to Al

I o catalyst
B 1 mol%
N 2 mol%
. 4 mol%

Octene yield [%]

Reaction time [h]

Figure 3.39: Octene yield after back-displacement of TOA with 1-decene,
different amounts of catalyst [T = 25 C]
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As can be seen from Figure 3.38, the yield for the experiment without the catalyst was lower,
confirming again that a catalyst is needed for the back-displacement reactions. When looking at
the results after 2 hours of back-displacement, the experiment where 1 mol% catalyst was used
had the highest yield. The yield did seem to stay relatively constant above 1 mol%, indicating that
1 mol% of Ni(acac); would be sufficient. The octene yield after back-displacement was also close
to 100%, which meant that this reaction step was operating under almost ideal reaction conditions.

Table 3.12: Octene yield after 2 hours after back-displacement
of TOA with 1-decene, different mol% catalyst [T = 25 C]

Mol% catalyst Octene [%]

0

1
2
4

69
96
83
83

To investigate the influence of temperature and the 1-decene to aluminum ratio, more experiments

were performed.

Octene yield [%]

Reaction time [h]

I 25°C ratio 5
B 25°C ratio 10
I 60°C ratio 10

Figure 3.40: Octene yield after back-displacement of TOA with 1-decene at different
back-displacement temperatures and decene:Al ratios [1 mol% Ni(acac),]
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The yields of the different experiments werg relativaly close, as can be seen from Figure 3.40.
When comparing the octene yields after 2 hours, the following results were oblained:

Table 3.13: Octene yieid after Z hours after back-displacement of
TOA with 1-decene (different temperature and ralios)

T [*C] Ratio decene:Al Octene [%]

25 5 96
25 10 93
60 5 87

When the temperature was increasad, the yiela decreased slightly. Increasing the 1-decene to Al
ratio also seemed to decrease the yield slightiy, but no significant change was observed. Therefore
the following experiments were performed at 25 °C with a 1-decene to Al molar ratio of 5.

To prevent the rapid isomerization of the octene that was displaced from the TOA, 1,5-
cyclogctadiene (COD, 5 mL) was added as an isomerization-inhibiting agent. This compound was
added at different times after the addition of TOA to the reactor, to determine the optimal
procedure.

Table 3.14: isomerization of 1-octene after back-displacement
reaction, different addition times of 1,58-cyclooctadiene
compared to standard reaction {2 hourd, T= 25 C, 1.5 g COD/mg Ni}

Time 1-actene 2-octene 3-octene 4-octene

(miny] (%] [%] [%] (%]
No COD 2 10 41 47
t=0 100 0 0 0
t=1 72 0 1 27
t=5 72 1 3 25

These results indicate that without COD, the isomerization after 2 hours was quite significant,
leaving only 2% 1-octene in the reaction mixture. When the COD was added together with the
TOA, the isomerization was stopped and only 1-octena was detected. When the COD was added
after the TOA, the isomerzation already occurred, leaving 72% 1-octene after the back-
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displacement. Therefore, the optimal time to add the COD to the reaction mixture was together
with the TOA.

Displacement and back-displacement

After optimizing the back-displacement reaction, the total transalkylation reaction was performed.
Optimization experiments were started with 1-octene, followed by experiments with internal
octenes. First, different Ni(acac), catalyst concentrations were used for the displacement (d) of
TIBA with 1-octene, followed by back-displacement (bd) of the formed TOA with 1-decene.

I o catalyst
B 1 mol%
I 2 mol%
I 4 mol%

Octene yield [%]

1 2 3
Reaction time [n]

Figure 3.41: Octene yield after displacement of TIBA with 1-octene and back-displacement with 1-
decene, different amounts of catalyst in the displacement reaction
[Thour d, T®= 100 C, T*= 25 C, 5x excess alkene to Al, 1 mol% Ni(acac), bd]

From Figure 3.41 it becomes clear that the yield was considerably lower when no catalyst is used
in the displacement reaction. The yields of the reactions with 1,2 and 4 mol% catalyst are all
relatively close.

The influence of temperature on the displacement reaction was investigated in another set of
experiments. For these experiments, no catalyst was added for the back-displacement step.

The experiment that was performed at 100 °C showed a lower yield, indicating that the reaction
proceeded better at lower temperatures.
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Figure 3.42: Octene yield after displacement of TIBA with 1-octene and back-displacement
with 1-decene at different temperatures for the back-displacement reaction
[1 mol% cat d, 1 hour d, no cat bd, T"= 25 €]

Summarizing the results and comparing the yield after 2 hours of back-displacement, it is clear that
the best results were obtained in the experiments where no extra catalyst was added for the back-
displacement reaction. This indicates that the catalyst might be still active after displacement, since
the back-displacement experiments showed that a certain amount of catalyst was necessary in the
back-displacement to obtain these high yields.

Table 3.15: Octene yield after displacement of TIBA with 1-octene and
back-displacement of TOA with 1-decene [1 hour d, T = 25 “C, 2 hour bd]

T  mol% mol%  Octene
[°C] catalystd catalyst bd [%]
100 4 1 81
100 2 1 74
100 1 1 83
100 0 1 35
100 1 0 95
60 1 0 100
25 1 0 100
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Since ne increase in yield was observed at higher catalyst concentrations, the use of 1 mol%
catalyst in displacement seemed optimal. The yleld was very high even at tower temperatures,
indicating that for the displacement of TIBA with 1-gctene a temperature of 25 °C was sufficient.

Afer optimizing the transalkylation reaction with 1-octene it was performed with 4-octene under the
optimized reaction conditions. In these experiments it became clear that the present reaction
conditions were not optimal for internal octenes, and more optimization experiments were carmied
out.

Table 3.16: Octene yield affer displacement of TIBA with
4-ocfene and back-displacement of TOA with -decene
at 25 T for 2 hours at different conditions fno caf bd]

T Mol%  Reaction Oclene
[°C] catalystd timed [%]

25 1 1 8
25 4 3 36
25 4 1 g
100 4 3 65
100 1 3 82

When performing the transalkylation reaction with 4-octene under the optimized reaction conditions
obtained with 1-octene, the yield was only 8%. The reason for this could be that the double bond of
the 4-octene has to shift to the primary position {isomerization to 1-octene) in order for the actene
1o bind to the aluminum, thus displacing the alkyi group.

Therefore the catalyst concentration as well as the reaction time was increased, which resulted in
a yield of 36% . The next experiment, where only the catalyst amount was increased, proved that
the reaction time had been the yield-increasing factor. Meaning that a catalyst amount of 1 mol%
was sufficient, only that a langer reaction time was needed to isomerize all the octene and let it
bind to the aluminum. Furthermore, the yield increased when the temperature of the displacement
reaction was increased to 100 °C, resulting in an octene yield of 82%.

After optimizing the reaction conditions of the fransalkylation for 4-octene, the reaction was alsc
performed with 2-octene and 3-octene.
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I 2-octene
B 3-octene
I 4-octene

Octene yield [%]

Reaction time [h]

Figure 3.43: Octene yield after displacement of TIBA with different internal octenes and
back-displacement with 1-decene [d 3 hours, T° = 100 C, 1 mol% cat; bd no cat, T*° = 25C]

As can be seen from Figure 3.43, the yields of the transalkylation reaction with different intemal
alkenes were not the same. The yields of the transalkylation reactions for the different internal
alkenes after 2 hours of back-displacement are presented in the table below.

Table 3.17: Octene yield in time after displacement of TIBA with
different internal octenes and back-displacement of TOA with
1-decene [T°= 100 <C, 3 hour d, 1 mol% caf’, 2 hour bd at 25 T]

Octene [%]
2-octene or
3-octene 62
4-octene 82

The yield for 4 octene is 82%, whereas the experiments where 2- or 3-octene was used had lower
yields. This could be due to the fact that the reaction conditions were optimized for 4-octene. The
main objective was to get the best yield for 4-octene, since this is the product of the metathesis
reaction, and will be used as the displacing alkene in the tandem catalysis reactions.
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Summary of results of the boiling off excess octene method

This method proved to be successful in obtaining quantitative resulis for the transalkylation
reaction, and optimization of both the displacement and the back-displacement steps could be
carried out. The results show that the optimized reaction conditions were optimal for 4-octene.
Since 4-octene is the starting compound for the transalkylation reaction in the tandem catalysis
experiments, this method and reaction conditions will be used in the tandem catalysis experiments.
The stainless steel reactor (final design, Figure 3.22 and 3.23) that was developed for the
experiments proved to be suitable for this type of reactions. With this reactor it was possible to
carry out the experiments in a safe way, in a closed volume and with all necessary fitings and
valves that were needed to perform the reactions.

3.4 CONCLUSIONS

Heterogeneous isomerization of t-octene was successfully carried out with HZSMS as a catalyst.
The products were analyzed with GC, which proved to be a useful analysis methed to determine
the exact composition of the internal octenes. Around 35% of the 1-octene was isomerized to
internai octenes, and the isomerization proceeded up to 4-octepe. Although the isomerization
proceeded slower than expected, the yield after 4 days was high enough and provided a mixture of
internal octenes that was suitable to be used as starting material in the transalkylation reactions,

Three different analysis methods were used to determine the extent of the fransalkylation reaction,

« The oxidation and hydrolysis of the reaction product after the displacement reaction
shawed that the displacement reaction tock place. Aftempts to abtain reliable and
reproducible quantitative results by using this method were not successful, since the
oxidation and hydrolysis step did not appear to procaed to completion.

» Reactor pressure monitoring during the displacement reaction alsc proved that the reaction
took place, but this methed was not sufficiently accurate to produce quantitative resuits.
The results did show that the use of a Ni(acac), catalyst increased the yield of the reaction.

¢ When the excess octene was boiled off between displacement and back-displacement it
was possible to obtain reproducible, quantitative results. Therefore, this method was used
to optimize the transalkylation reaction.

The back-displacement reaction was optimized by using different back-displacing alkenes (ethene,
1-hexene and 1-decene), different amounts of catalyst, temperatures and alkene:Al ratios. The
octene yield was considerably higher when Ni{acac), was used as a catalyst. The octene yields for
reactions where 1-hexene or 1-decene were used as the back-displacing alkene were both higher

80



Transailkylation

than when ethene was used. Since ethene is a gas, it was difficult to monitor the exact amount of
ethene that was added to the reaction mixture, making the experiments less reproducible. Back-
displacement reactions with 1-decene provided the most reproducible yields, therefore 1-decene
was chosen as the back-displacing alkene.

The highest octene yields were obtained when the back-displacement was camied out at 25 °C
with 1 mol% Ni{acac), catalyst (relative to the Al). A reaction time of 2 hours proved to be sufficient
to obtain the maximum yield.

COD was suitable in stopping the isomerization of the back-displaced alkene when the COD was
added together with TOA in the back-displacement reaction. The octene product consisted of
100% 1-octene when COD was added together with TOA, compared to only 2% 1-octene that was
left in the reaction mixture when no COD was added.

After determining the optimal reaction conditions for the back-displacement reaction, the
transalkylation reaction was carmed out and again optimal reaction conditions {temperature,
amount of catalyst, reaction time) were determined.

The displacement and back-displacement reactions were optimized by using 1-octene, obtaining
the highest octene yield when the displacement reaction was camied out at 25 °C for 1 hour with 1
mol% catalyst, foliowed by back-displacemant with 1-decene at 25 °C for 2 hours without catalyst.
After obtaining a 100% yield with 1-octene, the transalkylation reaction was carried out with 4-
octene. Since the octene vield for 4-octene was considerably lower than when 1-octene was used,
the reaction was oplimized again to obtain a higher yielg. it became clear that for displacement
reactions with an internal octene a higher reaction temperature and longer reaction times were
required. This was 1o be expected, since the double bond in 4-octene has to be shifted to the
terminal position. The double bond of 1-octene is already in the terminal position, allowing it to
immediately displace an alkyl group of the tnaikylaluminum. The highest octene yields after back-
displacement were obtained when the displacement reaction was carried out for 3 hours at 100 °C
with 1 mol% catalyst, followed by 2 hours of back-displacement at 25°C without the addition of
extra catalyst.

Optimization of the transalkyiation reaction for 4-octene lead to an 82% yield, where after the
reaction was also carried out with 2-octene and 3-octene. The octene yields after back-
displacement for 2- and 3-octene were 27% and 62% raspectively. The yields for 2- and 3-octene
were lower than for 1- and 4-octene. The reason for this could be that in the case of 1-octene and
4-octene, the reaction was optimized for this particular octene, whereas the results obtained for 2-
and 3-octene were the result of a reaction under conditions that were optimized for 4-octene. Since
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only 4-octene will be used as a starting material for the transalkylation reactions in the tandem
experiments and high yields were obtained with 4-octene, there was no need to optimize the
reaction funther for 2- and 3-octens.

The results obiained in these experiments increase the understanding of the transalkylation
reaction and prove that it is possible to carry out this reaction on a small scale in a stainless steel
reactor. The transalkylation reaction is applied in industry on a large scale, but no reports have
been found about the optimization of reaction conditions. The industnial applications as described
in the patenis alsc mention recycle streams and the use of multipie reactors for the separation and
reaction steps.’™"° The results presented in this chapter prove that it is possible to carry out the
displacement reaction in a single reactor, without separation steps in between, and that high and
repreducible reaction yields can be obtained.

The development of the stainless steel reactor that was used in the transalkylation expenments
was a multi-step process, starting with the first reactor design and adapting it to the specific
reaction conditions and safety issues involving the transalkylation reaction. The final reactor is a
reactor that is not only suitable for this type of reactions but can be used in other types of reactions
as well. The reactor made it possible to perform the experiments in a safe way, with all necessary
inlet and outlet tubes, valves and fittings.
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CHAPTER 4

Tandem Catalysis

ABSTRACT

In this chapter two differant tandem sequences were investigated to prepare longer chain terminai
aikenes from shart chain ferminal alkenes. For the firsf tandem process the mefathesis reaction, as
described in Chapter 2, and the transalkylation from Chapter 3 were combined. It was found that it
was indeed possible o combine metathesis and transalkylation in a tandem process and
reasonable high and reproducible yields were obfained. The second fandem process invoived
metathesis and an isomerization step where the same Grubbs 1 catalyst was used for both
reaction steps. If was conclutled that indeed an increase in temperature induced the formation of
the hydride species without the addition of other compounds, although the 1-octene yigids were
very low, The 1-octene yield and selectivity of the metathesis-transalkylation sequence and the
ruthenfum-catalyzed metathesis-isomerization tandem reaction were compared. it was found that
the overall yieid and selectivity for the metathesis-transalkylation was higher and that it was indeed
possible to oblain longer chain terminal alkenes in a tandem process.
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Chapter 4

4.1 INTRODUCTION

Tandem catalysis involves the combination of multiple reactions in ore synthetic operation, with
minimum werkup or change in conditions."? The concept “tandem” is generally used to refer to
reactions that occur parallel, one behind another, alongside sach other, or an asscciation of events
working towards the same goal® Tandem methodology provides excellent taclics 1o combine
different concurrent or sequential processes in productive single operation employing one or
several catalysts. Tandem catalysis poses a challenge for chemists to find conditions that atlow for
the controlling of reactivity and selectivity in each step, but also presents a number of opportunities
to improve chemical transformations. The advantage of landem calalysis is that intermediates do
not have to be stable enough for isolaticn, because they are quickly transfarmed by a subsequent
reaction. The yield losses associated with the isolation and purification of intermediates in multi-
step processes can be avoided, and reaction times are considerably reduced."** The application
of tandem reactions to generate and then destroy harmful chemicals in situ also presents
environmental and safety advantages.

4.1.1 Classification of tandem reactions

The terminotogy that is used to classify the different types of fandem catalysis reactions is not
consistent, which makes it difficull to distinguish between the different reaction mechanisms.
According to literature, reactions that are nat cansidered tandem catalysis are for example ocne-pot
reactions involving isolated catalytic events, where the second catalyst is added only after the first
catalytic transformation 15 compilete.

The term tandem catalysis is reserved to describe coupled catalyses in which sequential
transformation of the substrate occurs via two {(or more) mechanistically distinct processes.
Tandem catalysis is defined fo have all catalytic species, whether masked or apparent, present
from the start of the reaction, and is also referred to as concurent tandem catalysis.'®

Cne of the recent and most accapted types of classifications of tandem catalysis reactions, as
reported in literature, will be discussed here.® In this particular classification, three distinct types of
tandem reactions are mentioned.

» Onhogonal tandem catalysis (Figure 4.1), where there is a mutual independence of the
different catalytic cycles that operate simultaneously, with non-interfering catalysts.

* Auto-tandem catalysis (Figure 4.2) refers to two or more mechanistically distinct catalyses
promoted by a single catalyst precursor. Both cycles occur spontaneously and
simultaneously by cooperative interaction of the various species, which are present at the
cutset of the reaction.
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» Assisted tandem catalysis (Figure 4.3) is a term used to identify the reactions in which a
single catalyst species carries out different transformations that are triggered by the
addition of a further reagent to evoke a change in mechanism.

Catalyst A Catalyst B

Product A Product B
Substrate A Mechamsm ‘R""e““ Mechanism
Substrate B B

Figure 4.1: Schamatic flustration of orthogonal catalysis

Catalyst A
Catalyst A !
Y ()
Product A Preduct B
Substrate A Mechamsm (R“gem’ Mechanism
Substrate B B
Figure 4.2: Schematic ilustration of auto-tandem catalysis

trigger
Catalyst A » Catalysi B

Product A Product B
Substrate A Mechamsm ‘R““‘"‘) Mechanism
Substrate B e

Figure 4.3: Schematic illustration of assisted tandem catalysis
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A variety of names are used to refer to the different types of tandem reactions, such as domina
reactions, cascade reaclions, sequential transformations, consecutive reactions and zipper
reactions.”

Domino and cascade reactions often require a complex substrate with predetermined
functionalities.” Domino reactions are defined as processes involving two or more bond-forming
transformations that take place under the same reaction condition without adding additional
reagents and catalysts, and in which subsequent reactions result as a consequence of the
functionality in the previous step. In domino reactions, there are two aspects thal define the
usefulness of the process, the bond-forming efficiency (the number of bonds that are formed in one
sequence) and the increase in structural complexity (structure economy) ®® Cascade reactions
lead to an increase in molecular complexity by combining a series of reactions on one synthetic
operatian.™®

4.1.2 Catalysts in tandem reactions

Catalysts are traditionally designed and optimized to mediate a single reaction, but with the
increasing demand for more efficient synthetic processes, catalysts that are capable of catalyzing
multiple reastions (sometimes by an in situ transformation) or are compatible with other catalysts to
perfarm sequential raactions are developed.” Different catalyst materials have been reported ta be
successful in tandem catalysis; among them are the transition metals.">™ The homogeneously
catalyzed tandem reactions where transition metals are used prove to be valuable in organic
synthesis because they are effective, selective and require only mild reaction conditions.”

4.1.3 Tandem reactions involving metathesis

Different combinations of catalytic reactions where metathesis is invalved are reponed {Figure

4.5), for example metathesis-hydrogenation.’®

inframolecular ring-opening/ring-closing rmetathe-
sis,*® metathesis-Heck coupling,”” CM-hydrogenation,” tandem RCM-Kharasch addition® and
metathesis-isomerization ™ Metathesis catalysts generally have high activity and excellent
tolerance for many common functional groups, which makes them suitable for use in tandem
reactions.” Other exampies of tandem reactions where no metathesis step was involved include

combirations of hydroformylation,? Heck-reactions® and many others.

Cambinations of homogeneous and heterogeneous reactions in tandem catalysis have been
investigated. An example of such a reaction is the ruthenium catalyzed homogeneous metathesis-
heterogeneous hydrogenation in the synthesis of polymers, for example telechelic polyethylene
(Figure 4.4). In this reaction sequence, a silica gel is added after the metathesis to act as a support
for the catalyst residue in the hydrogenation step. This conversion to a heterogeneous system
facilitates the removal of catalyst and the isolation of the reaction products after the reaction.'
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/\ea'\ Homogeneous
5 ADMET

+ AGO OAc
OAc -CoH
/*f%’ G 8 5 i,
B

Silica gel

AcO
CAc
m

Figure 4.4: Schematic ilfustration of a combination of homogeneous ADMET and heterogeneous

Heterogeneous
hydrogenation

hydrogenation in the synthasis of telechelic ester-functionalized polyethylene

A cascade process that involves three different transition metal catalysts (Figure 4.8) in the same
vessel was also reported in literature.?® In this case, the first step of the tandem process was the
palladium-catalyzed oxidation of alcohols, followed by the rhodium-catalyzed methylenation and
finally the ruthenium-catalyzed RCM fo provide cyclic alkenes with a 70% yield.

Anciher example of a three-step tandem process whereby a ruthenium catalyst was used is the
ROMP/atom-transfer radical polymerization (ATRP)/hydrogenation in the preparation of functional
polymers. In this report, the ROMP and ATRP steps are catalyzed by the same di-funclional
ruthenium complex, which is subsequently transformed into a hydrogenation catalyst upon addition
of hydrogen.™

4.1.4 Tandem catalysis o obtain longer chain terminal alkenes

The aim of this project is to obtain longer chain terminai alkenes from shorter chain terminal
alkenes. To be abie to achieve this aim, two different types of tandem reactions were investigated,
metathesis followed by transalkylation and metathesis followed by an isomerization step catalyzed
by the ruthenium species thal was used in the metathesis reaction.

414 iS5 an. nsalkylati

For the first type of tandem reactions, the metathesis reaction (Chapter 2} and the transalkylation
reactions (Chapter 3) were caombined in a tandem catalysis process (Figure 4.8).
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o}

Et/lk/ /\/Slphg 3 Et/“w\/slphg » Et/”\/\/SlPha

CM-Hydrogenation

o) m o Ru catalyst o m o
PO T RN

ROM-RCM
R L _
W\h/r RCM ( } Heck /
| Br ———» | Br ——» N
0,8 0,8 S
Fa 2 3,
RCM-Heck coupling
e}
N P
HN CCla HN Ph
+ Ph/\ —_— Y,
Gl Cl
H
= cl

RCM-Kharasch addition

H\ [Ru=CHPH] \O [RuH] R\O
7% — (]
-

RCM-Isomenzation

Figure 4.5: Schematic iflustration of tandem catalytic reactions that invoive metathesis
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1) Pd{liPr}{OAC)2.H, O

OH OBn
2y RnCI{PPh,

M\/OBD ) (PPhs)s -
3) PCy;(IMes)CI,Ru=CHPh

Figure 4.6: Schematic illustration of cascade process involving
three different transition metal catalysis

OCH,
m [e] n
PCY3
m ROMP o | ATRP

PCya COCH,
(O Ao
o]
(o] o]
Hp
m
CO,CH, €O,GH,8

Figure 4.7: Schematic ilustration of a three-step tandem process with a single ruthenium catalyst

Ch=C
e=c, I:éc" n n
n
Metathesis Transalkylation
" M=C

M=C

C=C<¥ M—C z(;:cn
78

Figure 4.8: Schematic rapresentation of metathesis and transalkylation in tandem catalysis
(hydrogen and other ligands omitted for clarity, M = metal)
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The metathesis-transalkylation reaction was described in literature as a method to synthesize
serminal alkenes by combining isomerization metathesis and isomerization transalkylation. 5o far,
the only industrial application of this process was described by BASF in patents.” This industrial
process involves different reactien vessels, recirculation and separation steps (Figure 4.9). The
commercial application of tandem catalysis in this particular process has not been reported to date.

For this industrial process, a C,-Cs alkene fraction is used for the isomerizing metathesis
{40-100 °C, 30-35 bar), followed by the separation of the product stream by chain length in 4
different fractions. The lower fractions and the fraction that contains the higher carbon numbers
(which are higher than the desired number) are recycled in the isomerizing metathesis reactor. The
fraction that contains the alkenes with the desired carbon number is subjected io a transalkylation
reaction {displacement) with trialkylaluminum (TAA) under isomerizing conditions. The TAA that
was formed in the transatkylation reaction is reacted with an alkene (back-displacement) tg liberate
a 1-alkene corresponding to the TAA that was formed in the displacement reaction.

Other

| ’ processes
Co-Ca
Ce-Cre Isomerizing
terminal = ———n tathesi c 1
alkenes metathesis denred
A | Cd‘cdwud
? Caosvea |

] Transalkylation
Terminal ~— (displacement & back-
alkenes :

displacement}

Figure 4.9: Simplified schematic representation of BASF process

The catalysts that were used for the reactions consisted of a mixture of heterogeneocus catalysts
with different elements from various groups of the periodic table on a support such as Si0;, MgO,
y-AlLO; or B,05. Different aluminum compounds were used in the reactions, with an alkene:Al ratic
between 1:1 and 50:1.
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The same type of process to prepare linear alkenes was earlier described by Conoce, but this
process involved an intricate combination of growth, separation, recirculation, distiliation,
metathesis, isomerization and displacement steps (Figure 4.10).*

Salvent internal alkenes/

I’ Tharmal 1-alkenes
Co+ TAA ———p] Growth » Separation p| Displacement/
? P | 1somerization
F Y l
intermediate
internal all i Separation
tralkytaluminum l
Intermediate Separation by Light and heavy
alkenes fractionation alkenes
Metathesis Isomenization
3
r
Light and heavy

alkanes

Figure 4.10: Simplified schematic reprasentation of Conoco process

Since opinions about what classifies as a tandem catalysis reaction vary, & is not exactly clear in
which category the metathesis-transalkylation sequence falls. According to Iterature, this particutar
combination can either be referred to as sequential tandem catalysis or assisted tandem
catalysis."® Even though some reports classify this reaction not as a tandem process, the
transalkylation reaction in itself could be described as a tandem process, since different
mechanistic reactions (displacement, isomerization and back-displacement) are taking place

without addition of catalyst or reaction components during the reaction.

4.1.4.b Melathesis and isomerization

Ancther method to obtain longer chain terminal alkenes is to combine metathesis and
isomerization in a tandem catalysis fashion. Although isomerization is usually a side-reaction in
metal-catalyzed reactions, it can be used to convert intemal alkenes to terminal alkeres when

there is a proper understanding of the reaction mechanism 2%
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In contrast to the well-established metathesis tandem reactions, such as the ring-opening/ring-
closing cross-metathesis sequence where all of the steps are catalyzed by a ruthenium carbene
species, metathesis/non-metathesis reactions require a change in the nature of the catalytic active
species, which may be induced by the addition of appropriate reagents to the reaction mixture after
the completion of the metathesis step.”

Investigations in the isomerization activity of metathesis catalysts were reperted in literature. it was
found that with Grubbs 1 metathesis was favoured below 70°C and no isomerization took place.®
It was also reported that after metathesis, the decomposed ruthenium catalyst becomes quite
efficient as an isomerization catalyst, although the exact mechanism was not completely
understood yet >

These findings lead to an investigation into the mechanism whereby the ruthenium is transformed
from a metathesis catalyst into an isomerization catalyst. One of the focus peints was to determine
whether alkene isomerization was promoted by the metathesis catalyst itself, by decomposition
products or by impurities from the catalyst synthesis. According to literature, a ruthenium hydride
or dihydride complex is responsible for alkene isomerization, which is also a good hydrogenation
catalyst. ¥ Since both internal and external alkenes undergo isomerization, the possibility that the
methylidene complex is solely responsible for the observed alkene isomerization was excluded.®
Studies by McGrath and Grubbs¥ confirmed the role of the hydride species in alkene
isomerization. They investigated and compared the two established pathways for transition metal
catalyzed alkene isomerization, the m-allyl metal hydride mechanism andg the metal hydride
addition-elimination mechanism.

In the metal hydrde addition-elimination mechanism (Figure 4.11), which is the most prevalent
mechanism of the two, the free alkene coordinates ta a kinetically long-lived metal hydride species.
Subseguent insertion into the metal-hydride bond yields a metal alkyl. The initial metai hydride is
regenerated by formation of a secondary metal alkyl followed by p-elimination, yielding isomerized
alkene. Sinca the formation of the primary alkyl is thermodynamically favoured, non-productive
addition-elimination of the alkene through formation of and subsequent B-elimination from a
primary metal alky: occurs to great extent.

The m-allyl hydride mechanism (Figure 4.12) is the less commonly observed pathway for alkene
isomerization. In this mechanism, the free alkene coordinates to a transition metal fragment that
does not have a hydride ligand. A m-ally]l metal hydride is formed by oxidative addition of an
activated allylic C-H bond to the metal. The coordinated hydride is transferred to the opposite end
of the allyl group, vielding the isomerized alkene.
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R . [M]—H \<R/¥

R
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Figure 4.11: Schematic representation of the metal hydride addition-elimination mechanism

- f N
¥
"\._—l;/R
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Figure 4.12: Schematic representation of the m-allyl metal hydride mechanism
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If all steps in both mechanisms would be truly reversible, eveniual equilibration to a
thermodynamic mixture of alkenes is observed. Two differences make these two mechanisms
distinguishable through labelling studies.

o First, the m-allyl hydside mechanism is a formal 1,3-hydrogen shift, whereas the metal
hydride addition-elimination mechanism involves a 1,2-hydrogen shift. In the 1,3-hydrogen
shift, a hydrogen in the allylic position undergoes a metal-mediated transfer to a terminal
position (in a terminal alkene). The 1,2-hydrogen shift involves the formation of a primary
metal alkyl and B-elimination of a different hydregen. The 1,2-hydrogen shift is completed
by readdition of the metal hydride to the alkene to yield a secondary metal alkyl, followed by
appropriate f-elimination.

« Second, the m-allyl hydride mechanism is intramolecular. In this mechanism, a single
substrate molecule is rearranged by the metal and released as product In the
intermolecuiar metal hydride addition-elimination mechanism the hydrogen atoms from one
substrate maolecule are transferred to the catalyst and then to another substrate molecule.

Although several studies were dedicated to determine which of the two proposed pathways is
favourabie, the findings are not conclusive, but there is certainty about the involvement of the
hydride species in the isomerization reactions.

Since it was found that the ruthenium hydride was responsible for the isomerization activity,
several investigations were carried out to get insight in possible reaction paths for converting the
ruthenium catalyst to its hydride species.

It was found that additions of (a primary or secondary) alcohol and substoichiometric amounts of 2
base 10 a metathesis reaction induce /n siu conversion of the metathesis-active carbene catalyst
16 an isomerization-active hydride species.'® The source of the hydride atom was investigated and
it was found that the hydride was formed via a non-catalytic alcoho!l dehydrogenation pathway
followed by decarbonylation, ¥

Another investigation of the reaction mechanism showed that when secondary alcohols were used,
the ruthenium hydride complex was formed by beta-hydride elimination of a ruthenium-alkoxide. It
was assumed that addition of a secondary alcohol and a base to a completed metathesis reaction
should induce the conversion of a Ru-carbene to a Ru-hydride species. It was also reported that
secondary alcohols proved te be more effective in converting the ruthenium catalyst into its hydride
species than primary alcohals.?”
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Another way to convert the ruthenium to its hydride species is the addition of hydrogen at room
temperature and atmospheric pressure 2735 A combination of the hydrogen atmosphere with the
addition of an aicohol (and in some cases alsc a base) was also reported to be an efficient way to
obtain the hydride complex.®® It was atso found that in some cases, heating induced the
decomposition of the ruthenium complex, thereby forming the hydride species.®™

This tandem reaction would be classified as sequential {concumrent) tandem catalysis, or assisted
1andem catalysis, since the second step involves a change of the catalyst by an external influence
{trigger)."®

4.1.5 Aims and objectives

In this chapter, twe different tandem calalysis sequences are investigated and optimized in order to
obtain longer chain terminal alkenes, where after the overall 1-octene yield and selectivities for
both tandem sequences will be compared.

4.1.5.2 Metathesis an nsaliylation

» Use the optimized reaction conditions from Chapter 2 and 3 and investigate the possibility
of combining metathesis and transalkyiation in a tandem process.

« Scale up of the metathesis reaction from a mini-reactor to the 150 mL stainiess steel
reactor.

+ Camy out and oplimize the tandem reactions by using 1-pentena as a starting material for
the metathesis step and different trialkylaluminum compounds and back-displacing alkenes
to obtain 1-octene.

[e] 1
2 CHy=CoHg 2rPB8 C He=CyHg + CHy=CH, }
Al(G4Hg)s
Ni(acac);

ANCHapa1)
n+1n+1 3 CnHZI\

AlfCaHi7}a + 3 CHa }
3 CH2=C7H14

Figure 4.13: Schernatic ilfustration of tandem catalysis reaction, metathesis and transalkylation
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4.1.5.b Metathesis and isomenzation

e Investigate the possibility of transforming the ruthenium Grubbs 1 catalyst to an
isomerization calalyst in situ, without the addition of chemicals to induce this change, for
the tandem metathesis-isomerization experments.

» Llse 1-pentene as the starting compound in the metathesis reactions and use the
isomerization step o obtain 1-octene from the 4-octene that was formed in the metathesis
step.

* Optimize the metathesis-isomerization reaction by varying reaction time and temperature
and alkene:Ru ratios.

CHz=CrHyy
Grubbs1 CoH=0C
2 CH2=C4HB &-’C.‘Ha:cd"a + CH2=CH2* —_— T Cs 12
C3Hs=CsC1p
C4H3:C403

Figure 4.14: Schematic iflustration of tandem catalysis reaction, metathesis and isomerization

100



Tandem Cafalysis

4.2 EXPERIMENTAL

4.2.1 Materials

A mixture of internal octenes, which consisted mainly of 2-octene was obtained from Sasol and
was used as received. Chlorobenzene (99%) was purchased from Aldrich and dried before use by
refluxing it over CaH,. 1-Octene (97%) was obtained from Merck, passed through an activated
AlO; column {o remove impurities (such as peroxides) and stored under nitrogen. Grubbs 1
(Aldrich) and Ni(acac), (Aldrich} catalysts were used as received. Internal octenes (2-Octene,
3-octene and 4-octene} were purchased from Aldrich and used as received. Dichloromethane
{Merck) was used as received. 1,5-Cyclooctadiene {COD} was purchased from Aldrich and used
as received. Triethylaiuminum {93%), trioctylaluminum {25wt% in hexane) and triisobutylaluminum
were obtained from Aldrich and used as received. 1-Hexene (97%) was purchased from Merck und
used as received. All solvents used were of analytical grade.

4.2 2 Experimentai method

4.2.2.5 Metathesis and transalkylation

The metathesis reaction that was investigated in Chapter 2 and the transalkylation part from
Chapter 3 were combined in a tandem catalysis reaction. Both parts of the tandem catalysis
reaction were thoroughly investigated, and therefore the optimized reaction conditions could be
used.

Geaneral procedure

The metathesis was performed at 30 °C overnight, with a 1-pentene:Ru ratio of 1,000 and
chlorobenzene as intemal standard in a 150 mL stainless steel reactor (Chapter 3, Figure 3.23).
The 4-octene yielkd was determined using GC analysis. After the metathesis, the reactor was
opened, 1 mol% Ni(acac), catalyst was added and the reactor was closed and brought under
nitrogen. After adding TEA or TiBA (5x excess 4-octene {0 Al), the reactor was heated to 100 °C.
After stiming at 100 °C for 3 hours, the reactor was heated 1o 150 °C to boil off the excess octene
under nitrogen. After cooling the reactor down to room temperature, chlorobenzene was added as
internal standard and GC analysis was performed to determine the amount of octene that was left
in the reactor. Subseguently, 1-alkene {ethene, 1-hexene or 1-decene, 5x excess cver Al) and 1,5-
cyclooctadiene (1.5 g/mg Ni) were added through the septum, and the reactor was stimed at 25 °C
for 2 hours. GC samples were taken for analysis every hour. For the experiments where ethene
was used as the back-displacing alkene, the gas was bubbled through the reaction mixture, and
left stiming for 30 minutes and analyzed by GC. This procedure was repeated and the reaction
mixture was stirred again for 30 minutes, and analyzed by GC.
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4.2.2.b Metathesis and isomerization

For the metathesis reaction the standard metathesis of 1-pentene as described in Chapter 2 was
used. The second step of this tandem catalysis reaction involved the isomerzation of the
metathesis product, 4-octene, and was performed with Grubbs 1 as a catalyst. The results from
these tandemn catalysis experiments are compared to the tandem catalysis reactions invoiving
metathesis and transalkylation.

General procedure

Metathesis of 1-pentene was performed at 3C °C for 3 hours with a 1-pentene:Ru ratio of 1,000.
The reaction was performed in a 3 or 5 mL mini-reactor, as well as in the stainless steel reactor
(Chapter 3, Figure 3.23). After the metathesis, the isomerization reaction was carried out with
different amounts of catalyst, various reaction times and different temperatures.

4.2.3 Analytical technigues

Analysis of the reaction mixture was performed on an Agilent Technologies 6850 gas
chromatograph, aquipped with a HP-1 column (30 m x 0.32 mm x 0.25 ym, Methyl Siloxane) and
FID detector. The foilowing analysis conditions weare used:

Inlet temperature 1 280°C

Detector temperature ©300°C

N; carrier gas flow rate  : 2 mL min™ at room temperature
Injection volume T 0.2 gL {manual injection)

Oven program 1 50 °C for 4 min

50 to 255 °C at 20 °C min™
255 = for 2 min

Hz gas flow rate : 40 mL min” at room temperature
Air flow rate 450 mL min” at room temperature
Spilit ratio . 504

4.2.4 Calculations

The first part in the fandem catalysis reactions for both metathesis and transalkylation and
metathesis and isomerization is the metathesis reaction of 1-pentene To determine the
compoesition of the metathesis reaction mixture the internal standard method was used, with
chlorobenzene (CsHsCl) as the internal standard.
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First, the response factor (rf) of 1-pentene compared 1o the intemal standard was calculated, using
the foliowing formula;

o
PhC! Phe’t

Ves = volume of pentene [mL]

Vena =  wolumne of internal standard [mL]

Acs = area of pentene peak (obtained from GC}

Apnci = area of internal standard peak {obtained from GC)

The response factor was calculated by plotting Ves/Veno against AcslAenc for solutions with
different pentene:chlorobenzene ratios. The slope of the calibration curve represented the
response factor, which was 1.5 for 1-pentene.

The conversion of pentene ai a centain time during the metathesis reaction was calculated using
the following formula:

pentene conversion {mol%] = {1 —f’wjx 100
n,

i

ng number of moles of 1-pentene at time t

n, = number of moles of 1-pentene before reaction

The number of moles of 1-pentene (n) can be caiculated with the following formula:

n= Vos X Py _ Aes XV * 7 %P

M Mg x Ay
pen = density of 1-pentene [g/mL]
Men = malar mass of 1-pentene [g/mol]

4.2.4 & Metathesis and transalkylafion

The seacond part of this tandem catalysis experiment is the transalkylation reaction. For the
transalkylation, the yield was defined “Octene [%]". meaning the amount of octene that was
recovered after back-displacement compared to the maximum amount of octene that could have
been obtained when all alkyl groups of the aluminum compound were replaced. The composition
of intemnal octenes (isomerization) was determined by GC analysis.
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To calculate the amount of octene present in the reaction mixture after back-displacement, the
response factor of octene relative to the internal standard (chlorobenzene) was determined with
GG analysis, using the following equation:

Ves =rf s
Vit Apscy

Ves
A(:ﬂ

volume of octene [mL]
area of 1-octene peak

After plotting plotting Vea/Vene against Acs/Aqng for solutions with different Ca:PhCI ratios, the
response factor was calculated by determining the slope of the calibration curve. The response
factor of octene was 1.2.

To calculate the vield (or octene [%]) from the GC results after the reaction, the following formula

was used:
Octene (%] = 259 1100
n C, (max)
In which:
n CS(‘) - VC.‘B xlo(,‘! - Acs XVPhCl X):'f)(p(.s
C8 MCK x APbC!
And:
v
n Cy(max) = 3% Ve X Pras
My,
Vias = voiume of trialkylaluminum compound [mL]
Praa = density of rialkylaluminum compourid [g/mL)
Mrasn = molar mass of trialkylaluminum compound [g/mai]

4.2.4.b Metathesis and isomerization

For the metathesis and isomerization tandem catalysis reactions the metathesis product was
isomerized under different reaction conditions. After the reaction, the composition of the internal
octenes was determined with GC analysis.
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4.3 RESULTS AND DISCUSSION

4.3.1 Metathesis and transalkylation

The 4-octene yield of the metathesis of 1-pentene was on average around 21%. Compared to the
yields obtained in Chapter 2, it was clear that the 4-octene yields of the metathesis step in the
tandem reactions were lower. The reason for this could be that the reaction conditions were not
identical, since the experiments in Chapter 2 took place in the 3 mL mini-reactor and the
experiments described in this chapter were performed on a larger scale, without solvent in the

stainless steel reactor.

Since the metathesis reaction for the tandem sequence was carried out overnight, the deactivation
of the Grubbs 1 catalyst could also have played a role, since deactivation means that no new
carbene species are formed and metathesis activity decreases. Reports in literature suggest that
the Grubbs catalyst only deactivates at extended reaction times, but estimated and calculated half-
life times for this catalyst vary 2303738

The metathesis and transalkylation reaction was performed with TIBA and TEA and different back-
displacing alkenes, to compare the yields. The octene yield in time during back-displacement (bd)
after metathesis and displacement (d) is displayed below.

100 —

W TIBA/ED: 1-C,,
I TEA/BD: 1-C,,
il I TIBA/ED: C,

I TIBA/BD: 1-C,

Octene yield [%]

Reaction time [n]

Figure 4.15: Octene yield in time during back-displacement for tandem catalysis experiments
[meta: 30 C overnight, 1-pentene:Ru = 1,000; d: 3 hours, T°= 100 C, 1 mol% Nifacac),,
bd: 2 hours, T°®= 25 <C; chlorobenzene int std, 5x excess alkene to Al]
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As can be seen from Figure 4.15, the best results were obtained for the TIBA/1-C,; combination,
which was also used in the optimization steps in Chapter 3. The results with TEA were lower,
which is in agreement with the results that were obtained in Chapter 3, where the transalkylation
reaction was investigated. When 1-hexene or ethene was used as the back-displacing alkene,
lower yields were observed.

These results are consistent with the yields that were obtained in Chapter 3, where the
transalkylation reaction was investigated with the same back-displacing alkenes. 1-Decene was
the alkene that produced the highest yield, both in the tandem experiments and when only the

transalkylation reaction was performed.

The octene yield in time during back-displacement from the tandem catalysis reaction with TIBA
and 1-decene was also compared to the yield from the transalkylation reaction (no metathesis,
start with 4-octene, marked as D-BD) and the yield from the back-displacement reaction of TOA
with 1-decene (Figure 4.186). Since no extra catalyst was added in the tandem catalysis sequence
for the back-displacement, also the results from the back-displacement of TOA without catalyst
were added.

100 -

. C

I O-eD

I 5O with catalyst
I BD without catalyst

Octene yield [%]

Reaction time [h]

Figure 4.16: Comparison of octene yield in time during back-displacement for tandem catalysis
experiments and separate displacement and back-displacement reactions for TIBA with
1-decene [meta: 30 <C overnight, 1-pentene:Ru = 1,000; d: 3 hours, T°= 100 C,

1 mol% Ni(acac)z bd: 2 hours, T*" = 25 <C; chlorobenzene int std, 5x excess alkene to All
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From Figure 4.18 it bacomes clear that the octene yield in back-displacement decreased with sach
additional reaction step. This may be caused by the interaction of the different catalysis, or the
presance of urreacted components, influencing the next reaction.

For the tandem catalysis experiments, the octene yield was around 40%. When the transalkylation
reaction was performed with 1-decene as the back-displacing alkene a yield of around 80% was
obtained. This means that the metathesis reaction indeed has influence on the transalkylation
reaction. Possibly the Grubbs catalyst has inferaction with the nickel catalyst that was used in the
displacement reaction. It may also be possible that the unreacted pentene that was ieft after the
metathesis reaction also displaces the TIBA, thus decreasing the octene vyield after back-
displacement.

When only the back-displacement reaction was performed (with catalyst), the vield was above
95%, whereas the back-displacemeni without catalyst anly had a yield around 70%. This is
consistent with the results that weve obtained in Chapter 3. Although the nickel catalyst is added in
the displacement reaction, it is still active for the back-displacement part. This can be concluded
from the lower yield cbtained in the back-displacement reaction without catalyst compared to the
yield of the transalkylation reaction.

The octene yield from the 1andem catalysis experiments where TIBA and ethene were used were
compared to the separate back-displacement experiments where also ethene was used as the
back-displacing alkene.

Since the ethene was bubbled through the reaction mixture, the reaction time that is displayed in
Figure 4.17 is not accurate. The ethene gas was bubbled through for a short time (2-3 minutes),
after which the reactor was stimed at 25 °C. Then the ethene line was opened again and the
procedure was repeated.

Although it was difficult o compare the vyields for tandem catalysis and back-displacement
reactions, the results did show that the yields obtained when only the back-displacement reaction
was carried aut were considerably higher than the tandem catalysis yield. The same trend was
observed for the experiments where 1-decene was used as the back-displacing alkene. This
indicates that compounds present from metathesis and displacement might interfere with the
reaction.

Finally, the same comparison was made for the tandem catalysis reactions with TIBA ang 1-
hexene with the corresponding separate back-displacement reactions, which can be fourd in the
Figure 4.18. In this case, the same pattem was cbservec.
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100 —

. TC
B ED with catalyst
I ED without catalyst

Octene yield [%]

Reaction time [h]

Figure 4.17: Comparison of octene yield in time during back-displacement for tandem catalysis
experiments and separate back-displacement reactions for TIBA with ethene
[TC: meta: 30 C overnight, 1-pentene:Ru = 1,000; d: 3 hours, T°= 100 C, 1 mol% Ni{acac)s:
bd: 2 hours, T* = 25 C; chlorobenzene int std, 5x excess alkene to Al: BD: T = 25 C]

. TC
I BD with catalyst
I B0 without catalyst

Octene yield [%)]

Reaction time [h]

Figure 4.18: Comparison of octene yield in time during back-displacement for tandem catalysis
experiments and separate back-displacement reactions for TIBA with 1-hexene

[TC: meta: 30 T overnight, 1-pentene:Ru = 1,000; d: 3 hours, T°= 100 C, 1 mol% Ni(acac),;

bd: 2 hours, T’ = 25 C; chlorobenzene int std, 5x excess alkene to Al: BD: 6 hours T = 25 TJ
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The tandem catalysis yield for 1-hexene was even lower than when 1-decene was used. Again, the
yields for the back-displacement reaction were much higher than the tandem catalysis yields. The
octene yields after back-displacement for the aifferent tandem catalysis experiments can be found
in the table below.

Table 4.1: Results of tandem catalysis experiments after back-displacement
[meta’ 30 T ovemight, 1-pentene.Ru = 1,000; ¢: 3 hours. T°= 100 C, 1 moi% Ni(acac)y
bd: 2 hours, T°°= 25 C, 1.5 g CODVmg Ni; chiorobenzene int std, 5x excess alkene to Al)

Displacement Back-displacement Octene Isomerization [%]
[%] 1-ociene 2-octene 3-octene 4-octene
TIBA 1-Cio 41 95 1 4 c
TEA 1-C1o 19 a7 1 2 1]
TIBA 1-C2 22 94 2 4 0
TIBA 1-Cs il 96 2 2 c

As was also observed, the highest octene yield was abtained when TIBA was used in the
displacement reaction and 1-decene as the back-displacing alkene. The tridecylaluminum
compound was expected to be the most stable of the possible trialkylaluminum products after
back-displacement, which could explain the higher vield. Reactions with TEA were expected to
have a lower yield, which was consistent with results obtained from the transalkylation experiments
(Chapter 3, Table 3.3 and 3.4). The isomerization could be kept under cantrol by adding the COD
compaound before back-displacement (1.6 g COD/mg Ni), resulting in a high 1-octene percentage
in the product mixture.

The effectiveness of the COD compound was determined by comparing the isomerization that taok
place during the back-displacement with different reaction conditions.

Table 4.2 /somenzation of T-octene afler back-displacement reaction

Exp 1-0octene 2-octene 3-octene  4-octene
[%] (%} (%] [%]
Std D+BD exp, no COD 2 10 41 47
Optimized BD — TOA with 1-Cy, 100 [¥] o]
Tandem catalysis — TIBA with 1-C1g a5 1 4 Q

108



Chapter 4

When no COD was used, the isomerization was quite high, which left only a small amount of 1-
octene in the product The isomerization after tandem catalysis was slightly higher than when the
back-displacement was performed separately, but the octene product contained a high percentage
of 1-octene (95%). Since the composttion of the reaction mixiure in tandem catalysis was not the
same as for the separate back-displacement reaction due to the presence of other catalysts and
unreacted compounds, this couid have affected the isomerization inhibiting mechanism of COD.

Summary of resuits of metathesis-transalkylation tandem catalysjs éxperiments

The metathesis-transalkylation tandem catalysis reactions were performed with 1-peniene as
starting alkene in the metathesis reaction and TIBA and TEA as aluminum compounds in the
transalkylation reaction with different back-displacing alkenes. The best 1-octene yields were
obtained when TIBA was used with 1-decene as back-dispiacing aikene. This corresponds to the
trend that was cbserved in Chapter 3, when the transalkylation reaction was investigated.
Isomerization after back-displacement was effectively inhibited by the addition of 1,5-
cyclooctadiene duning back-displacement. It was also observed that the overail yield of the reaction
decreased with every additional reaction step that was added tc the reaction sequence.

4.3.2 Metathesis and isomerization

In these tandem catalysis reactiong, an attempt was made to combine metathesis and
isomerization to obtain longer chain terminal alkenes. Starting with the standard metathesis of 1-
pentene (30 °C, 3 hours, 1-pentene:Ru ratic = 1,000) fo yield 4-octene, the isomerising step was
investigated further. In some cases, the experiments were carried out in the mini-reactor as well as
in the stainless steel reactor (ss), to be able to evaluate scale effects. Firétly. after the metathesis
reaction the ispmerization was carmed out at 30 °C with the addition of extra Grubbs 1 catalyst.

Tabie 4.3 isomerization of 4-octene at 30 € for 3 hours after metathesis of 1-penfene

in mini-reactor

Ratio C=C/Ru  Ratic C=C/Ru  PMP 1-octene 2-octene 3-octene 4-oclene

Meta Iso ] [%] %) (%) %]
1000 1000 80 0 ) 25 75
1000 1000 + Ni(acac), 85 0 0 o 100

From these results it became ciear that this temperature was not suitable for jsomerization. Almost
no isomerization took place, bat the high metathesis yield indicated that at these conditions,
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metathesis was favoured. The addition of the Nifacac), catalyst together with the Grubbs catalyst
seemed to stop isomerization completely.

When the isomerization was carried out at higher temperatures {120 °C) with the addition of extra
Grubbs after metathesis, there was still metathesis in the second reaction step, but after 24 hours
some isomerization was observed.

Table 4.4: Isomerization of 4-octane at 120 T after metathesis of 1-pentene in mini-reactor

Ratio C=C,/Ru Reaction PMP 1-octene 2-oclene 3-octene 4-octene

Metadlsc  tme[h] [%]  [%) %] %] (%]
1000 3 85 8] 0 a2 68
1000 24 90 4] 3 35 62

Isomerization at 150 °C showed more 1-octene and 2-octene, but overall, Jess 4-octene had
reacted (see Table 4.5). The results from both the stainless steel reactor and the mini-reactor
showed a lower PMP yield and more isomerization, indicating that at higher lemperatures
isomenization was tavoured. The results from the stainless steel reactor show a higher metathesis
yield but almost the same amount of isomerization. Since the shape of the reactors and the scale
on which the experiments were performed are not equal, the results were expected 1o show
differences.

Table 4.5. lsomerization of 4-octene at 150 °C for 3 hours after metathesis of 1-pentene

Ratio C=C/Ru Reactor PMP 1-octene 2-octene 3-octene 4-octene

Meta&lso [%] [%] [%] %) (%]
1000 mini-reactor 36 0.1 1 2 a7
1000 s5 S0 mL 60 0.1 1 3 96

When investigating the isomerization at 150 °C with different amounis of catalyst for the second
reaction step, the following results were obtained.
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Table 4.6: isomerization of 4-octene at 150 °C for 3 hours after metathesis of 1-pentane,

different amounts of catalyst for isomerization step

Ratio Ratio Reactor PMP 1-oclene 2-octene  3-octene  4-octene
C=CJ/Ru C=C./Ru [%] {%] [%) (%] [%)
Meta 1s0
1000 10000  mini-reactor 44 0.5 3 6 90
100G no solvent 10000 mini-reactor 60 0.7 4 11 84
1000 100C0 8 50 mL 55 0.2 1 3 95

The experiment carried out without sclvent in the metathesis stap showed a higher PMP yield and
more isomernzation, indicating that the solvent indeed had an influence in the reaction, possibly
diluting the reaction mixture, decreasing the contact possibilities between catalyst and alkene.
These results are consistent with the resuits obtained when the metathesis reaction was
investigated (Chapter 2, Table 2.7}, where alst higher yiglds were observed in metathesis
reactions where no solvent was used.

The higher alkene:Ru ratio in the second step does not seem to have a significant impact on the
isomarization, therefore an alkene:Ru ratio of 10,000 was assumad to be sufficient for
isomerization. When comparing the results obtained on a slightly larger stale in the stainless steel
reactor with the results from the mini-reactor, it ¢an be seen that the isomerization is almost the
same, but the metathesis yield in the stainless steel reactor is higher. The metathesis yield for the
reaction with solvent in the stainless steel reactor is almost equal to the metathesis yield in the
mini-reactor for the experiments without solvent. This indicates that the reaction conditions in the
stainless steel reactor were more suitabie for metathesis.

When no catalyst was acdded for the second reaction step, there was siightly less isomenzation.
Almost no 1-tbcteng was formed, but when the reaction was carmied out for 24 hours, more 4-
cclene was isomenzed, but almost no extra PMP was formed. This indicated that indeed with the
current reaction conditions (temperature) isermerization was favoured.

In Table 4.8, the isomerization of 4-octene at 150 °C with Grubbs 1 (1¥ row) was compared to the
isomerization that took place after the metathesis in the tandem catalysis (TC) reactions under
similar reaction conditions (2™ row).
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Table 4.7: Isomerization of 4-octene at 150 T without extra catalyst after mefathesis of 1-penteng

Ratio Reaction Reactor PMP 1-octene 2-octene 3-octene  4-octene

C=CJ/Ru time[h} [%] (%] [%] [%] [%]
Meta
1000 3 mini 52 0 05 1 98.5
1000 3 ss 55 0.1 0.9 3 96
1000 24 mini 60 ¢} 4 17 79

Table 4.8: Comparison of 4-octene isomenzation with Grubbs 1 at 150 T with
isomerization after metathesis of 1-pentene {30 <C, 3 hours, 1-pentene:Ru = 1,000}

Ratio C=CJ/Ru  1-octene 2-octene 3-octene  4-octene

Iso [%] [%]} [%] [%]
lso 4-octene 1000 2 1 30 57
TC 10000 07 4.6 10.7 84

For this comparison, the best tandem catalysis results were taken, in which no solvent was used.
The amount of catalyst in the separate isomerization reaction seems higher, but in the TC
experiment it was expected that part of the catalyst from the metathesis step was still active in the
second step. Both reactions were performed in the 3 mL mini-reactor and the isomerization was
analyzed affer 3 hours.

As can be concluded from these results, the isomerization after metathesis in TC was lower than
when the isomerization was performed separately. This comresponds with previous TC results,
where the yield decreased with every additicnal reaction step. The reason for this could be that the
unreacted components had an infiuence in the foliowing reaction steps, possibly by diluting the
reaction mixture or interfering with the catalyst.

Summary of results of metathesis-isomernzation tandem catalysis expernments

The metathasis-isomerizauon experiments ware carried out with Grubbs 1 as a catalyst and with
1-pentene as a starting material for the metathesis. Different reaction times, reaction temperatures
and alkene:Ru ratios were used to optimize the reaction. It was found that isomerization was
favoured at higher temperatures (150 °C) and that the 1-octene yield was higher when extra
Grubbs catalyst was added for the second reaction step.
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4.3.3 Comparison of TC metathesis-transalkylation with TC metathesis-isomerization

The mair: aim of the tandem catalysis reactions was to obtain longer chain 1-atkenes from shorter
chain primary alkenes. To achieve this, twe different reaction paths were explored, the first being
metathesis and transalkylation, the other metathesis combined with isomenzation.

Tahle 4.9. Comparison of octene distribution of tandem cafalysis products for
metathesis-transalkylation versus metathesisasomerization

1-octene 2-octene 3-oclene 4-octene

[%] {%] [%} (%]

Meta-Transalkyiation 95 1 4 0
Meta-Isomerization {mini-reactor) 07 4.6 10.7 84
Meta-Isomerization (ss reactor) 0.2 1 3 95

For this compariscn, the best results from the TC metathesis-transalkylation were compared to the
best results from the TC metathesis-isomerization; the latter was performed in both the mini-
reactor and ihe stairiess steel reactor.

When iopking at the octene distribution (Table 4.9), it can be concluded that the metathesis-
transalkylation method was far more successful. The selectivity towards 1-octene was very high
compared to the metathesis-isomerization experiments, where only a small percentage of the
octene content was 1-octene.

Table 4.10: Octene yields for metathesis-transalkylation and mefathesis-isomerization

Metathesis yield Yield Overall
(4-octene} second step  1-octene yield
[%] [%] (%]
Meta-Transalkylation 21 41 86
Meta-lspmerization (mini-reactar) 40 0.7 0.3
Meta-lsocmerizatian {ss reactor) 37 0.2 0.1




Tandem Catalysis

When looking at the average overall yield of the tandem catalysis experiments (Table 4.10) it
becomes ciear that although the metathesis-transalkylation expenments consist of three reaction
steps, the gverall 1-octene yield is still higher. The main reason for this is the high selactivity
towards 1-octene in the transalkylation.

An advantage of the metathesis-isomerization process is shorter reaction time and the fact that
less hazardous chemicals were used. To be able to obtain higher selectivity in the isomerization

reaction, mare experiments are needed.

Although the tandem catalysis experiments described in literature generally require the addition of
an alcohol, a base, hydrogen ar a combination of these three, this research shows that by simply
increasing the temperature after the metathesis of alkenes with Grubbs 1, an isomenzation
reaction takes place. This indicates that by increasing the temperature of the reaction a rnuthenium
hydride species was formed that catalyzed the isomerization.

4.4 CONCLUSIONS

Tandem catalysis experiments were carned out in order to obtain longer chain terminal alkenes.
The metathesis reaction was used as the first part of the tandem catalysis sequence, followed by
either transalkyiation in the presence of a TAA compound or isamerization with Grubbs 1 catalyst.
The metathesis and transalkylation reactions were described in Chapter 2 and 3 respectively, and
were combined in the tandem rseactions, which were subsequently optimized, The results show
that 1-octene was identified as reaction product in both types of tandem catalysis reactions. The
yield and selectivity of the metathesis-transalkylation reaction was higher than the metathesis-
isomarization reaction, which was mainly due to the high seleclivity of the transalkylation reaction.

The (homogeneous) tandem catalysis reaction in which metathesis and transalkylation are
combined in one single reactar without separation or recirculation steps has not been reported in
literature up to date, although patents describing the (heterogeneous) industrial application of a
combinaticn of metathesis and transalkylation in a series of reactors have been found.

The octene yield of the transalkylation reaction in the tandem experiment was higher when TIBA
was used instead of TEA (41% compared to 22%) and 1-decene as the back-dispiacing alkene. 1-
Decene showed a 41% octene vield, where with ethene and 1-hexene a lower yield was obiained
(22 and 11% respectively).

It was also seen that the octene yield decreased with every additional reaction step. For reactions

invalving TIBA as the alkylaluminum compound and 1-dacene as the back-displacing alkene the

yield of the transalkylation reactions in the tandem sequence was 41%, compared te 80% when
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only the transalkylation was carried out. This indicates that indeed the metathesis reaction has an
influence on the transalkylation reaction. This could mean that the Grubbs catalyst interacts with
the nickel catalyst that was used in the displacement reaction. It may also be possible that the
unreacted pentene that was left after the metathesis reaction also displaces the TIBA, thus
decreasing the octene yield after back-displacement.

The overai yield of this tandem sequence was 8.6%, with a 95% selectivity towards 1-octene in
the reaction product. The catalysts that were used in the tandem reactions seemed to be
compatible, but further studies are needed with different catalyst combinations, preferably inciuding
a heterogeneous catatyst system for the metathesis reaction, to improve reaction yields and to
facilitate separation of the reaction product.

The conversion of a ruthenium metathesis catalyst to its comesponding hydride species (which
catalyzes isomerization and hydrogenation) has been reported in literature. The reported
conversion takes piace upon addition of reagents (alcohol, base, hydrogen), but there have also
been reports on the influence of temperature in combination with the addition of chemicals on this
catalyst transformation.

In this study, isomerization of 4-cctene was cbserved when the reaction temperature was
increased after metathesis without the addition of chemicals to induce the catalyst transfarmation.
Although the overall 1-octene yield was relatively low in the tandem reactions {<1%), it was found
that isomerization was considerably higher when 4-octene was reacted with Grubbs 1 catalyst at
150 °C in a cne-step experiment (43% isomerization, 2% of which was 1-cctene). This indicates
that the Grubbs 1 catalyst favours isomerization at higher temperatures, even without additional
reagents, but that the yield decreases when the number of reaction steps is increased.

Further studias, involving other catalyst systems for the tandem reactions in an attempt to increase
the 1-octene yields are needed, which would also improve understanding of the reaction
mechanism.
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Chapter 5

5.1 Metathesis

The metathesis reaction was studied and optimized with different alkenes and under different
reaction conditions with Grubbs 1 as a catalyst, It was not the scope of this study to perform an in
dept investigation into the metathesis reaction and mechanism, since this has already been done
by numerous researchers. The aim of this study was merely to find the best reaction conditions for
the metathesis reaction so that it could be used as the first step in the tandam experiments.

When the metathesis reaction was carried out at 30°C with an alkene:Ru ratio of 1,000, a high
selectivity towards the PMP was observed and no significant SMP or isomerization was detected.
Reproducible PMP yields were obtained from different alkenes, ranging from 45% after 5 nours for
1-octene to around 60% when 1-pentene was used, when the reaction was performed without
soivent (with 1-octene) or when the equitibrium of metathesis of 1-octene was shifted to the right.

The metathesis reaction proved to be a suitable way to produce longer chain (intemal) alkenes,
with high yields and relatively short reaction times, making it possible o incorporate this reaction in
the tandem catalysis reactions.

§.2 Transalkylaticn

it proved to be a challenge 10 develop a quantitative analysis method for the transalkylation
reaction. Despite the fact that the most suilable analysis technique, NMR analysis, was not
available in this project (the only accessible NMR apparatus could not detect any of the aluminum
compounds and therefore could not be used), a successful analysis method was found. Although
not as accurate as NMR analysis, this method, that invelved the boiling off of excess alkenes after
the first part of the transaikylation in combination with GC analysis, proved 1o be a suitable tool to
quantitatively investigate the transalkylation reaction and test different reaction conditions.

Simultaneous with the development of this analysis method, a suitable reactor setup was built,
reflecting the special precautions that were needed to wark with the alkylaluminum compounds.
The reactor setup was madified and improved as the experimental method was developed.

With the analysis and reactor in place, the transalkylation reaction could be thoroughly investigated
under diffarent reaction conditions and with different aluminum compounds and alkenes. The
reaction yield at optimized reaction conditions using 4-octene was reproducible and sufficient for
the tandem catalysis experiments. The highest octene vield (82%) was obtained when the
displacement reaction was carried out at 100°C for 3 hours with 1 mo!% Ni{acac), as a catalyst,
followed by back-displacement of the TOA with 1-decene at 25°C for 2 hours. No additional
catalyst was needed for the pack-displacement reaction and COD was used (o prevent
isgmerization.
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This research proved that the transalkylation reaction was a suitable way to obtain terminal
alkenes from intemal ones, and could potentially be incorporated as the second step in the tandem
catalysis experiments.

£.3 Tandem catalysis

Since the reactor setup was already developed and the metathesis and transalkylation reactions
were studied and optimized, the first type of tandem reactions could be carried out relatively easy.
The yields for the metathesis-transalkylation tandem reactions were reproducible, and a high
selectivity towards 1-octene was observed. When starting with 1-pentene the final product of the
tandem reactions contained mostly 1-octene, as was confirmed with GC analysis. When looking at
the aim, which was producing longer chain terminal alkenes, this tandem catalysis setup certainly
proved to be a suitable way to achieve this.

The overall vield of the tandem experiments was 8.6% (21% vield in the metathesis and 41% from
the transalkylation) with 95% selectivity towards 1-octene. It can be concluded that the yield of the
separate parts of the tandem reactions decreased with every additional reaction step. Since no
separation steps were included in the reaction sequence, there must have been an interaction
between the reaction components of the different reactions.

For the metathesis-isomerization tandem experiments, enly the reaction conditions suitable for the
isomerization part had to be determined. Afthough reports about the in situ transformation of a
metathesis catalyst into an isomerization catalyst in literature almos! invariably include the addition
of certain chemicals that induce this change, this research proves that an increase in temperature
also increases isomerzation. It may be true that the yieid and efficiency of the isomerization was
relatively low {<1% overall yield), but it is certainly interesting to see that it is possible. Naturally,
mere research is needed to optimize this methad and to fully understand the reaction mechanism,

Needless to say that in the comparisen of the two tandem catalysis variations mentioned above,
the highest overall 1-octene yields were obtained with the metathesis-transalkylation reaction.
Although the vield decreased with every additional reaction step, this method certainly can be a
valuable 100l to obtain longer chain terminal alkenes. However, when this reaction is applied in
industry on a {arge scale, this tandem setup might not be the best choice. When the overall yield of
the tandem metathesis-transalkylation reactions {8.6%) is compared to the yields of the separate
metathesis (45%) and transalkylation reactions (82%), the 1-octene vield could thecretically b as
high as 37%. This would include separation and purification steps, leading 1o longer reaction times
and possible yield losses due to purification steps.
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A multiple reactor system would probably be more appropriate when looking at a continuous flow
and the possibility of recycie streams in the process. And even though Grubbs 1 is a very suitable
metathesis catalyst, when dealing with larger scale experiments and industrial applications, a
heterogenecus catalyst would probably be a better alternative when looking at separation and cost
perspective.

5.4 Overview and recommendations

The aim of this study was lo make longer chain terminal alkernes by using metathesis and
transalkylation or metathesis and isomerization in 1andem catalysis. The results presented in this
thesis prove that this was achieved and a new tandem catalysis method was developed. The
tandem catalysis reactor setup was suitable for laboratory scale experiments and improved the
knowledge of transalkylation reactions.

When looking at industrial scale applications, 2 number of other factors that determine the
feasibility of a certain method have 1o be taken into account, possibly resulting in a totally different
outcome. Some of these factors that play a role are: catalyst choice {price, separation possibilities,
selectivity and required reaction conditions), reaction setup (batch scale in tandem catalysis or
continuous flow in multiple reactors) and many others.

Using the transalkylation reaction in combination with metathesis to obtain longer chain terminal
alkenes provides certain advantages with respect to the well-known Ziegler “growth” reaction.
Although this growth reaction atso results in longer chain teminal alkenes, this reaction ¢an only
produce even numbered alkenes, since ethene is used by inserting it into the aluminum-aliyl bond.

Apart from the appiication of a wider variety of short chain terminal alkenes as starting materials,
the transalkylation reaction also has the advantage that the carbon number of the product is known
beforehand, whereas with the growth reaction the chain growth has to be stopped at the desired
chain length, which generally produces a mixture of alkenes with different chain lengths.

Before it would be possible to determine the actual feasibility of this specific tandem catalysis
technique and apply it in commergial processes, more research in combination with more accurate
analysis methods is definitely necessary.
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Sumimary
Metathesis and transalkylation in tandem catalysis

Longer chain terminal alkenes, which are in high demand in industry, can be obtained from widely
available shorter chain terminal alkenes in a tandem catalysis reaction. Tandem catalysis involves
the combination of multiple catalytic reactions in a single reactor without separation steps in
between. [n this study, longer chain terminal alkenes were obtained by combining metathesis and
transalkylation in a tandem experiment and the results were compared to a different type of
tandem experiment, involving metathesis and iscmerization.

The metathesis reaction was investigated in Chapter 2, where a shont chain terminal alkene is
used as the starting material, producing a longer chain intemal alkene as primary metathesis
product. In these reactions, Grubbs 1 catalyst was used and the experiments were carried out in a
mini-reactor with different alkenes (1-pentene, 1-octene and 1-decene) under different reaction
conditions. The PMP yield decreased with increasing alkene:Ru ratio and the alkene chain length
influence was not very clear. Reproducible yields were obtained with alt three of the alkenes and
the yield increased when the reaction was carried out without solvent or when the gas formed
during the reaction was allowed to escape (equilibrium shift). The average PMP yield for 1-octene
was 45% after 5 hours at 30 °C with an alkene:Ru ratio of 1,000 and above 60% for 1-pentene or
when 1-octene was used in reactions without solvent or when the equilibrium was shifted 1o the
right.

In Chapter 3 the transaikylation reaction was carried out. This transalkylation reaction is based on
the Ziegler “Aufbau” {growth) reaction and transforms an internal alkene into a terminal alkene. In
this project the main focus was to obtain terminal octenes, therefore the starting alkene for the
transalkylation reaction was an intemai octene. The first part of the transalkylation reaction, the
displacement, involves the displacement of the alkyl groups of a tralkylaluminum compound by
octene. This internat octene is isomerized to 1-octene before displacing the alkyl group, in the
presence of an isomerization catalyst The second part of the reaction is the back-displacement,
where the newly formed octyl groups of the frioctylaluminum compound are replaced again with
ancther {terminal) alkene, setting free a terminal octene.

A reactor setup was built that was suitable for these experiments and could also be used in the

tandem catalysis experiments. After the development of a quantitative analysis method, which
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consisted of boiling off the excess octene after displacement in combination with GC analysis, the
transalkylatior: reaction was investigated and optimized.

Thne best results were obtained when TIBA was used in combination with 1-decene as a back-
displacing alkene. The optimal yields were abtained when the displacement reaction was camied
out at 100 °C for 3 hours with 1 mol% Ni{acac), catalyst, followed by the back-displacement at
25 °C for 2 hours, both reactions with an alkene:Al ratio of 5:1. When starting with 4-octene, an
B2% vyield was obtained. 1,5-Cyclooctadiene was used to stop isomerization after back-
displacament, which proved {o be a very successful isomenzation-inhibiting agent.

The optimized metathesis and transalkylation reactions were combined in tandem experiments in
Chapter 4. An overail yield of 8.6% was obtained after metathesis of 1-pentene with Grubbs 1 as a
catalyst, followed by transalkylation where TIBA was used as the aluminum compound and 1-
decene as the back-displacing alkene, in the presence of the Ni(acac); catalyst. The octense
product consisted mostly of 1-octene (95%), but some isomerization had taken place.

The metathesis-isomerization experiments showed a very low 1-octene yield in the isomerization
stap, and therefore the overall yield of these axpariments was lower than that of the metathesis-
transalkylation experiments.

An overview of the conciusions of the different chapters was given in Chapter 5, where the
potential of the project on & larger scale was discussed. The iandem catalysis experiments in
whicn metathesis and transalkytation were combined proved to be successful in obfaining longer
chain terminal alkenes, as was set as the main aim of this study. Although this method was
suitable for laboratory scae experiments, more aspects have to be taken into account to determine
the feasibility on a larger industrial scale.
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Samenvatting
Metathese en transalkylering in tandem katalyse

Terminale alkenen met langere ketens, waarvoor vanuit de industrie een grote aanvraag is,
kunnen verkregen worden uit makkelijk beschikbare kortere terminale alkenen door middel van
een tandem katalyse reaktie. Tandem katalyse behelst de kombinatie van meerdere katalytische
reakties in een ankele reaktor zonder scheidingsstappen tussenin. In deze studie werden langere
terminale alkenen verkregen uit een kombinatie van metathese en transalkylering in een tandem
reaktie, waama de resultaten vergeleken werden met een ander type tandem experiment, waarbij
metathese gekombineerd werd met een isomerisatie stap.

De metathese reaktie werd onderzocht in Hoofdstuk 2, waarbij een korte terminale alkeen werd
gebruikt als vitgangsmateriaal wat een langere terminale alkeen oplevert als primaire metathese
produkt. Grubbs 1 werd in deze reakties gebruikt als katalysator, welke uitgevoerd werden in een
mini-reaktor met verschillende alkenen (1-penteen, 1-okteen en 1-dekeen) en ander verschillende
reaktie-omstandigheden. De PMP opbrengst nam af met toenemende alkeen:Ru verhouding en de
invloed wan de alkeen ketenlengte was niet kwantitatief aantoonbaar. Reproduceerbare
opbrengsten werden verkregen met alle drie de alkenen en de opbrengst was hoger wanneer de
reaktie uitgevoerd werd zonder oplosmiddel en wanneer het gas wat vormde tijdens de reaktie kon
ontsnappen (verschuiving van het evenwicht). De gemiddelde PMP opbrengst voor 1-okteen was
45% na 5 uur bij 30 °C met een alkeen:Ru verhouding van 1,000 en boven 80% voor reakties met
1-penteen of voor de reakties waarin 1-okteen gebruikt werd zonder oplosmiddel en wanneer het
evenwicht naar rechis werd geschoven door het gas e laten ontsnappen.

Hoofdstuk 3 beschrijft de transalkyleringsreaktie. In deze reaktie, die is gebaseerd op de “Aufbau”
(groei) reaktie van Ziegler, wordt een inteme alkeen omgezet in een terminale alkeen. Het doel
van dit onderzoek was om terminale oktenen te verkrijgen, daarom was het uitgangsprodukt van
de transalkyleringsreaktie een interne okteen. In het eerste deel van de transalkyleringsreaktie, de
verplaatsingsreaktie, wordt de alkyl groep van de trialkylaluminium vervangen door okteen. De
inteme okteen wordt geisomeriseerd naar 1-okteen voordat het de alkyl group vervangt in de
aanwezigheid van een isomerisatie katalysator. Het tweede deel van de reaktie is de terug-
verplaatsing, waarin de nieuw gevormde oktyl-groepen van de aluminium opnieuw worden

vervangen met een andere (terminale) alkeen, en waarbij dan 1-okteen wordt vrijgesteld.
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Een geschikte reaktor opstelling werd ontworpen en gebouwd voor de transalkyleringsreakties, die
eveneens gebruikt kon worden in de tandem experimenten. Na de ontwikkeling van een
kwantitatieve analyse methode, die bestond uit het afdampen van de cvermaat okteen na de
verplaatsingsreaktie in kombinatie met GC analyse, werd de {ransalkyleringsreaktie onderzocht en
geoptimaliseera.

De beste resultaten werden verkregen wanneer TIBA werd gebruikt samen met 1-dekeen als de
terug-verplaatsende alkeen. De grootste opbrengst werd behaald wanneer de verplaatsingsreaktie
werd uilgevoerd bij 100 °C gedurende 3 uur met 1 mol% Ni(acac); katalysator, gevoigd door de
terug-verplaatsingsreaktie bij 25 °C gedurende 2 uur, beide met een alkeen:Al verhouding van 5:1.
Wanneer 4-okteen werd gebruikt als uitgangsstof voor de reaktie werd een opbrengst van 82%
behaald. 1,5-gyclo-cktadieen bleek succesvol om de isecmerisatie na de terug-varplaatsingsreaktie
e stoppen.

De geoptimalisearde metathese en transalkyleringsreakties werden gekembineserd in tandem
experimenten in Hoofdstuk 4. Een fotale opbrengst van 8.6% werd verkregen na de metathese
van 1-penteen met Grubbs 1 als katalysator, gevolgd door de transalkyleringsreaktie waarbij TIBA
werd gebruikt als de aluminium komponent en 1-dekeen als de terug-verplaatsende alkeen in de
aanwezigheid van de Ni(acac); katalysator. Het okteen produkt besiond voor het grootste dee) uit
1-ckieen (95%) maar een geringe mate van isomerisatie had plaatsgevonden.

De 1-okteen opbrengst in de isomerisatie stap van de metathese-isomerisatie expenmenten was
erg laag, waardoor de totale opbrengst van deze experimenten veel lager was dan die van de
metathese-transalkyleringsexperimenten

In Hoofdstuk 5 wordt een overzicht gegeven wvan de condclusies van de verschillende
hoofdstukken, waarhij de mogelijkheden van dit projekt op grotere schaal worden besproken. De
fandem katalyse experimenten waarbij metatese en transalkylering werden gekombineerd bleken
succesvol in het verkijgen van langere terminale alkenen, wat het doel was van dit onderzoek.
Hoewel deze methode geschikt was op laboratoriumschaal moet er met meer aspekten rekening
gehouden worden om te kunnen beocaordelen wat de haalbaarheid van deze methode is op grotere
industriéle schaal.
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