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Summary

The Grubbs type pre-catalysts are widely used for olefin metathesis. The pre-catalysts
exhibit high activity and selectivity, but low stability and short lifetimes
Salicylideneanilines (SA) are Schiff bases that can be derived from the reaction of
amine derivatives with salicylaldehyde and 2-hydroxy-1-naphthaldehyde. These
ligands were synthesized to improve the activity, stability and lifetime of the Grubbs
first and second generation pre-catalysts. In an attempt to improve on these properties

both theoretical and experimental investigations were conducted.

Molecular modelling was done using Material Studio, Dmol® (PW9L/GGA/DNP) to
evaluate potential imine derivative as ligands for Grubbs type pre-catalysts, for the
metathesis reaction with 1-octene. Forty five ligands were chosen to investigate
properties for suitable ligands. The usefulness of the HOMO energy as preliminary
criteria for screening suitable ligands was investigated. The HOMO energy of
possible ligands was cal culated against the well defined Verpoort ligand. In this study
the ligand with lower energy than that of the Verpoort's ligand was considered.
Analysis of the electron density, electrostatic potential, Fukui functions, HOMO-
LUMO orbitals and population analysis were used to address the research problem.

The second criteriaincluded being found in literature, synthesis procedure as well asa
high yield. The two most promising ligands were chosen to be synthesized. These
ligands were used in the synthesis of new Grubbs 1 and 2 type pre-catalysts. The third
criteria were the dissociation energy (Ru-N) for the new Grubbs type pre-cataysts for
activation properties that may influence the hemilability. Furthermore molecular
modelling helped to gain insight into the mechanism of the 1-octene metathesis

reaction by using the Potential Energy Surface (PES) scan.

Both ligands were successfully synthesized according to literature methods. The
ligands were characterized by MS, IR and NMR techniques. The synthesis of
substituted Grubbs 1 type pre-catalysts was unsuccessful. The substituted Grubbs 2
type pre-catalysts were obtained and characterized by MALDI-TOF and NMR
techniques. The two substituted Grubbs 2 type pre-catal ysts were tested for metathesis
activity with 1-octene. Only one substituted pre-catalyst was active for metathesis.
This catalyst was less active and selective than the Grubbs first and second generation
pre-catalysts but showed an increased lifetime.
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Opsomming

Die Grubbstipe prekatalisatore word algemeen in olefienmetatese gebruik. Die
katalisatore vertoon hoé aktiwiteit en selektiwiteit, maar lae stabiliteit en kort leeftye.
Salisielideenaniliene (SA) is Schiff basisse wat vanuit die reaksie van amienderivate met
salisielaldehied en 2-hidroksie-1-naftaleenaldehied verkry kan word. Hierdie ligande was
gesintetiseer om die aktiwiteit, stabiliteit en leeftyd van die Grubbs-eerste en -tweede
generasie prekatalisatore te verbeter. In 'n poging om hierdie eienskappe te verbeter is

beide teoretiese en eksperimentel e ondersoeke gedoen.

Molekuulmodellering is met behulp van Marerial Studio, Dmol® (PW91/GGA/DNP)
gedoen om die potensiéle imien derivate as ligande vir Grubbs-tipe prekatalisatore te
evalueer vir die metatese reaksie met 1-okteen. Vyf-en-veertig ligande is gekies om die
eienskappe vir geskikte ligande te ondersoek. Die geskiktheid van die HOM O-energie as
"n voorlopige siftingskriteria vir geskikte ligande was ondersoek. Die HOM O-energie van
moontlike ligande was teenoor die goed gedefinieerde Verpoort ligand bereken. In die
studie was ligande met laer energieé as die van Verpoort se ligand oorweeg. Analise van
die elektrondigtheid, elektrostatiese-potensiaal, Fukui-funksies, HOMO-, LUMO-orbitale

en populasie analises was gebruik om die navorsingsprobleem aan te spreek.

Die tweede kriteria het ingesluit dat die potensiéle ligande moet bestaan, die sintese
proses sowel as hoé opbrengste verkry was. Die twee mees belowende ligande was gekies
om gesintetiseer te word. Die ligande is in die sintese van nuwe Grubbs 1- en 2-tipe
prekatalisatore gebruik. Die derde kriteria was die dissosiasie-energie (Ru-N) vir die
nuwe Grubbs-tipe prekatalisatore vir aktiveringseienskappe wat die hemilabiliteit kan
beinvioed. Verder het molekuulmodellering gehelp om 'n beter insig in die meganisme
van die 1-okteenmetatese reaksie te verkry deur van die Potensiéle Energie Oppervlak
(PEO) skandering gebruik te maak.

Beide ligande was suksesvol volgens literatuurmetodes gesintetiseer. Die ligande was met
behulp van MS, IR en KM R-tegnieke gekarakteriseer. Die sintese van die gesubstitueerde
Grubbs 1-tipe prekataisatore was onsuksesvol. Die gesubstitueerde Grubbs 2-tipe
prekatalisatore was verkry en met behulp van IR, MALDI-TOF en KMR-tegnieke
gekarakteriseer. Die twee gesubstitueerde Grubbs 2-tipe prekatalisatore was vir metatese
aktiwiteit met 1-okteen getoets. Slegs een gesubstitueerde prekatalisator was vir metatese
aktief. Hierdie katalisator was minder aktief en selektief as die Grubbs-eerste en —tweede
generasie prekatalisatore, maar het ' n verhoogde leeftyd getoon.
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1 INTRODUCTION AND AIMS OF THE STUDY

1.1 Introduction

Catalysed olefin metathesis reactions represent one of the most important synthetic
processes discovered in the past four decades'™ Olefin metathesis is a reaction
between two molecules containing double bonds shown in Scheme 1.1.>% This
reaction describes the apparent interchange of carbon atoms between two pairs of
bonds, resulting in a new olefin that contains “half” of the first olefin molecule
bonded to either “half” of the second olefin.

R R R Rs Ry JRo R R4
RY Rs RS Rg R& Rs R7Y Rg
Scheme 1.1 Olefin metathesis reaction.

Olefin metathesis can be conducted in several types of distinct reactions such as ring
closing metathesis (RCM), ring opening metathesis (ROM), cross metathesis (CM),
enyne metathesis (EN), acyclic diene metathesis (ADMET) and ring-opening
metathesis polymerization (ROMP).> °

The generally accepted mechanism that is consistent with experimental evidence was
developed by Chauvin.’® Chauvin proposed that olefin metathesis involves the
interconversion of an olefin and a metal alkylidene asillustrated in Scheme 1.2. This
process is believed to occur via a metallacyclobutane intermediate by alternating

[2+2] cycloaddition and cycloreversion reactions.

ﬂR M i M
X, =2, =

R; Ry R

Scheme 1.2 The mechanism of the catalyzed olefin metathesis.



This mechanism influenced work on pre-catalyst development as shown in Figure
1.1.M In the late 1970s to early 1980s effort has been made to synthesize alkylidene
and metallacyclobutane complexes which led to the discovery of the first single-
component homogeneous pre-catalysts for olefin metathesis™ These new pre-
catalysts included (CO)sW=CPh,,®>  bis(cyclopentadienyl)titanocyclobutanes,
trisiaryl  oxide)tantalacyclobutanes,”* and various dihaloalkoxide-alikylidene

complexes of tungsten.*

1950
—— Discovery of olefin metathesis

1960

— RuCl3(hydrate) performs ROMP

1970
—— Chauvin proposed metal alkylidene-based mechanism

—— Evidence for Chauvin's mechanism found

1980 .
—— Single-component pre-catalysts devel opment

—— Synthesis of Mo-akylidene
(NAN(OR)>Mo=CHR

1990 Ar=2,6-Pr' »-CgHs
R= CMe,-Ph
R'= C(CH3)(CF3)»

— Synthesis of Ru-akylidene
(PCy3)2ClRu=(CH),C(Ph)

2000
Discovery of (PCy3),Cl,Ru=CHPh (1)

Mechanism of 1 investigated

Mono(N-heterocyclic carbene) pre-catalysts devel oped

\J

Figurel.l  Milestonesin the development of olefin metathesis.™

The first pre-catalysts to be widely used are Molybdenum (Mo) and tungsten (W)
akylidenes with the general formula (NAr)(OR’), M=CHR , Ar = 2,6—Pri2—CeH3, R=
CMex-Ph, R’ = C(CHa3)(CFs), and were reported in 1990 by Schrock et al.*'” The Mo



complex has high activity which alows it to react with both terminal and internal
olefins and to ROMP low strain monomers, as well as to ring-close sterically
demanding and electron poor substrates. 1’ The limitation of this pre-catalyst is that it

is extremely sensitive to oxygen, moisture and other functional groups.™

Research in improving the reactivity of the pre-cataysts with various functional
groups advanced.’® The new pre-catalysts that react with olefins in the presence of
heteroatomic functionalities were developed, namely the ruthenium carbene
complexes such as 1, the Grubbs first generation pre-catalyst and 2 the Grubbs second
generation pre-catalyst, given in Figure 1.2. These pre-catalysts transformed olefin

metathesisinto a versatile tool in organic and polymer chemistry.'®!

CysP NN
cl
Ph
/Rﬁ/ C pn
cl ' R~
PCy3 c’
PCys
1 2

Figurel.2  Grubbsfirst and second generation pre-catalysts.

The ruthenium pre-catalysts broadened the scope significantly because they operate
under mild conditions and are highly tolerant towards heteroatom-containing
functional groups, air and moisture.® ? % However 1 is thermally unstable despite its

high selectivity during the metathesis of alkenes.®

The lifetime and the reactivity of 1 have been improved through the replacement of
the phosphine ligand by a more bulky and basic N-heterocyclic carbene (NHC)
ligand.® 2% The higher activity of 2 can also be attributed to electron distribution and
bulk effects that enhance the dissociation of the phosphine ligand, as well as the ratio

of alkene to phosphine coordination during the catalytic cycle.® %



Conseguently, the imine- or O, N-chelate Schiff base ligands were reacted with 1 to

give complexes 3 a-h in Figure 1.3, at room and elevated temperatures, to liberate

one coordination site ‘on demand’ of a competing substrate, e.g., an alkene.?® %

CY3||° o m
1 O— (J’:/

R )
mN\RZ

3

[=

= H, R*= 2,6-'PrCgHs

= 4-NO,, R*= 2,6-'PrCgHs

¢. R'= 4-NO,, R*= 2,6-Me-4-MeOCgH
d. R'= 4-NO,, R*= 2,6-Me-4-BrCgH.

e R'= 4-NO,, R°= 2,6-Cl-4-CF3CgHy
f. R'= 6-Me-4-NO,, R*= 2,6- PrCqH3
g. R'= 4-NO,, R°= 2,6- Pr-4-NO,-CgHs
h. R'= 4-NO,, R’= CH,-Ad

aR
b.R

R

=

(e S O

Ad=

Figurel.3  Possible Schiff base pre-catalysts.

Despite the effort to advance the pre-catalyst activity, there is still room for
improvement with regard to lifetime and reactivity. The influence of the ligands on
the stability and lifetime is investigated in this study. The criteria for choosing the
ligands are based on the activation properties that influence 4 through

salicylideneaniline Schiff bases.

L =PCys, IMES

Figurel.4  Schiff base Grubbs type pre-catalyst.



A series of salicyladehyde-imine derivatives are formed by substituted
salicylaldehyde and aniline®” 2-Hydroxy Schiff base ligands and their complexes
derived from the reaction of salicylaldehyde and 2-hydroxy-1-naphthaldehyde with

amines have been extensively studied.?® %

OH OH

5 6
Salicylideneaniline (SA) Naphthyl group on the A ring
OH OH
7 8
Naphthy! group on the B group Naphthyl group on both A and B rings

Figurel5 Salicylideneaniline (SA) derivatives.

Salicylideneaniline derivatives of 5 have been used as models for biological systems,
in catalytic reactions; organic synthesis and coordination chemistry. 3" A series of
salicyldeneaniline derivatives 6-8 were synthesized to study the substituent effect on
the chromic properties, namely photochromism, thermochromism, and

solvatochromism in solution.®

The considerable growth on these Schiff bases in literature is dominated by spectral,
catalytic and bioactivity studies. Redox properties such as reactivity towards oxidation
of organic substrates are part of the extensive literature on the Schiff bases. They offer
opportunity for inducing substrate chirality, tuning metal centered electronic factors

and enhancing the solubility of either homogeneous or heterogeneous pre-catalysts.>
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1.2 Aims and Objectives

In literature, salicylideneaniline (SA) Schiff bases with a naphthyl group have not
been mentioned as ligands for the Grubbs type pre-catalyst. Metathesis reactions with
SA derivatives Schiff base ligands do not exist in literature. The aim of the study isto
find naphthyl imine ligands that can be used to improve the performance of Grubbs
type pre-catalysts for 1-octene metathesis. To reach the aim of the study, the
following objectives are set:

1. To obtain in depth understanding of relevant imine ligands and the Grubbs
derivatives by conducting a comprehensive literature study.

2. To evauate potential imine ligands and salicylideneaniline derivatives and the
catalytic reaction mechanism of the alkene metathesis where Grubbs type
carbenes with these ligands are used by molecular modeling.

3. To synthesize two possible imine ligands and Grubbs type pre-catalyst with
different steric and electronic properties.

4. To find factors that influence the stability and lifetime in regards to Grubbs
type pre-catalysts of 1 and 2.

5. To characterize the products using spectroscopic and other analytical methods.

6. To test for the catalytic properties of these Grubbs type pre-catalysts with

1-octene metathesis.
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2 LITERATURE SURVEY

21 I ntroduction

The word metathesis is derived from the Greek meta (change) and tithemi (place), it
refers to the interchange of atoms between two molecules. In olefin metathesis it
describes the interchange of carbon atoms between a pair of double bonds from the
apparent molecules.™ The name metathesis was given for the first time to the reaction
by Calderonin 1967.* Metathesisis described by Scheme 1.1 given in Chapter 1.

Like most cataytic processes olefin metathesis was discovered by accident. It was
discovered as an outgrowth of a study of Ziegler polymerizations with an alternate
metal system.™® The olefin metathesis can be conducted in several distinct reaction
modes (illustrated in Scheme 2.1) such as ring closing metathesis (RCM), defined as
the unimolecular condensation reaction of a diene to form a cyclic olefin and a small
condensate olefin as a byproduct. The reverse reaction of RCM is ring opening
metathesis (ROM) in which a cyclic olefin is reacted with an acyclic olefin to produce

anew diene.®

Acyclic diene metathesis (ADMET) introduced by K. B. Wagener in 1991% is a
specia type of olefin metathesis used to polymerize certain terminal dienes to
polyenes. The reaction is driven by the removal of ethylene from the system which
can be accomplished with a nitrogen purge. The new double bonds formed can be in
cis- or trans- configurations.? It is a type of step growth condensation reaction and
ring-opening metathesis polymerization (ROMP) is a chain-growth polymerization.
The mechanism of ROMP involves a cyclic olefin and the driving force is the relief of
the ring.%® Other metathesis reactions include the cross metathesis (CM), the reaction
between two acyclic olefins to form two new olefins, and enyne metathesis (EN) is a
bond reorganisation of an alkene and an alkyne to produce a 1,3 diene. Katz et al. in
1985 discovered the enyne metathesis through the study of the effect of alkynes on

ring opening alkene metathesis polymerization.>*°
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Scheme 2.1 Severa distinct olefin metathesis reactions.

The metathesis reaction forms part of the development of the metal akylidene-based
mechanism. Y ves Chauvin proposed a mechanism which introduced several ideas. ™
The Chauvin mechanism proposed the implication of a metal-carbene complex to
initiate the catalysis of the metathesis reaction. This idea suggested the metal-
alkylidene complexes can be synthesized and can react as pre-catalysts with olefins.
The other important aspect of the Chauvin mechanism concerns the intermediacy of

the metallacyclobutane.*

The olefin metathesis reaction is used in industry and research and its application has
become more and more important. For the past decade, transition metal catalyzed C-C
double bond formation through olefin metathess continues to be of considerable

interest and synthetic utility.**°
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The catalytic systems used for olefin metathesis involve almost invariably transition
metal compounds. The first generation catalytic systems often require the presence of
a co-pre-catalyst and sometimes a third compound (promoter) must be added to the
reaction mixture. The commonly used metals for the systems are Mo, Ru, W, Re, Os
or Ir. EtAICl,, R3Al and RsSn are typical co-pre-catalysts, while oxygenates (O,
EtOH, PhOH) can be used as promoters.®

2.2  Precatalysts

Pre-catalysts are substances that accelerate the rates of chemical reactions, facilitating
the establishment of equilibria and are capable of greatly enhancing product
selectivity.”® Olefin metathesis incorporates pre-catalysts containing tungsten (W),
molybdenum (Mo) and ruthenium (Ru) to induce high value olefins. The pre-catalysts
can be classified in terms of type of catalysis, homogeneous and heterogeneous. The
general definition of homogeneous and heterogeneous is if the pre-catalyst is in the
same phase as the alkene or in the different phase, respectively.® The advantages of
the homogeneous pre-catalyst are mild reaction conditions, selectivity, tenability and
the ability to access al sites, whilst the advantages of the heterogeneous pre-catalyst
are recyclability, amenable to high-throughput processes, easier production separation
and greater stability.”

2.2.1 Homogeneous pre-catalysts

Homogeneous pre-catalysts which are structurally well-defined metal alkylidene
complexes are more tolerant to common organic functional groups. The emphasis on
research is on the development of mild and tolerant, but highly effective and selective
pre-catalysts. Homogeneous pre-catalysts have been used in polymerization
metathesis reactions.”* The characteristics of homogeneous catalysis by transition

metal coordination compounds are: 3

i. Dispersion at the molecular level, i.e., the catalytically active species and the

substrate molecule are in the same phasg;
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ii. The pre-catalyst (or at least the pre-catalyst precursor complexes) can be
unequivocally characterized by spectroscopic means and synthesized
reproducibly;

iii.  Each metal center is potentially a catalytically active site; all these sites show
chemical uniformity.

2.2.1.1 Molybdenum

Molybedenum (Mo), tungsten (W) and ruthenium (Ru) are three metals that are most
active for metathesis of olefins in metathesis pre-catalyst systems. Molybdenum
precursors where molybdenum has a high oxidation state (IV to VI) have generally
been used.*** A pre-catalyst system of MoCls-SnMe, was used for co-metathesis of
cycloalkene with a—alkene to generate monoene pheromone components.® This most
remarkable homogeneous pre-catalyst was discovered by Schrock® in 1990, which is
highly reactive and functional group tolerant and found immediate application on
ROMP. The preparation of the pre-catalyst is described in Scheme 2.2.3%8

[NH4M0o,07  —»  MO(NAr)Cly(dme) ——»  Mo(NAr),(CH5R)

- ArNH5OTf
3TfOH indme | " 3
- CH3R'
Ar /
| oTf
N R 0 NAr
RQ"""'-~|U| 7 2 LiOR Nl
T 2 LioTf PN
RO/ H 0 ‘ CHR'
o oTf
R=R'=C(CH3)3

Scheme 2.2  Preparation of the Schrock pre-catalyst.

The reactive Schrock type pre-catalysts (9) selectivity can be achieved when the
reaction time is less than the life time of the pre-catalyst.*® Grubbs published an article
on the kinetics and mechanism of “living” polymerization with the Schrock pre-
catalyst; the mechanistic steps explaining the kinetic results are illustrated in Scheme
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2.3% The Schrock type pre-catalysts can be used in metathetic routes to produce
polyesters™ or polycarbonates.*

Initiation Step

,I\I, Ar \ Ph II\IIAr :):)4'3'“
tBuo-Mo=— + @ ki, tBuo-Mo=& A
tBud tBud

Propagation Step

NAT %F)zh NAr :)ﬁ)éph
I
W O e ey

tBu tBud

Chain transfer step \ Ph
| HoC=E ¥
[I\IIAr Ph

tBuo-Mo=6 - * )4 Ky .

tBul —

rﬁlAr\)4
tBuo-Mo=
tBud

Scheme 2.3 Mechanistic steps explaining kinetics of Schrock pre-catalyst.

The following, denoted as CAT, MON and CTA, are the concentrations of pre-
catalyst, monomer and chain-transfer agent, respectively, at time 0, while Wy, M and
Po are the concentrations of pre-catalyst, monomer and chain-transfer agent,
respectively, at time t. W,, and P, are the concentration of active and dead polymer
chains containing n units of monomer, respectively at timet. k;, k, and k are specific
rates constants for initiation, propagation and chain transfer.

The Scheme 2.3 can also be presented as follows:
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In Scheme 2.3, the initiating species Wy produced by the reaction of the chain-transfer
agent Py with the active chain Wh has the same reactivity as the original pre-catalyst

Wo. The following kinetic equations describe the above process:

O'—'\/':—|<i|\/|wo—|<p|v|ZWn 1
dt n+l
dw, = -k, MW, +k, P, ZWH 2
dt n=1
dw, _
. k MW, =k MW, -k, PW, 3
daw, _
T ~K,MW, +Kk MW, -k, PW, n>2 4
d& = _ktr F)0 ng 5
dt n=1
dP,
L=k PW n>1 6
dt ktr 0" 'n —

Using the conservation laws

MON =M+ 3 (nW,)+ > (nP,)

n=0 n=0
CAT=3W,
n=0
CTA = i P,
n=0

2.2.1.2 Tungsten

Tungsten hexachloride (WClg) based pre-catalysts in combination with tetramethyltin
have been studied as pre-catalysts for alkene metathesis™* and the stereochemistry
of ROMP of cycloalkenes.*® Low oxidation state W(III) generates trans and high
oxidation state W(V) generates cis polymers.*** The use of Lewis acids such as
alkylaluminium halides gave predominantly trans double bonds in polypentylene
from cyclopentene, while cis double bonds predominate with tetraalkyltin
promoters.*® The pre-catalyst system (10) shown in Scheme 2.4 was found to be

effective in the ring-closing metathesis reaction of functionalized substrates, including
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those that are homochiral. This is the first tungsten pre-catalyst for ring-closing

metathesis and works well even when generated in situ.*

O
. ArO\\lA//Q
O
NS Y\ -, SOAr Q/C7H15
CrHis CoHy } —

Scheme 2.4  Thefirst tungsten pre-catalyst for RCM.

Schrock developed a tungsten carbene pre-catalyst prepared from molybdenum which
was used in acylic diene metathesis with 1,9-decadiene.® Alkene metathesis by the
Schrock carbene complex Cl3(dme)W=CCMe; was found to be sensitive to alkene
substituents and was inhibited by addition of internal alkynes.®* The metathesis and
polymerization of 1-octene was studied with the RNMe;, CIW(CO)s/EtAICI, pre-
catalyst system.>

2.2.1.3 Ruthenium

Ruthenium carbene complexes have shown to be a leading class of pre-catalyst,
primarily due to the extensive work of Grubbs.> The ease of preparation, handling,
tolerance a to variety of functional groups containing O and N atoms; stability in air
and water; mild condition and high selectivity lead to widespread use in organic
chemistry.”* Since 1988 the preparation (Scheme 2.5) and applications of the

ruthenium carbene complexes in metathesis were described.*

Ph
e
cl.. —
;Ru: Ph
Ph cl
P =
cl. =
------- . + 2PR _
ar = Ph 3 CH,CITt 2, +2 PPhg
beh,
11 Ph
PR3
PRs.. —
i
a:. Ri ( Cl Cl
b: R=i-Pr
13

Scheme 2.5 Preparation of Grubbs carbene complex.
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The two types of phosphines ligands used in Scheme 2.5 have two isomeric
phosphine complexes (one where the two phosphine ligands are trans to each other
and one where they are cis). The trans isomer is the predominant one in the product
mixture. They are moderately stable to air and also in organic solvents in the presence
of water, alcohol, acetic acid or a diethyl ether solution of HCI. Alkylphosphines
make the pre-catalyst more soluble in organic solvents such as benzene and THF.* It
was found that the well-defined ruthenium carbene complex (11) did catalyze the

ROMP of bicycle[3.2.0]heptenein a‘living’ manner.>’

Ph Ph
a. e
------- — CH,CI " Ph
+ Ru— Ph 22
c” Ig 40°C n
Pha
11

Scheme 2.6 ROMP catalyzed by well-defined Ru carbene complex.

The addition of N-heterocyclic carbene (NHC) ligands on ruthenium pre-catalysts
lead to extraordinary advancement on pre-catalysts in general. The ligand is more
basic than the alkylphosphine ligands and its complex is commonly known as the
Grubbs second generation pre-catalyst 2. The basicity of NHC-ligands increase the
reactivity of the pre-catalyst by making it easier to push the trans PRs-ligand off the
metal (trans effect).”®

2.3 Mechanism
Metathesis provides a way of breaking and remaking carbon-carbon double bonds. It
was first discovered in industry in the 1950s but it was not until Yves Chauvin’s and

his student Jean-Loius Herrison’s work in 1971 that the mechanism was understood
(Scheme 2.7).*
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Scheme 2.7 Chauvin’s mechanism, proposed in 1971, for the catalyzed olefin metathesis involving metal alkylidene and metallacyclobutane
intermediates.
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This new olefin contains a carbene from the pre-catalyst and the other carbene from
the starting olefin. The new metal-alkylidene contains one of the two carbenes of the
starting olefin and it can re-enter into a catalytic cycle of the same type as the first
one. Depending on the orientation of the coordinated olefin, the new catalytic cycle
can give two different metallacyclobutanes (F and F1), one leading to the symmetrical
olefin and the other leading the starting olefin. The latter cycle is the degenerate olefin

metathesis.

Thus the catalytic cycles alternatively involve both metal-alkylidene species resulting
from the coordination of the metal with each of the two carbenes of the starting ol efin.
Several experiments arose from the mechanism, the reaction of a mixture of the
cyclopentene and 2-pentene led to C-9, C-10 and C-11 dienes in the ratio 1:2:1 and
the reaction of a mixture of cyclooctene and 2-pentene produced C-13, which was

compatible with Calderon’s mechanism.*
2.3.1 Ruthenium-carbene mechanism

Following the Herisson-Chauvin mechanism for metathesis, the study of ruthenium-
catalyzed olefin metathesis reactions and mechanism has guided the development of
new ligands. The principal steps of metathesis involve, according to the Chauvin®®
mechanism a transition metal carbene which forms by coordination of an olefin a pi
complex. A [2+2] cycloaddition and dissociation finally leads to the olefin product

and an active metal carbene Scheme 2.8.

L L L
[ Cl [ C i [ Cl

cl’ ||3CY3 PCys 7 C|’J__ L

+olefin
e,
-olefin Ru
o’ ]

L L L
cl cl cl
| ~ +P( :y | | B
—RuU ‘_—3‘ —RuU —Ru r
cl’ ||3CY3 c’ - olefin c’

Scheme 2.8  Mechanism for metathesis by Grubbs-type Ru carbene complexes.*
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These mechanisms (as presented in the article) ® can be divided into two classes, into
associ ative mechanism where both phosphine ligands remain on the pre-catalyst while
the olefin coordinates to the pre-catalyst to form the intermediate 18-electron olefin
complex, followed by the actual metathesis steps to form the product. The dissociative
mechanism; where one phosphine ligand dissociates first leaving a vacant site on the
pre-catalyst to form a 14-electron complex. The vacant site is then occupied by the
incoming olefin which undergoes metathesis to form a metallacyclobutane product,
regenerating the pre-catalyst upon recoordination of the phosphine.®

Although there is a general agreement for these principal steps, the detailed
mechanism of olefin metathesis by ruthenium pre-catalysts carbene has been the

subject of intense experimental®-% al®*%

and computation studies. The experimental
studies were either performed in solution® or in the gas phase.*” Most computational
studies consider only a few species of the catalytic cycle®™, focusing either on the
ruthenium carbene formation process or on selected intermediates of the catalytic
cycle. Others treat the complete mechanism and eventually alternative reaction
pathways.” The mechanism related to possible intermediates for olefin metathesis by

Grubbs-type ruthenium carbene complexes is given in Scheme 2.9.%°
Some restrictions concerning possible reaction pathways are made:

= The mechanism has to be in agreement with the metallacyclobutane
mechanism.>

» The olefin has to be coordinated cis to the carbene before formation of the
metallacyclobutane. This can be concluded from the fact that RCM works with
small to moderate sized rings.®*

= The principle of microscopic reversibility”” has to be applicable, so the
reaction mechanism has to be symmetric for a degenerate reaction.

» Free rotation of the carbene ligand and the coordinated olefin is assumed, and
the phosphine ligand is considered to be perfectly symmetric with respect to
the coordinated ol efin.

» To obtain a mechanism that can be extended to Hofmann-type and Hoveyda-

type” Ru-carbenes.
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Scheme 2.9 Associative and dissociative mechanisms by Grubbs-type Ru carbene

complexes ®

The associative pathway assumes that the olefin ssimply coordinates on the pre-
catalyst, forming an 18-electron olefin pi complex, followed by the actual [2+2]
cycloaddition and cycloreversion steps to form the product, path 1 and 4. In the
associative reaction of (PCys)2(Cl),Ru=CH, (A) with ethylene, the ethylene attacks
aong the hisector line of the Cl-Ru-Ccanene angle and thereby forces the chlorine into
cis conformation. The 18-electron olefin complex (B,) cisis Cs symmetric. Formation
of the metallacyclobutane proceeds via approach of the methylene and ethylene
carbon atoms and synchronous rotation of the methylene group. An alternative trans
attack of the olefin to (B,) trans cannot lead to a productive metathesis cycle, because
the olefin has to coordinate cis to the carbene for metallacyclobutane formation, as
has already been concluded by Grubbs et al.**
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On the other hand the dissociative pathways start with the initial loss of a phosphine
ligand (path 2), forming the 14-electron complex (B). The endothermic dissociation of
PCy; proceeds without any enthalpy barrier beyond that due to AH of the reaction,
although there may be an additional contribution due to entropic effects. The olefin in
the five-coordinate Ru-olefin complex may be either in a cis (path 5 and 6) or in a

trans position (path 7) with respect to the phosphine.

Conseguently the chlorine ligands in path 5 and 6 have to be situated cis with respect
to each other. Path 5 and 6 are distinguished from each other in the orientation of the
chlorine ligands with respect to the phosphine, cis and trans in path 5 and all cisin
path 6. Metallacyclobutane is then obtained. A variant, where the phosphine again
coordinates to the olefin complex (path 8), has recently been suggested.”
Configurational fluxionality and isomerization processes at certain intermediate stages
such as the isomerization of the cis dichloro metallacyclobutane into the trans
dichloro isomer have been thoroughly investigated, and the activation barriers found

are too high to play a significant role in the overall mechanism.

The attack of the olefin on the 14-electron complex (B), may occur either cis (path 5)
along the bisector line of the Cl-Ru-Ceyphene angle, or trans (path 7) to the phosphane
ligand. Upon cis attack, the chlorine may be pushed either trans to the phosphane
ligand (Cy) cis (path 5) or transto the carbene (C,) (path 6). Both steric and electronic
reasons could account for the chlorine's preference for the position trans to the
phosphine. An alternative route into the dissociative machanism has been the
associative exchange of a phosphine by the olefin. The olefin can attack either cis
(path 1) or trans (path 3) to the carbene moiety and give two 18-electron
intermediates which give upon loss of PCy; the same 16-electron olefin pi
intermediates as found in the dissociative pathways 5 and 7, respectively. For the cis

attack, path 1 isidentical to the all-associative mechanism.*

24  Ligands

In chemistry, aligand is either an atom, ion, or molecule that bonds to a central metal,
generally involving formal donation of one or more of its electrons. The metal-ligand

bonding ranges from covaent to more ionic. Furthermore, the metal-ligand bond
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order can range from one to three®® There is a wide range of metal ions that can
coordinate with certain ligands. The question remains - what makes certain ligands
coordinate with certain metal ions? This can be explained by the hard and soft-base
ligand principle, whereby hard acids tend to combine with hard bases, soft acids with
soft bases. The coordination is attributed by polarisability.

Metal ionsin high oxidation state tend to bind to saturated ligands such as NHz, H,O
and F which are known as hard ligands because of their low polarisability. The hard
metal ions like Cr** and AI** are low in electron density and require good c-donor
ligands. In constract low oxidation state metals, the platinum group metal, Ag" and
Hg" bind to unsaturated ligands such as Br’, I", PPh; and C,H4 known as soft ligands
because they are polarisable. The soft metals bind soft ligands because these metals

have excess electron density therefore they can form covelent bonds.

Ligands play an important role in the activity of Grubbs type pre-catalysts. The use of
ligands with different electronic and steric effects was shown to optimize the pre-
catalysts.® The structure of commonly used pre-catalyst shown to catalyze olefin
metathesis is given by 14 with two dative (L type) ligand and two anionic (X type)
ligands.

In the Grubbs pre-catalysts 1, 2 and 15 the dative ligand is a hindered phosphine or N-
heterocylic carbene (16).

CysP Imes
Cl Cl
Rﬁ: /Ph Rﬁ: P Ph
c’ ‘ c’ \
PCy3 PCy3
1 2
ImesH
| .S P —
Ru—~ N N
c’ | ¢
PCys
15 16
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The dative ligand shields the metal from interactions with other bulky species and also
plays a role in activating the pre-catalyst. In Grubbs type pre-catalyst the second
dative ligand renders the pre-catalyst incapable of catalyzing metathesis. This pre-
catalyst must first be activated by dissociation of one of the dative ligands to allow

coordination of the olefin as shown in Figure 2.1

Deactivated Activated
CysP

LS e e

Ri—" cl

u . .
/ -— Ri—~ i Y3
cl ’ v

Cl
PCy3
1 17

OCI.. PCy3
18 19
7 T
Cl Ry
g:’ c',Ruj . — cr’ Ru O\(
T
20 21

L=PR; or NHC

Figure2.1  Activation of severa types of ruthenium olefin metathesis

pre-catalysts.
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The anionic ligands are halogens, phenoxides and alkoxides also play an important
role in the activity of Grubbs type pre-catalysts. The more electron withdrawing the
ligand the better the activity. The activity was found to increase in the order X= I<<Br

<Cl &

The most common ligands used for Grubbs type pre-catalysts are the Schiff bases
(22). A Schiff base is a functional group that contains a carbon-nitrogen double bond
with the nitrogen atom connected to an aryl or alkyl group but not the hydrogen.®
Schiff bases proved to be another class of attractive ligands in creating new ruthenium

complexes.

22

The two atoms, N and O, on chelation, provide opposite properties. The phenolate
oxygen atom is a hard donor and will stabilize a higher oxidation state of the
ruthenium atom, whereas the imine nitrogen atom is a softer donor and will rather
stabilize the lower oxidation state of ruthenium. To capitalize on the high potential of
Schiff bases, a wide range of efficient ruthenium pre-catalysts with O, N-chelated
Schiff base “dangling ligands” have been prepared by Verpoort and coworkers.®’

The catalytic activity of these pre-catalysts is dependent on the steric and electronic
environment of the Schiff bases. % The substitution of one of the phosphine ligands by
a N-heterocyclic ligand like 1,3-dimesityl-4,5-dihydroimidazol-2-ylidene has

90-% a5 discussed in the previous chapter. Other

increased the pre-catalyst performance,
efforts have been directed towards modification of the ligand sphere using halogens
around the metal center in order to improve the performance characteristics of this

catalytic systems.®
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2.4.1 Hemilabileligands. chelate ligands

Chelating ligands play an important role in catalysis. Chelate, which is a Greek word,
refers to claw, and occurs when a ligand donates lone pairs of electrons from the
donor atoms to the same metal to give a ring compound.® The popularity of new
classes of chelated ligands is due to their ability to place two or more atoms with
different electronic properties to the metal atom. These classes of ligands posses
different types of bonding groups (X and Y), the labile group (Y) which can be
displaced from the metal center, while it remains available for recoordination.*® The
inert group (X) is firmly bonded to the metal. The reversible cleavage of the M-Y
bond is referred to the “windscreen wiper” action'® and is the reason that these

ligands are able in inducing changes in the properties of the metal center.

x\ /Y — x\ .
ML, MLy

X = substitutionally inert group
Y = substitutionally labile group
Z = substrate

Figure2.2  Schematic representation of hemilability

The o-(diphenylphosphino)anisole, which is an ether-phosphine ligand, was the first
type of ligand to be termed hemilabile by Jeffrey and Rauchfuss™ in 1979 and was
included in aRu(ll) system.

o, e
PPh, Cl
o. 1 _O
“SRa™
F/ IS
OMe Cl
Ph, Ph,
23 24

The reactivity and the stability of the complex increased towards a number of these

ligands (23 and 24). These phosphine ligands are regarded to be the most versatile
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ligands that can bind to the late transition metal's.'*

The phosphines constitute a wide
range of ligands with different electronic and steric properties, namely P-O, P-N, P-Br
ligands.'®® The importance in industrial applications of hemilabile phophines are
substantiated through the ability to tune the properties of the formed complex by
binding different functional groups to the phosphorus atom.'?%41% The complexes
have been used in a range of catalytic reactions due to the hemilabile ligand being
able to open a coordination site and stabilize reaction transition metal centers during

the reaction.'®

Verpoort et al.*” suggested that the Schiff base ligands act as hemilabile ligands, with
the decoordination and coordination of the N-donor atom instead of the usual PCys;

dissociation, during the metathesis reaction Scheme 2.10.

CysP C CysP

1.5 _pn o e yaFIQ/C' Ph
|—— — U—
o o] o]
dissociation |J_-| + alkene ==~pg
N_ association - dkene
N =4 R | R |
~ R ~ R

25 26 27

Scheme 2.10 Mechanism for metathesis with catalytic systems with Schiff-base

ligands

The mechanism implies that the active intermediate 26 (having a vacancy for alkene
coordination) is stabilized or, respectively, destabilized when the steric and electronic
parameters are altered. Diminishing the electron density on the nitrogen atom
stimulates the decoordination of the N-donor atom, while an increase in the steric bulk

of the ligand has an opposite influence on RCM and ROMP activity of these initiators.
25 Molecular Modelling

Molecular modelling refers to theoretical methods and computational techniques to
model or mimic the behaviour of molecules collectively.'® One of the techniques

used is in the fields of computational chemistry™® (a branch of chemistry that uses
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computers to assist in solving chemical problems) for studying molecular systems
ranging from small chemical systems to large biological molecules and material
assemblies® Computational chemistry uses results of theoretical chemistry,
incorporated into efficient computer programs to caculate the structures and
properties of molecules and solids. All the programs are based on how the molecular
Schrédinger equation associated with the molecular Hamiltonian that can be solved

with different quantum-chemical methods. *®

Properties include structure i.e. the expected position of the constituent atoms,
absolute and relative energies, electronic charge distributions, dipole and higher
multipole moments, vibrational frequencies, reactivity etc. This is in contrast with
quantum chemistry where electrons are considered explicitly thus more atoms are

considered during simulations.’®
Computationa chemistry isdivided into two application methods:

= Computationa studies can be carried out in order to understand and explain
experimental data such as the position and source of spectroscopic peaks.

= Computational studies can be used to predict the possibility of entirely
unknown molecules or to explore reaction mechanisms that are not readily

studied by experimental means.
Several mgjor areas may be distinguished within computational chemistry:

» The prediction of the molecular structure of molecules by the use of the
simulation of forces, or more accurate quantum chemical methods, to find
minima on the energy surface as the position of the nuclei is varied.

» |dentifying correlations between chemicals structures and properties
(Quantitative structure-property relationship, QSPR and Quantitative
structure-activity relationship, QSAR).

=  Computational approaches to help in the efficient synthesis of compounds.

= Computationa approaches to design molecules that interact in specific ways
with other molecules (e.g. drug design and catalysis).'®
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Various methods may be employed in calculating approximated properties like: total

energy, electron density, electrostatics, Fukui functions, orbitals and population

analysis. Some of the commonly used methods are: 1®

251

Abinitio

Density functional theory (DFT)
Semi-empirical (SE)

Molecular mechanics (MM)
Methods for solids

Chemical dynamics

Computational study on Grubbstype pre-catalysts

Having stated the properties mainly used in molecular modelling, many of these were

employed in exploring metathesis reactions of 1-alkenes with Grubbs type pre-

catalysts. These include a Car-Parrinello ab anitio molecular dynamics study of the

behaviour of complex 27 and its reaction with ethylene at various temperatures;®
DFT studies™ "*™° and QM/MM studies by Adlhart and Chen.*°

PH3
,Cl

Ri= CH,
a”” ‘

PH5

27

The most common aims of the studies are:

Exploring the applicability of rapid and readily accessible MM and SE
methods in modeling ruthenium complexes;

The use of DFT methods to evaluate the reliability of the MM and SE
approaches,

Demonstrating the application of the density functional package, Dmol®, in

determining ligand dissociation energies for 1 and 2.
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In afirst ab anitio molecular dynamic study on 27, Meier and co-workers found that
dissociation of one of the phosphines was facile and would lead to an active species.”
This was in good qualitative agreement with prior experimental studies, which
established that phosphine dissociation was indeed mandatory to achieve high
catalytic activity.®® Subsequently, Hofmann and co-workers studied model
compounds with cis- and trans-phosphane ligands as a preliminary analysis to the
synthesis of diphosphanylmethane complexes, and concluded that a small bite angle
was needed to achieve relative cis geometry of the coordinating P-atoms. ™!

A detailed study of the complete reaction profile (from the biphosphane pre-catalyst
to the metallacycle) was performed by Chen and co-workers.** Using 27 as a model,
they gave the first estimate of the energy required to dissociate one of the phosphines,
the olefin uptake energy and the energy barrier for the metathesis reaction. Herrmann
and co-workers'? executed the first comparison between different pre-catalysts, since
they calculated the binding energy of the different ligands in biphosphanes and
heteroleptic pre-catalysts with NHC ligands.**? In agreement with experiments, they
found that the NHC ligands have a higher binding energy than phosphane ligands, and
the binding energies they calculated are in valuable quantitative agreement with the

experimental data.’®

Cavallo did a DFT study on the phophine dissociation of 1, 2 and 27 systems which
can be considered to correspond to the activation step according to the dissociative
mechanism. Furthermore he reported on the metathesis reaction of the olefin
coordination step (with ethene as probe olefin) followed by the formation of the
metallacycle. He then highlighted the role of Cy, Mes and t-Bu groups in metathesis

reaction. The conclusions are summarized as follows; 1*°

» The binding energies calculated for coordination of phosphines to Ru in the
different pre-catalysts show a reasonable correlation with the experimental
activation AH and AG of phosphine exchange.

= The binding energies calculated for coordination of ethene to Ru in the
different pre-catalysts follow the same trend observed for phosphines. The
difference between the binding energy of the phosphines and that of the olefin
depends on the pre-catalyst considered. In particular, smaller energy
differences have been calculated for the NHC-based systems. The higher

30



tendency of the NHC-based pre-catalyst to bind the olefin is also confirmed by
the shorter Ru-olefin distances, and the longer C=C ethene bond in the olefin
adduct.

=  Solvent effects reduce the absolute binding energies of the phosphines and of
the NHC ligands, whereas they scarcely modify the binding energy of apolar
ethene. This results in a smaller preference for phosphine coordination in
solution and, in agreement with the experimental results, in higher initiation
rates. Of course, the higher the polarity of the solvent the higher the effect.

» The major role played by the bulky Mes substituents in the NHC-based system
is to exert a strong steric pressure on the alkylidene moiety. This steric
pressure destabilizes in a remarkable manner the phosphine and olefin free
intermediate, consequently they do not promote phosphine dissociation, and
hence slow pre-catalyst initiation. However, they also promote olefin
coordination, lower the metathesis reaction barrier, and stabilize the

metallacycle intermediate. For this reason, they accelerate overall activity.

2.6  Theoretical investigation on Grubbs type pre-catalysts to address the

research problem

In this study molecular modelling is used to investigate the structural properties of
possible imine ligands to be synthesized, the ligand coordination (hemilability on Ru
complexes to be synthesized) to the Grubbs pre-catalysts and to gain insight on the
catalytic reaction mechanism of 1-octene metathesis with Grubbs type pre-catalysts.
Analysis on electron density, electrostatics, Fukui functions, orbitals and population

analysis were used to address the research problem.

2.6.1 Electron density

The electronic density is used to represent the probability of an electron being present
at a specific location.™ The electron density was usually found around the atom and
its bonds and it covered the whole region. In the delocalized or conjugated systems
such as phenol and benzene the electron density covers an entire region, that is in

benzene it is found above and below the planar ring.**®
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In multiple ring systems which are interconnected, like naphthalene, this is no longer
accurate.*™® The properties of molecules and intermolecular interactions may be
understood by analysis of the solutions of the Schrédinger equation which yields two
important parts of information: A set of complicated functions each of which
describes a different distribution of al the electrons, and the discreet energy of the
electrons with that distribution. The lowest energy corresponds to the ground state of
the molecule. Higher energy is those of electronically excited states. The interest isin
the electron density associated with the ground state because that is the state in which
most molecules exist and this is sufficient to understand the structure of each

molecule, most of the interactions between them and most chemical reactions.***
2.6.2 Electrostatics

Electrostatic potential arise from the forces that electric charges exert on each other.
Such forces are described by Coulomb’s law which states: the magnitude of the
electrostatic force between two point electric charges is directly proportional to the
product of the magnitudes of each charge and inversely proportional to the square of

the distance between the charges Q; and Q, given in the Equation 4.1. **°

F = QlQZ

2 4.1
are v

&,isaconstant called permittivity of free space, a defined value:

1

2

HoCo

=8.854x10?C*N™"m™

& =

This value is many times the strength of an average chemical bond. The energies
involved are so large that one may generalize to say that, in any medium of low
dielectric constant, charged species in solution are always paired with oppositely
charged species surrounded by neutral dipolar species. Electrostatic effects cannot be
ignored whenever a process takes place that changes the number of charged species.
Reactions of charged species with neutral but dipolar species will be driven by
electrostatic effects.
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2.6.3 Fukui functions

Fukui functions are used to assess the reactivity of a chemica molecule from
electronic properties like electron density, Mulliken population etc. Frontier orbital
theory of Fukui relates the reactivity of a molecule with respect to electrophilic and
nucleophilic attack to the charge density. Fukui functions are a qualitative way of

measuring and displaying the reactivity of regions of amolecule. **®
2.6.3.1 Nucleophilic

A nucleophile is a reagent that forms a chemical bond to its reaction partner by
donating both bonding electrons. **” All molecules or ions with a free pair of electrons
can act as nucleophiles. A nucleophile is an electron-rich chemical reactant that forms

low energy combination with electron deficient compounds.™’

2.6.3.2 Electrophilic

An electrophile is a reagent attracted to electrons that participate in a chemical
reaction by accepting an electron pair in order to bond to a nucleophile. Most
electrophiles are positively charged or have an atom which carries a partial positive

charge®

2.6.4 Orbitals HOMO/LUMO

The HOMO; highest occupied molecular orbital represents the distribution and energy
of the least held electron in the molecule. The lowest unoccupied molecular orbital
describes the easiest route to the addition of more electrons to the system. The energy
of the HOMO is a good approximation to the lowest ionization potential of the
molecule, but the energy of the LUMO is a poor approximation to the molecule’s
electron affinity. A molecule that does not have alarge HOMO-LUMO energy gap is
chemically reactive. '
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2.6.5 Population analysis

The population analysis complemented it by giving the electron density of the ligand,
it divides the density between the atoms to give an estimate of the atomic charge. **

With the specific atomic charge the reactivity of the molecule can be correlated with:

e Fukui functions which can give the nucleophilicity and/or electrophilicity of a
molecule

e HOMO/LUMO where the HOMO indicates the electron rich region of the
molecule and the LUMO indicates the electron poor region of the molecule

e Electron density which gives the probability of the electron being present at a
specific location

e Electrostatics give the strength of a chemica bond by measuring the force that

electric charge exerts on each other
2.7 Summary on literature survey

Olefin metathesis is one of the great interventions discovered to date. It is used
industrially and in research and has various applications. Olefin metathesis studies
include pre-catalysts, which are classified in terms of homogeneous and
heterogeneous. The well known Grubbs pre-catalysts, the first and second generation
made history in the early 90's. This changed the scope of metathesis. The meta
catalyzed olefin metathesis opened a wide range of research investigating, the
mechanism involving metal alkylidene and metalacyclobutane intermediates,

Chauvin and Herisson worked out an understandable mechanism.

After the Herisson-Chauvin mechanism for metathesis, the study of Ru-catalyzed
olefin metathesi s reaction and mechanism has guided the development of new ligands.
Schiff base ligands became an interesting class to create new Ru complexes. Verpoort
and co-workers prepared a wide range of efficient Ru pre-catalysts with O, N-chelated
Schiff base hemilabile ligands.

Nevertheless, more is till to be done to improve the Grubbs pre-catalysts' lifetime
and efficiency which are the limiting factors. With the new development of various

techniques, molecular modelling is a tool to minimize and/or confirm experimental
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findings. The next chapter will show how to go about addressing the aims set for this
study (given in chapter one), with a guide of theoretical and experimental methods
used.
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3  AlkeneMetathesis: Theoretical investigation

3.1  Program and properties

Dmol®, a DFT modelling program, was used for all calculations.' The program is
implemented in Accelrys Material Studio 4.2 version.” The geometry optimization
used was the generalized gradient approximation (GGA) functional by Perdew and
Wang (P'VV91)3 with the convergence tolerance values of 2 x 10° Ha, 0.004 Ha/A and
0.005 A for energy, maximum force and displacement respectively. The electronic
options included self-consistent field (SCF) value of 1 x 10 Ha with the double
numeric polarized (DNP) basis set. Analysis on electron density, electrostatics, Fukui
functions, HOMO, LUMO orbitals and population analysis were used to address the

research problem.

Amongst the properties, orbital analysis can be a useful property, for example, the
HOMO energy, as a preliminary selection criterion for screening and predicting
suitable imine ligands. Other criteriaincluded their existence, synthesis procedure and
yields of the Schiff base ligands. The two most promising ligands were used to design
and synthesize new Grubbs type pre-catalysts from 1 and 2.

CY3|I° N N
Cl
Ph
/Rﬁ/ Cl ph
cl ‘ VA
PCys c’
PCys
1 2

Molecular modeling will help gain insight into the mechanism of 1-octene metathesis
reaction by using the Potential Energy Surface (PES) scan illustrated in Figure 3.1.
The PES scan is the plot of energy the against reaction coordinate whereby the
Transition State (TS) can be obtained.
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reactants

products
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Figure3.1  Energy profile graph.
The PES scan is meant to resemble the Chauvin mechanism, Scheme 3.1.

R R R
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2 Ry R, R,

SN TR

path 2 path 1

Scheme 3.1 The mechanism of the catalyzed olefin metathesis.
The energy profile plotted can either result in the products in path 1 or path 2. Both

reaction paths were investigated. Detailed mechanisms of the two paths are given in
Scheme 3.2
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The mechanism of the substituted ruthenium complex starts at A/A; with the
dissociation of the hemilabile ligand and result in B/B;. The incoming 1-octene
coordinates with B/B; to form C/C;. The double bonds are then changed and a
metallocyclobutane is obtained D;. The activated pre-catalyst with a bulky olefin

leaving the coordination results in a vacant site F;.

The 1-octene can also coordinate to the pre-catalyst trans to the phenyl of the carbene,
D. The activated pre-catalyst with a bulky olefin leaving the coordination resultsin a
vacant site F. The activation mechanism for path 1 and 2 will be investigated in this
study.

Now that F and F; are activated they continue with the propagation cycle where they
will again react with 1-octene. It was shown from previous studies that when F reacts
with 1-octene in the same direction as the phenyl it resultsin F1. When F reacts with
1-octene in a different direction as the phenyl it result in F thus it is called an
unproductive reaction. The same unproductive reaction was found in F1 when
entering the catalytic cycle.* The primary metathesis products 1-phenyl-1-nonene and

styrene were obtained in the activation steps.
3.2 References
B. Delley, J. Chem. Phys., 1990, 92, 508

http://www.accelrys.com, 16/11/2009
J. Langlet, J. Berges, P. Reinhardt, Chem. Phys. Lett., 2004, 396, 10
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C. A. A. Huijsmans, Modelling and synthesis of Grubbs type complexes with
hemilabile ligands, North-West University (Potchefstroom campus), MSc
Dissertation, 2009
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4 EXPERIMENTAL

4.1  Reagentsand solvents

Compounds 1 and 2 (Aldrich) were used as obtained. 2,6-diisopropylaniline, 2,4,6-
trimethylaniline and 2-hydroxy-1-naphthaldehyde (Aldrich) were used as obtained.
THF, pentane benzene and toluene were dried under argon. Other solvents including
ethanol, methanol, formic acid, diethyl ether, 1-octene and nonane were used without

further purification.
42  Apparatus

All glassware, including Schlenk flasks was thoroughly washed and dried in an oven
at 100 °C before use. Hamilton GASTIGHT® syringes were used to measure some of
the reagents. A hot plate with a magnetic stirrer was used for reflux. Melting points
were determined on a BUCHI B-540 melting point apparatus. All melting points were

uncorrected. A rotary evaporator was used to remove solvents from the ligands.

4.3  Synthesis
4.3.1 Synthesis of Schiff base ligands

4.3.1.1 Synthesis of 1-[[(2,4,6-trimethylphenyl) imino] methylenyl]-2-
naphthalenol[L 1]*

2,4,6-Trimethylaniline (0.34 g, 2.5 mmol) in ethanol (10 ml) was added slowly over
30 minutes into a stirred solution of 2-hydroxy-1-naphthaldehyde (0.43 g, 2.5 mmol)
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in ethanol (10 ml) at ambient temperature. The solution was heated at reflux for 4
hours. Upon cooling to room temperature, the solvent was removed with a rotary

evaporator, and then chilled to 0 °C to give ayellow solid.

Yield: 0.549 g, 83.5%

MS (El): 289.14 m/z

Molecular mass: 289.38g/mol

Melting point: 86-87 °C

IR Vina2 3443 (OH), 2989-2800 (C-H, aromatic), 1620 (C=N), 1575 (C=C),
1476 (C-N), 1328 (CHs), below 500 (C-C)

H NMR 8y:° 2.1 (s, Cs), 2.2 (s, Co), 3.7 (s, Cg), 6.9 (d, Hig), 7-7.25 (M, His), 7.34-
7.45 (M, Hua), 7.7 (d, Hiz), 7.8 (d, H11), 7.92 (d, Hig), 9.0
(s, HC=N), 15.2 (s, OH) ppm

BCNMR 8¢:° 22.24 (Q, Cs), 18.63 (Q, Cy), 14.08 (Q, Cs), 118.6 (D, Cy), 122.1-
123.3 (T, Cias15), 127.18 (D, Ciss16), 128.08 (S, cio+17), 129.34 (D, C11)
129.80 (D, Cyg), 133.32 (S, Cs), 135.47 (D, Cu7), 136.23 (s, Coi7),
142.49 (S, Cug), 160.70 (S, Cyo), 169.51 (S, Cy) ppm

a IR with KBr §/S: singlet
b: '"H NMR 600 MHz d/D: doublet
c: ®*C NMR 600 MHz dd: doublets of doublets
e: small letter indicate H-H coupling t/T: triplet
d: capital lettersindicate C-H coupling m/M: multiplet
f: solvent CDCl3 g/Q: quartets
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4.3.1.2 Synthesis of 1-[[(2,6-diisopropylphenyl) imino] methylenyl]-2-
naphthalenol[L 2]

2,6-Diisopropylaniline (0.425g, 2.4 mmol) and 2-hydroxy-1-naphthaldehyde (0.3 g,
2 mmol) were dissolved in methanol (10 ml). Formic acid (0.2 ml) was added and the
reaction mixture was stirred for 30 minutes. The resulting precipitate was collected on
a frit and washed with methanol (10 ml). The product was then dissolved in diethyl
ether (15 ml) and was stirred for 3 hours. The solution was filtered through a frit and

the solvent was removed under vaccum to give a yellow microcrystals.

Yield: 0.144 g, 24%

MS (El): 331.192 m/z

Molecular mass. 331.46

Melting point: 149.2 °C

IR Vinac:? 3400 (OH), 3100-2800 (C-H, aromatic), 1627 (C=N), 1580 (C=C),
1463 (C-N), 1400 (C-H, aliphatic), 1340 (CHs), below 500 (C-C)

HNMRP® 1§ 1.2 (s, Harz), 2.1 (d, Havto), 3.1 (S, Hss11), 7.1 (d, Higr10), 7.2
(t, Hy), 7.3 (t, Hig), 7.45 (t, H17), 7.7 (d, Hu4), 7.8 (d, H13), 7.98
(d, He:s), 9.05 (s, HC=N), 15.3(s, OH) ppm

BCNMR:S® %8 §c 23.7 (Q, Cu12), 28.3 (Q, Csima), 118.7 (D, Cps), 121.43 (T,
Ci7+18), 123.44 (D, Cier19), 123.53 (S, Cisi20), 126.26 (D, Cya), 128.11
(D, Cu3), 129.33 (D, Cai10), 133.18 (D, Ceug), 135.92 (T, C;), 140.30
(S, Cas0), 143.88 (S, Cyx2), 161.5 (S, Cy) ppm
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a IR with KBr §/S: singlet

b: *H NMR 600 MHz d/D: doublet
c: ®C NMR 600 MHz dd: doublets of doublets
e: small letter indicate H-H coupling t/T: triplet
d: capital lettersindicate C-H coupling m/M: multiplet
f: solvent CDCl3 o/Q: quartets

4.3.2 General method for the synthesis of sodium salts

The ligand (2 mmol) was dissolved in 5 ml THF under argon. NaH (48 mg, 2 mmol)

was slowly added to the solution and the reaction was stirred for 12 hours. The

solution was filtered under argon atmosphere, then the solvent was removed to yield

the desired salt.> Due to the sensitivity to moisture of the sodium salts, they were used

without further purification and the analysis for the S2y, was not successful.

Yield: 66.4%

82Na

Yield: 73.1%



The difference in characterization for the salts and the ligands is the OH peak. In the
NMR analysis no OH resonance signal was observed. The 'H NMR and the *C NMR
spectra of the salts are given in Appendices |V and V respectively.

4.3.3 General method for the synthesisof thallium salts

A solution of thallium ethoxide (0.05 mmol) in THF (5 ml) was added dropwise to a
solution of the Schiff base (2 mmol) in THF (10 ml) at room temperature. The
reaction mixture was stirred for 2 hours. Filtration of the solution under argon
atmosphere gave the respective thallium salt which was immediately used in the next
step without further purification.*

Yield: 70%

S27

Yield: 78%

The salt where not analyzed by IR due to decomposition in air. The *H NMR and the
13C NMR spectra of the salts are given in Appendices 1V and V respectively.
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4.4.  Synthesis of substituted Grubbs pre-catalysts
4.4.1 General method for the synthesis of substituted Grubbs type pre-catalysts

using sodium salts

The synthesis of substituted Grubbs type pre-catalysts was carried out under inert
atmosphere (Ar) due to instability of the pre-catalysts in solution. The sodium salt (0.5
mmol) and 2 (0.5 mmol) were placed in a Schlenk tube and were flushed with argon
gas. THF (20 ml) was added. The reaction mixture was stirred for 3 days at
approximately 30 °C. The reaction was monitored with TLC which showed a large
brownish speck on formation of the complex. When the reaction was complete THF
was removed under vacuum. The brown residue was dissolved in toluene (10 ml) and
the solution was filtered to a second Schlenk tube to remove sodium chloride formed.
After the toluene was removed under vacuum the brown solid was dissolved in THF
(2 ml) and pentane (20 ml). The Schlenk tube was placed in an ultrasonic bath for
about 10 minutes to remove any sodium chloride that might still be there after which
the solvent was removed. The substituted Grubbs type pre-catalyst was washed with

pentane (50 ml) to yield a product as a brown solid which was dried under vacuum.®

In all the attempts to synthesize the substituted Grubbs type pre-catalyst, 2 was
synthesized first. If the carbene was obtained with 2 then 1 would be synthesized.
This was done because of the stability of 2. In this instance the carbene peak was not
obtained for the Grubbs two type synthesis. The carbene peak for Grubbs two type
pre-catalyst is normally obtained between 17-19 ppm in *H NMR spectra. Further
investigations for the synthesis of Grubbs one type were not carried out. The
synthesized pre-catalyst could not be tested for metathesis because of the absence of
the carbene peaks. The NMR spectraare given in Appendix V.
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Yield: 68%

Yield: 65%

4.4.2 General method for the synthesis of substituted Grubbstype pre-catalysts

using thallium salts

The solution of thallium salt was added to a solution of either 1 or 2 (0.5 mmol) in
THF (10 ml). The reaction mixture was stirred at room temperature for 4 hours. After
evaporation of the solvent, the residue was dissolved in a minimal amount of benzene
and cooled to 0 °C. The thallium chloride was removed by filtration. The Schlenk tube
was placed in an ultrasonic bath for about 10 minutes to remove any thallium chloride
that might still be there then the solvent was removed. After evaporating benzene the
substituted Grubbs pre-catalyst was washed with pentane (50 ml) and the desired

product, obtained as a brown solid, was dried under vacuum.*
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In this instance the carbene peak was obtained for the Grubbs two type synthesis,
which is normally obtained between 17-19 ppm in the '"H NMR. Therefore further
investigations for the synthesis of Grubbs one type were carried out. The carbene peak
was not obtained for both Grubbs one type synthesis. The synthesized Grubbs two
type pre-catalyst were tested for metathesis and Grubbs one type pre-catalysts could
not be tested for metathesis because of the absence of the carbene peaks. All the NMR
spectra are given in Appendix IV.

GI‘lClT| Gr1C2T|

Yield: 69% Yield: 71%

27 27'
28 |/ O\
34 N N
3 29 26
32
31N 3 4
5

Gr2Ciy

Yield: 47%
IR: 3450 (OH), 2987-2802 (C-H), 1625 (C=N), 1580 (C=C), 1491 (C-N),
1341-1325 (CHa)
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HNMR:  17.45 (s, Hy), 9.03 (s, HC=N), 7.95 (d, H1s), 7.8 (d, H1g), 7.78 (d, H1g),
7.79-7.6 (dd, Hyg), 7.4-7.5 (M, Hy), 7.3 (d, Ha1), 6.8-6.97 (M, Ha1431'),
4.5 (d, Hs), 3.9-4.0 (M, Hz7:27), 3.8 (M, Ha), 3.1 (d, Hs), 2.1-2.8
(m, 18H), 1.1, 1.0 and 0.8-0.9 (m, Cg, C11 and Cy4) ppm

lIPNMR:  Novisible peaks

a IR with KBr S singlet
b: *H NMR 600 MHz d: doublet
c:¥'PNMR: dd: doublets of doublets
d: small letter indicate H-H coupling t/T: triplet
e: solvent CDCl3 m/M: multiplet
0/Q: quartets

Gr2C2y

Yield: 31%

IR: 3468 (OH), 2900-2700 (C-H, aromatic), 1592 (C=N), 1580 (C=C),
1490 (C-N), 1340-1280 (CH3)

'H NMR 17.45 (s, Hy), 9.03 (s, HC=N), 7.98 (d, Hip+12), 7.8 (d, H17), 7.7 (d,
Hig), 7.6 (dd, Ha1), 7.45 (t, Hz2), 7.1 (t, Hi1), 7.09 (d, Hao:23), 6.8-6.97
(M, Hazsaz), 4.2 (dd, Hs), 3.6-4.0 (M, Haz427), 3.5 (M, Ha), 3.2 (dd, Hs),
2.1-2.7 (m, 18H), 1.0 (d, Has10), 0.7-0.9 (M, Cy4, Cs, Cy3 and Cy,) ppm

lIPNMR:  Novisible peaks
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a IR with KBr S singlet

b: *H NMR 600 MHz d: doublet
c:3'PNMR: dd: doublets of doublets
d: small letter indicate H-H coupling t/T: triplet
e: solvent CDCl3 m/M: multiplet
0/Q: quartets

45  Metathess: Experimental investigation

The activity and selectivity of Grubbs substituted pre-catalysts were investigated
through the metathesis reactions with 1-octene. The metathesis setup is illustrated in
Figure 3.2. The Grubbs type pre-catalyst (0.015 mmol) was added to a solution of

1-octene (20 ml, 0.127 mmol) and nonane (1 ml, as an internal standard) that was
preheated to 30 °C. The progress of the metathesis reaction was monitored by adding
0.3 ml of the samplesto a GC vial from 0 to 60 minutes at 10 minutes intervals. The
GC vial contains 0.3 ml of toluene to make up the volume of the sample and 2 drops

of tert-butyl hydrogen peroxide to quench the reaction.”

4.6 Analyss
46.1 IR

A Nicolet FTIR 550 spectrophotometer was used at a scan range of 4000-500 cm™.
About 2 mg of sample was mixed with approximately 300 mg dried KBr and pressed
into a pellet.

46.2 GC-MS

Samples were prepared for an Agilent Technologies 6890N GC-MS equipped with
ZB-1 100% methy! siloxane capillary column (30 m x 320 um x 1.0 um) connected to

the Agilent 5973 mass selective detector (M SD).

MSD parameters. M S source 230 °C, Quadrupole analyzer 150 °C
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Syringe for
laking samples

Figure4.1  Experimental setup for metathess reaction.

The method that was adapted is as follows:

Injection volume :0.2ul

Split ratio :50.5: 1

Inlet temperature : 200°C

Hecarrier gas flow - 1.4 ml min?

He flow rate : 40 ml min®

Air flow rate : 450 ml min™

Oven programming : 60 °C to 110 °C at 25 °C min’*

110 °C for 16 min
110 °C to 300 °C at 25 °C min™
300 °C for 5min

Detector temperature : 300°C
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4.6.3 NMR

The NMR spectra (*H and **C) were obtained by a BRUKER 600 MHz spectrometer.
NMR samples were prepared by dissolving 40 mg of sample in CDCl3. The thallium
salts were analyzed in deuterated THF.

3.6.3.1 NMR analysis for pre-catalyst

The Schlenk tube was flushed with argon gas and weighed. 40-60 mg of the pre-
catalyst was weighed using the Schlenk. A 0.7 ml of CDCl3 was added to the Schlenk
tube while the NMR tube was flushed with argon gas. Then the mixture from the
Schlenk tube was transferred to the NMR tube.

4.7  GC analysisfor metathesisreactions

The metathesis reactions were monitored with Agilent Technologies 6850N GC-FID
equipped with a HP-1 100% methyl siloxane column

(30m x 0.32u m x 0.25um) and an Agilent Technologies 7683 series autoinjector. The
following settings were adapted:

Injection volume ;0.2 ul

Split ratio :50.5: 1

Inlet temperature : 200 °C

N carrier gas flow - 1.4 ml min

H, flow rate - 40 ml mint

Air flow rate : 450 ml min™

Oven programming : 60 °C t0 110 °C at 25 °C min*

110 °C for 16 min
110 °C to 300 °C at 25 °C min™
300 °C for 5min

Detector temperature : 300 °C
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Figure4.2  GC-MS chromatograph of 1 for the metathesis reaction with 1-octene
at 60 min and 1:9000 (Ru:1-octene) molar ratio.
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Figure4.3  GC-MS chromatograph of 2 for the metathesis reaction with 1-octene
at 60 min and 1:9000 (Ru:1-octene) molar ratio.
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4.8 Response factor

An instrument calibration must be done to calculate the response factor given by

equation (1).
Ahonane - Rf le—octene (1)
Ai—octene Vnonane

where Rf = response factor
V 1-octene = VOlumMe of 1-octene
V nonane = VOlume of honane
Anonane = area of nonane

A 1octene = area of 1-octene

A response factor was calculated from a calibration curve obtained by a plot of

Arnonane . Vnonane
against
Al - octene 1 - octene

for solutions with different ratios of nonane and 1-octene.

The nonane was kept constant. The solutions were prepared as follows:

0.25 ml nonane: 1.00 ml 1-octene
0.25 ml nonane: 0.75 ml 1-octene
0.25 ml nonane: 0.50 ml 1-octene

0.25 ml nonane: 0.25 ml 1-octene

A response factor of 0.9795 for 1-octene was calculated from the gradient of the
calibration curve. The calibration results obtained are shown in Figure 4.2.
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Response factor
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Figure4.4  Graph for the determination of response factor.

4.9 Calculations

During the metathesis reactions the 1-octene decreases as the other akenes are
formed. The formed alkenes are thus called the primary metathesis products (PMP),
the secondary metathesis products (SMP) and the isomerisation products (I1P). The
following equations determine the increase in the formation of products as well as the

decrease in 1-octene.

Equation 2: Determination of the mole percentage of 1-octene

mol %C,, =100x rf o Vs Pe @)

Cq s

Cs = 1-octene

rf = GC response factor

Vis = volume of the internal standard at t=0

Ve, = volume of 1-octene at t=0

Ac. = area of 1-octene

Ais = area of internal standard
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Equation 3: Determination of the mole percentage of PMP, SMP, IP

S

M
mol %C,, = 2x Rf x|V, A | Pe S %100
As) M P, XV,

Cq

Ch = alkene

rf = GC response factor

Vis = volume of the internal standard at t=0
Ve, = volume of 1-octene at t=0

Achn = area of alkene

Ais = area of internal standard

Mcn = mol ecular mass of alkene

Mc. = molecular mass of 1-octene

Pcn = density of alkene

Pce. = density of 1-octene

Equation 4: Determination of selectivity

%PMP

. N
VESelectVIY = o oMP + 6P

Equation 5: Determination of turnover number

1- octene

TON = %PMP*
catalyst

J +100%

©)

4

©)
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5 RESULTSAND DISCUSSIONS

5.1 Metathesis: Theoretical investigation

In molecular modeling, the molecular structure needs to be refined to bring it to a
stable geometry. The refinement is known as geometry optimization. The ligands
were optimized and the following properties were calculated using a DFT modeling

program mentioned in 3.1:

. Electron density
. Electrostatics
. Fukui function

. Orbitals: HOMO/LUMO
. Population analysis

45 ligands were initially chosen to investigate properties for suitable ligands (See

Appendix 1).
. 16 of these ligands are salicylideneanilines derivatives
Ry
OH
R5 — N R2
Rs
Ry 28-43
. 29 of them are naphthalene derivatives
R R,
Ry
—N R3
OO R
Rs 6 4
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The most significant properties calculated were the Fukui functions, HOMO and
LUMO orbitals used as atool to predict the most suitable ligands. The Fukui function
shows that the electron rich position of the molecule is usually where the HOMO
orbital is the largest, whilst electron deficient position of the molecule is usually
where the LUMO orbital is large. The coordination of the ligand to the pre-catalyst is
obtained by an overlap of the HOMO orbital of the ligand around the oxygen atom or
the nitrogen atom with the LUMO orbital of the pre-catalyst on the ruthenium metal.
If the oxygen atom or the nitrogen atom is shown to be electron rich, it will be
possible for the ligand to form bonds with Grubbs pre-catalysts. The usefulness of the
HOMO energy as preliminary criteria for screening suitable ligands was investigated.
The two most promising ligands thus found will be used to design and synthesize a
new Grubbs type pre-catalyst from 1 and 2.

Figure 5.1 shows the HOMO energy of possible ligands calculated against the well
defined Verpoort ligand labeled as 28. In this study the ligand with the lower energy
than that of Verpoort is considered. Table 5.1 shows the calculated HOMO energies
of two ligands that suited the preliminary criterion. Ligands 68 and 69 showed the

lowest energies therefore were sel ected.

41
43
20 29
32 3435 h 5%0
ol g 1

SR T

0 58 72
a0 3t 44,20 145 5 53 55 71
4 52 70
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o 56 65 b, |
a0 3 Jeo
60 o
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-80 - 40

Figure5.1 The HOMO energy of possible ligands.
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The ligands studied were selected to reflect the influence of resonance and steric
effects on the conformational stability of imine ligand containing naphthalene group.
Ligands 28 to 43 are salicylideneanilines derivatives and ligands 44 to 72 are
naphthalene derivatives. Ligand 40 was not chosen because it does not contain the
naphthalene group. The table containing the HOMO energies of possible ligands as
shown in Figure 5.1 isfound in Appendix 1.

Table5.1 Ligands HOMO energies.

Ligand Ligand name HOMO
kJ/mol
CH3 1-[[(2,6-
HsC .
oH diisopropylphenyl)
—N imino] methylenyl]-2- | -514.437
phenol
HsC
CH3
28
HaC, 1-[[(2.4,6-
OH

trimethylphenyl)

—N H3
‘O imino] methylenyl]-2- | -461.932
HsC naphthalenol

CH3 1-[[(2,6-
diisopropylphenyl)
imino] methylenyl]-2- | -456.229

=N
‘O HaC naphthalenol

CH3

H3C

69

The two selected ligands are discussed fully with their respective modeling results
with calculated properties: HOMO, electron density with electrophilic Fukui function,
electrostatic potential and the population analysis. atomic charge. The Verpoort

ligand® (28) was chosen as a reference because it has been proved to be very active in
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the metathesis reactions when coordinated to 1 and its molecular structureis similar to
ligand 68 and 69 except for the naphthalene group.*?

511 HOMO

The importance of the HOMO orbital around the nitrogen and oxygen atoms of the
ligand is to overlap with the LUMO orbital around the metal of the pre-catalyst during
the coordination to form a bond. The comparison of the HOMO orbital of 28 with the
HOMO orbital of naphthalene ligands 68 and 69 is shown in Figure 4.2.

28

68
69

Figure5.2 The HOMO orbitals of 28, 68 and 69.
The HOMO orbital around the nitrogen atom is similar for all three ligands; 28, 68
and 69. The HOMO orbital around the oxygen atom in 69 and 28 is quite small, it is

barely visible but in 68 the orbital isvisible.

However the coordination of the ligand to 1 is made up of two steps: the removal of

the hydrogen atom from the oxygen atom so that a negatively charged oxygen atom is
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obtained. The removal of the hydrogen atom is done by the addition of sodium
hydride or thallium ethoxide to the ligand to produce the respective metal salt. The
removal changes the HOMO orbital around the oxygen atom, Figure 5.3. Then 1 is
added and a strong bond is formed between the ruthenium and the oxygen atom while
a weaker bond forms between the ruthenium and nitrogen, so that hemilability is
achieved. When the hydrogen atom is removed, the orbital around the oxygen atom is

visiblein all three ligands.

28

68 69

Figure5.3 The HOMO orbitals of 28, 68 and 69 ligands after the removal of the
hydrogen atom.

5.1.2 Electrostatic Potential
Electrostatic potential arises from the forces that electric charges exert on each other.?

It measures the strength of a chemical bond.* The electrostatic potential map is shown

in Figure5.4.
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28

63 69

Figure54  Electrostatic Potentia of 28, 68 and 69.

The electrostatic potential map on 28 is large on the benzene with the isopropy! group
substituted at 2 and 6 positions as compared to benzene with no substituent. The
similarities of this electrostatic potential map can be seen in 68 and 69. Ligand 68 has
three methyl groups substituted at 2, 4 and 6 positions, with 69 the same as for 28.
The naphthalene group in 68 and 69 has smaller electrostatic potential maps than that
of benzene. Both the naphthalene group in 68 and 69 has no substituent attached to it.

It can be concluded that a strong chemical bond is on the benzene ring.
5.1.3 Electron density with electrophilic Fukui function

A Fukui function is used to assess the reactivity of a chemical molecule from
electronic properties like electron density.® The electronic density was used to
measure the probability of an electron being present at a specific location. A Fukui
function relates the reactivity of a molecule with respect to electrophilic and

nucleophilic attack as shown in Figure 5.5.
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28

68 69

Figure5.5 Electron densities with electrophilic Fukui function of 28, 68 and 69.

In all three ligands the most electron rich part, as shown by the electron density map
with the electrophilic Fukui function, is the nitrogen atom (red spot) and a less
electron rich part was around the oxygen (yellow spot), while the rest of the molecule
is neutral (blue, green and light yellow).

5.1.4 Population analysis: atomic charge

The population analysis gives the electron density of the ligand; it divides the density
between the atoms to give an estimate of the atomic charge.® In Table 5.2 the nitrogen
atom in al the ligands is more negatively charged than that of oxygen atom. In 28 the
nitrogen atom is -0.289 and the oxygen atom is -0.412. Ligand 68 has -0.307 on the
nitrogen atom and -0.456 on the oxygen atom. The nitrogen atom on 69 is -0.316 and
the oxygen atom is-0.452.
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Table5.2 Population analysis. atomic charge on oxygen and nitrogen atoms of

28, 68 and 69.
Ligand Nitrogen atom charge [ Oxygen atom charge
CH3
HsC
OH
=N
-0.289 -0.412
HsC
CH3
28
H3C
OH
—N H3
-0.307 -0.456
HsC
68
CH3
H3C
OH
=N -0.316 -0.452
‘O H3C
CHz
69

5.2  Summary of discussions of modeling resultsfor 28, 68 and 69

In the screening process, ligands 68 and 69 were chosen as ligands because of their
HOMO energies were lower than that of 28. The difference between ligands 68 and
69 to 28 is the naphthalene group. The R group on the benzene ring is the only
difference between 68 and 69. It has been shown from the previous studies that the
more sterically hindered the nitrogen and the oxygen atoms are, the more difficult for
the ligand to coordinate to 1.> When a bulky pre-catalyst is tested for metathesis

reaction, the bulky R group can either cause steric hindrance around the carbene,
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which can make it more difficult for the 1-octene to react with the carbene or the

bulky R group can guide the 1-octene to the active site.”

Between the two chosen ligands, 69 is the most bulky ligand with the isopropyl group
on the benzene ring. The similarity of 69 and 28 is the isopropyl group, whereas 68
has methyl group on the benzene ring. Ligand 69 is most likely to behave the same

way as 28.

All the properties calculated have proven that the regions around the nitrogen and
oxygen atoms are subject to electrophilic attack, with the HOMO orbital delineating
the areas which are more electron rich. Electrostatic potential maps serve to outline
the location of the highest energy electrons. The map also shows where the
electrostatic potential is more negative, for example, above and the below plane on the

benzene ring with substituent, Figure 5.4.

The colour schemes in electron density with the electrophilic Fukui function were
used to identify the electron rich part of the molecule. Red is more electron rich than
yellow. Green, blue and light yellow represent neutral regions of the molecule.
Population analysis confirmed the results with the specific charges on the atoms
which relate to the electron rich part of the molecule. Both nitrogen and oxygen atoms

have proven to be electron rich.
5.3  Discussions of the modeled pre-catalysts
Only the Grubbs 1 type pre-catalyst was modeled to be later used for synthesis. 1 was

modelled to test how it is going to coordinate with the ligands. Figure 4.6 shows the
LUMO orbital of 1.
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|,C_ph

Figure5.6 TheLUMO orbital of 1

For the pre-catalyst to form a bond with a ligand the LUMO orbital on the metal must
correspond to that of the HOMO orbital of the ligand as shown in Figure 4.7,
meaning the size and the orientation of the orbitals must be the same. From the

observations, it is possible for the pre-catalyst to coordinate with the ligands.

s 68

69

Figure5.7  Coordination of the HOMO orbital of the ligands with the LUMO
orbital on the metal centre of the pre-catalysts
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The substituted pre-catalysts were also modelled. As discussed in Chapter 3, the
molecular modelling will help gain insight to the mechanism of the 1-octene
metathesis reaction. If the dissociative mechanism is assumed in the 1-octene
metathesis reaction and the ligand will react as a hemilabile ligand, an active
coordination site can be formed, followed by the coordination of 1-octene to the

active coordination site on the ruthenium atom of the pre-catalyst, Scheme 3.2.

The HOMO orbital of the 1-octene overlaps with the LUMO orbital of the carbene to
form the metallacyclobutane intermediate. This means that the form and orientation of
the LUMO orbital in the pre-catalyst is important together with the HOMO orbital of
the 1-octene. To undergo a metathesis reaction therefore the substituted pre-catalysts
were modelled, Figur e 5.8, with the same optimizing method used with the properties
listed in 4.1.

s
Ph
o=
i Ry
—N R2
eSS
Ry

73: Ri= R3= Rs= methyl, R,=R,=hydrogen
74: Ri1= Rs= isopropyl, R,=R3=R4=hydrogen

The LUMO orbital around the carbene and the ruthenium for both 73 and 74 were not
the same and also the orientation of the orbital did not ook the same. The LUMO
orbital around the carbon atom of the carbene in 74 is larger than that in 73. Thiswas
also observed for the LUMO orbital around the ruthenium. Since the metathesis
reaction occurs at the ruthenium carbene group, the modelling results can be used as

prediction tools to the activity the two pre-catalysts.
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73 74
Figure58 LUMO orbitalsof 73 and 74
Furthermore the dissociation energy of the new pre-catalysts were modelled to show
how difficult or easy it is for the pre-catalyst to dissociate to form an active
coordination site and later on recoordinate again. In this way hemilibilty is obtained.

Table 5.3 shows the dissociation energies of the pre-catalysts 1, 73 and 74.

Tableb.3 Dissociation energies of 1, 73 and 74

Pre-catalyst Dissociation energy / kcal.mol™ A E/ kcal.mol™
1 21.89 0
73 20.01 -1.88
74 24.88 2.99

The dissociation energy of 74 is the highest in all three pre-catalysts, followed by 73
relative to 1. There is more energy needed to dissociate 74 from the metal atom to
form an active coordination site. The two possible activation reaction paths for
metathesis were modelled as shown in Schemes 5.1 and 5.2 for 73 and 74. The
energies calculated are electronic energies and no transition energies were calcul ated.
The first step (A—B) is the dissociation step of the nitrogen atom from the ruthenium
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atom to form an active coordination site. From B—C is the second step where an
incoming 1-octene coordinates to the ruthenium atom. The next is the formation of the
the metallocyclobutane intermediate given by C—D. In D—E the activated pre-
catalyst with a bulky olefin leaving the coordination site is obtained. From E—F the
bulky olefin leaves the coordination and results in either a methylidene G; or G
hepthylidene. The primary metathesis products 1-phenyl-1-nonene and styrene were
obtained in the activation steps. The nitrogen atom can recoordinate to the ruthenium
atom given by F—G. The energy profiles for the catalyzed olefin metathesis for the
two possible reaction paths are given in Figure 5.9 for the formation of methylidene
G, and Figure 5.10 for the formation of hepthylidene G.

Figure5.9  Energy profile for pre-catalysts 73 and 74 for the coordination of
1-octene cis to the carbene
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Figure5.10 Energy profile for pre-catalysts 73 and 74 for the coordination of

1-octene trans to the carbene

The activation cycle for the metathesis reaction of 1-octene with Grubbs type pre-
catalyst with ligands 68 and 69 were evaluated. Both trans and cis positions of the
l-octene in respect to the carbene were modelled. As discussed above, the
dissociation of the nitrogen atom in 74 (B, A E=24.88 kcal/mol) was calculated to be
4 kcal/mol less favourable than the dissociation of the nitrogen atomin 73

(B, A E=20.01 kcal/mol). After the dissociation, 1-octene coordinates to the
ruthenium metal.

In Figure 5.9, where the 1-octene is cis to the carbene, the pre-catalyst 74 (C, A
E=3.11 kcal/mol) was calculated to be -2.09 kcal/mol more favourable to coordinate
with the 1-octene than pre-catalyst 73 (C, A E=5.18 kcal/mol). The same trend can be
observed where the coordination of 1-octene is trans to the carbene shown in Figure
5.10. The pre-catalyst 74 (C, A E=3.09 kcal/mol) was calculated to be -0.48 kcal/mol
more favourable to coordinate with the 1-octene than pre-catalyst 73 (C, A E=3.57
kcal/mol).

The metallocyclobutane intermediate is then obtained denoted as D in both Figures

5.9 and 5.10. The most stable intermediate was observed in pre-catalyst 74 with
energies of 4.63 kcal/mol and 6.56 kcal/mol in Figures 5.9 and 5.10 respectively. The
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formation of the product 1-phenyl-1-nonene (F) in Figure 5.9 was less favourable in
pre-catalyst 73 (F, A E=30.89 kcal/mol) and was calculated to be -13.53 kcal/mol and
the formation of the product methylidene (F) in Figure 5.10 was calculated to be -4.1
kcal/mol lessfavourable in pre-catalyst 73.

The energies for the recoordination of the nitrogen atom to the ruthenium metal of the
pre-catalysts are 22.13 kcal/mol for 73 and 17.16 kcal/mol for 74 in methylidene;
Figure 5.9 and 18.12 kcal/mol for 73 and 11.16 kcal/mol in 74 for hepthylindene
shown in Figure 5.10. In both cases the recoordination of the nitrogen atom is
favourable in 74, but overall the recoordination of the nitrogen in hepthylidene is most

favourable with less energy required.
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54 Synthesis

After modelling the ligands, the two most promising ligands 68 and 69 were
synthesized followed by the synthesis of their corresponding salts and lastly the
substituted pre-catalysts 75 and 76. The ligands and complexes were characterized by
MS, IR, 'H NMR and *C NMR. The results are discussed below:

X Ligand 68

The MS spectrum shows a molecular ion (M") of 289 m/z which indicates the

molecular mass of 68 which isin correspondence with that found in literature. °

The IR spectrum shows an OH stretch at 3443 cm?, a C-H stretch between 2989-2800
cm™, aC=N stretch at 1620 cm™, a C-N stretch at 1476 cm™, a stretch of C=C at 1575
cm™ and a CH3 bending at 1328 cm™* and a C-C absorption bend below 500 cm™.

The 'H-NMR spectrum showed a singlet at 15.2 ppm for the OH group. Another
singlet was found at 9.0 ppm for the HC=N group. A doublet signal from the Hio-
atom was found at 7.92 ppm due to coupling of this atom with the H;-atom. The Hy;-
atom showed a doublet at 7.8 ppm due to coupling with the Hig-atom_ A doublet from
Hysz-atom was found at 7.7 ppm due to coupling with the His-atom. The Hys-atom
showed a multiplet between 7.34-7.47 ppm due to coupling with the Hi3 and Hjis-
atoms. Between 7-7.25 ppm a multiplet was found for the His-atom due to coupling
with the Hy4 and Hys atoms. The Hiyg-atom showed a doublet at 6.9 ppm due to
coupling with the His-atom. The nine H-atoms of the C3, Cs and Cg methyl groups
were found as singletsat 2.1, 3.7 and 2.2 ppm.
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The C NMR spectrum showed a singlet at 169.51 ppm for the C; atom which was
not coupled to any H-atoms. Another singlet signal was found at 160.70 ppm for the
Cig-atom which was not coupled with any H-atoms. At 142.49 ppm a singlet was
found for the C;g atom. At 136.23 ppm a singlet was found for the C,.g atoms due to
no coupling. A doublet for the C,.7 atoms was found at 135.47 ppm due to coupling to
one H-atom. Due to no coupling a singlet was found at 133.32 ppm for the Cs atom.
Cio and Cy; atoms showed doublets at 129.80 ppm and 129.34 ppm. A singlet at
128.08 ppm for the Ci»+17 atoms was found due to no coupling. At 127.18 ppm a
doublet was found for the Ci3.16 atoms. Between 123.34-122.16 ppm a triplet was
found for the Cy4 and Cy5 atoms due to coupling with two H atoms. A doublet was
found at 118.62 ppm for the Cy, atom due to coupling with one H atom. Quartets were
found at 22.24, 18.63 and 14.08 ppm for theCs, Cs and Cy atoms due to coupling with
the three H atoms. The singlets and doublets are C-H resonances which were
confirmed with Dept *C NMR.

From all the data obtained, together with the melting point which is similar to the
melting point mentioned in literature,” it can be concluded that the correct product 68
was obtained. The yield of the ligand 68 is 83.5%, which also correspond to that in
literature.

<> Ligand 69

The MS spectrum showed a molecular ion (M*) of 330 m/z which indicates the

molecular mass of 69 which isin correspondence with that found in literature.®
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The IR spectrum showed an OH stretch at 3400 cm™, a C-H stretch between 3100-
2800 cm, aC=N stretch at 1627 cm™?, a stretch of C=C at 1580 cm™ a C-N stretch at
1467 cm™, a CH5 absorption bend at 1328 cm™* and C-C bend below 500 cm™.

The 'H-NMR spectrum showed a singlet at 15.3 ppm for the OH group. Another
singlet was found at 9.15 ppm for the HC=N group. A doublet signal from the Hg.g
atoms was found at 7.98 ppm due to coupling of this atom with the H; atom. The His
atom showed a doubl et at 7.8 ppm due to coupling with the Hy4 atom_ A doublet from
H14 was found at 7.7 ppm due to coupling with the Hy3 atom. The Hi7 atom showed a
triplet at 7.45 ppm due to coupling with the Hig and Hig atoms. At 7.3 ppm a triplet
was found for the H;g atom due to coupling with the H;7 and Hig atoms. At 7.2 ppm a
triplet for the H; atom was found. The His.19 @toms showed a doublet at 7.1 ppm. A
doublet was found at 2.1 ppm for the Hs.10 atoms. The twelve H atoms of the C,, Cs,
C11 and Cy12 methyl groups were found as singlets at 3.1 and 1.2 ppm.

The **C NMR spectrum showed a singlet at 161.59 ppm for the C; atom which was
not coupled to any H atoms. Another singlet signal was found at 143.88 ppm for the
C» atom which was not coupled with any H atoms. At 140.30 ppm a singlet was
found for the Cy.9 atoms. At 135.92 ppm a triplet was found for the C; atom. At
133.18 ppm and 129.33 ppm doubl ets were respectively found for the Cg.g and Cziio
atoms which are coupled to one H atom. Due to coupling to one H atom doublets were
found at 128.11 and 126.26 ppm for the C,3 and Cy4 atoms. The Cys.20 atoms showed
asinglet at 123.53 ppm and at 123.44 ppm a doublet was found for the Cig+19 atoms
due to coupling with one H atom. A triplet was found at 121.43 ppm for the Ciz41s
atoms and at 118.75 ppm a doublet was found for the Cy; atom. Quartets were found
at 28.30 and 23.70 ppm for the Cy.12 and Cs.11 atoms due to coupling with the three H
atoms. The singlets and doublets are C-H resonances which were confirmed with Dept
BCNMR.

From all the data obtained, together with the melting point of which is similar to the
melting point mentioned in literature, it can be concluded that the correct product was
obtained.® The yield percentage of the ligand is 24% which does not correspond to
that in literature.
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X Pre-catalyst 75

The Maldi-Tof MS did not indicate the exact mass of 75. The pre-catalyst
decomposed during sample preparation that was not under inert conditions and the
instability of the pre-catalyst. Nonetheless the spectrum showed the i sotopes of 75.

The *H NMR spectrum showed a singlet signal from the carbene H; atom at 17.45
ppm. Another singlet was found at 9.03 ppm for the H of the HC=N group. A doublet
signal from the Hy5 atom was found at 7.95 ppm due to coupling of this atom with the
Hi atom. The Hys atom showed a doublet at 7.8 ppm due to coupling with the His
atom_ A doublet from the Hyg atom was found at 7.78 ppm due to coupling with the
Hi9 atom. The Hig atom showed a doublet of doublets between 7.79-7.6 ppm due to
coupling with the H;g and Hy atoms. Between 7.4-7.5 ppm a multiplet was found for
the Hyo atom due to coupling with the Hig and Hy; atoms. The Hy, atom showed a
doublet at 7.3 ppm due to coupling with the Hyo atom. A multiplet was found between
6.8-6.97 ppm for the Haj.31 atoms. At 4.5 ppm a doublet was found for the Hz atom
due to coupling with the H, atom. The Hy7.07» atom showed a multiplet between 3.9-
4.0 ppm. Another multiplet was found at 3.8 ppm for the H, atom due to coupling
with the Hz and Hs atoms. The Hs atom showed a doublet of doublet at 3.1 ppm due
to coupling with the H, atom. A multiplet of the 18H atoms of the methyl groups of
the NHC ligand were found between 2.1-2.8 ppm. The methyl groups of Cs, C11 and
Ci4 were found as doublets and multiplet at 1.1, 1.0 and between 0.8-0.9 ppm.
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X Pre-catalyst 76

The Maldi-Tof MS did not indicate the exact mass of 76. The pre-catayst
decomposed during sample preparation that was not under inert conditions and the
instability of the pre-catalyst. Nonetheless the spectrum showed the isotopes of 76.

The 'H NMR spectrum showed a singlet signal from the carbene H; atom at 17.45
ppm. Another singlet was found at 9.03 ppm for the H of the HC=N group. A doublet
signal from the Hio.12 atoms was found at 7.98 ppm due to coupling of this atom with
the Hy; atom. The H;7 atom showed a doublet at 7.8 ppm due to coupling with the Hig
atom_ A doublet from the Hig atom was found at 7.7 ppm due to coupling with the Hy7
atom. The Hy; atom showed a doublet of doublets at 7.6 ppm due to coupling with the
H2o and Hy, atoms. At 7.45 ppm atriplet was found for the Hy, atom due to coupling
with the Hy; and Hys atoms. At 7.1 ppm a triplet for the Hy; atom was found due to
coupling with the Hip and H1, atoms. The Hyg.23 atoms showed a doublet at 7.09 ppm.
A multiplet was found between 6.8-6.97 ppm for the Hss33 atoms. At 4.2 ppm a
doublet of doublets was found for the Hz atom due to coupling with the H, atom. The
H27.27 atoms showed a multiplet between 3.6-4.0 ppm. Another multiplet was found
at 3.5 ppm for the H, atom due to coupling with the H3 and Hs atoms. The Hs atom
showed a doublet of doublet at 3.2 ppm due to coupling to H, atom. A multiplet of the
18H atoms of the methyl groups of the NHC ligand were found between 2.1-2.7 ppm.
A doublet was found at 1.0 ppm for the Hs.10 atom. The twelve H-atoms of the Cq4, Cs,
C11 and Cy12 methyl groups were found as multiplet between 0.7-0.9 ppm.
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55 Metathesis

During the metathesis reactions the 1-octene decreases as the other alkenes are
formed. The formed alkenes are thus called the primary metathesis products (PMP),
the secondary metathesis products (SMP) and the isomerisation products (IP). The
PMP are ethylene and 7-tetradecene, the IP are 2-octene, 3-octene and 4-octene and
the SMP were nonene, decene, undecene, dodecene, tridecene, pentadecene and
hexadecene. The metathesis products were identified by GC-MS. The metathess of
the two substituted Grubbs 2 type pre-catalysts 75 and 76 were compared with the
metathesis of 1 and 2 and the comparison is discussed below. The activity of 75 and
76 were tested and the pre-catalysts were not optimized.

5.5.1 Metathesisreaction of 1 and 2 with 1-octene

The activity and selectivity of the Grubbs substituted pre-catalysts were investigated
through the metathesis reactions with 1-octene at 60°C, with molar ratio ruthenium to

1-octene of 1: 9000. To discuss the activity and selectivity of a pre-catalyst it is
important to look at the conversion of 1-octene and the formation of the PMP, IP and
SMP. The graphs for the conversion of 1-octene and the formation of the PMP with 1
and 2 are shown in Graph 5.1 and 5.2. The formation of the IP with 1 and 2 are
shown in Graph 5.3 and the formation of the SMP with 1 and 2 are shown in Graph
5.4 respectively. From Graph 5.1 it was found that 30% of PMP were formed after 60
minutes while a conversion concentration of 1-octene was 68% in the reaction
mixture. In Graph 5.2 it was found that 42% of PMP were formed after 60 minutes

while a conversion concentration of 1-octene was 56% in the reaction mixture.

The overall efficiency of the pre-catalyst can also be described as the turnover number
(TON). The TON is defined as the number of 1-alkene molecules that are converted to
metathesis products by one molecule of a pre-catalyst, which was found to be 2756
for 1 and 1429 for 2.
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Graph 5.1

Graph 5.2

The conversion of 1-octene and the formation of PMP with 1

The conversion of 1-octene and the formation of PMP with 2
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Graph 5.3  Theformation of 1P during metathesiswith 1 and 2

Graph 54  Theformation of SMP during metathesiswith 1 and 2

In Graph 5.3 the IP that formed after 60 minutes for 1 was 0.6% but at the first
sample that was drawn, which is indicated as t=0, showed that there was 1.22% of |P
formed. The reason for this is the 1-octene was used without further purification. The
percentage of |P formed for 2 was 0.6%, but in the first 10 minutes of the reaction the
IP was 1.4%, the reason for this is that the 1-octene was used without further
purification. Graph 5.4 shows the SMP formation for 1 and 2 after 60 minutes which
were 0.53% and 0.6% respectively. The selectivity of both 1 and 2 were 98% after 60

minutes.
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5.5.2 Comparison of activity and selectivity of synthesized pre-catalysts 75 and
76 with 1 and 2

To be able to compare 75 and 76 to 1 and 2 the metathesis reactions of 1-octene with
75 and 76 were done under the same conditions asfor 1 and 2, Paragraph 5.5.1. The
graph for the formation of PMP, IP and SMPis given in Graph 5.5.

Graph 55 The formation of PMP, IP and SMP during metathesis with the
synthesized pre-catalyst 76

To determine which pre-catalyst is more active, the increase of PMP within a certain
time was compared. After 60 minutes, 1 formed 30% PMP, 2 formed 42% PMP and
the synthesized pre-catalyst 76 formed 4.3% PMP and it converted 92.5% of 1-octene.
From this it can be concluded that 2 is the most active pre-catalyst. The determination
of which pre-catalyst is more selective, the equation 4 given in 3.9 was used to
calculate the selectivity towards PMP. It was found that none of the synthesized pre-
catalysts showed better selectivity than 1 and 2. The pre-catalyst 75 was not active for
metathesis under these conditions. The selectivity for 76 was 55% and the summary

for the metathesis reactions are given in Table 5.4.
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Tableb5.4

Selectivity of the synthesized pre-catalysts 75 and 76 in comparison to

land2
Pre-catalyst | PMP (mol%) | SMP (mol%) [P (mol%) TON % Selectivity
1 30.49 0.53 0.60 2756 98
2 42.71 0.66 0.62 1429 98
75 0 0 0 0 0
76 4.33 3.52 0.27 389.7 55

The formation of 1P showed a similar curve in 76 in comparison to 1 and 2. For pre-
catalyst 76 the maximum IP of 3.1% was found at about 5 minutes, while that of 1
was 1.22% at 0 minutes and that of 2 was 1.4% at about 10 minutes. The IP undergo
metathesis to form SMP, the earlier the maximum IP formed the faster the formation
of SMP. In conclusion the pre-catalyst 75 was not active for metathesis. The
assumption for the inactivity is that the metathesis conditions were not favourable,
due to either the temperature and/or molar ratio. The pre-catalyst 76 was less active
and selective than both 1 and 2, however it was more active and selective than pre-
catalyst 75.
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6 CONCLUSIONSAND RECOMMENDATIONS

6.1 | ntroduction

The aim of the study was to find naphthyl imine ligands that can be used to improve
the performance of Grubbs type pre-catalysts for 1-octene metathesis. The limitation
of 1 and 2 is the lifetime, reactivity and activity. The lifetime and the reactivity of 1
have been improved through the replacement of the phosphine ligand by a more bulky
and basic N-heterocyclic carbene (NHC) ligands.™ The higher activity of 2 can also
be attributed to electron distribution and bulky effects that enhance the dissociation of
the phosphine ligand as well as the ratio of alkene to phosphine coordination during
the catalytic cycle.?®

6.2  Molecular modeling of imine ligands and the substituted pre-catalysts.

Molecular modeling was used as a screening process to choose the possible ligands to
be synthesized. A series of 45 salicylaldehyde imine derivatives were modeled using
Material Studio version 4.2 with a basis set of PW91/GGA/DNP.® The following
properties were calculated: electron density, electrostatics, Fukui functions, orbitals
and population analysis to evaluate the possible imine ligand. The screening was done

by visual analysis.

Initially the HOMO energy of the 45 ligands was used as the preliminary criteria of
choosing the possible imine ligand. The HOMO energy of possible ligands was
calculated against the well defined Verpoort’ ligand. In this study the ligands with
lower energy than that of Verpoort” was considered. Ligands 68 and 69 were chosen.
The lower the energy of the ligand the more stable and the more flexible it will be, but
it depends on the R substituent and their orientation. It was found that the position and
the size of the substituent attached to the ligand had an influence on the size and
orientation of the HOMO, electron density with Fukui function, electrostatics and

population analysis.
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The electron withdrawing and the electron donating groups also play a role in
analyzing the calculated properties, because the most electron rich part as shown by
the electron density map with electrophilic Fukui function is the nitrogen atom (red
spot) and a less electron rich part was around the oxygen (yellow spot) while the rest
of the molecule is neutral (blue, green and light yellow) and the HOMO around the
nitrogen atom and oxygen atom is large. This will result in an overlap with Grubbs
type pre-catalysts; therefore the substituted Grubbs 1 type pre-catalysts were model ed.
From the observations, it will be possible for the Grubbs 1 type pre-catalyst to
coordinate with the ligands.

The dissociation energy of the substituted Grubbs 1 type pre-catalysts, 73 and 74,
showed that it will be easier for the pre-catalyst 73 to be dissociated than pre-catalyst
74. Furthermore molecular modeling helped gain insight into the mechanism of the
1-octene metathesis reaction by using the Potential Energy Surface (PES) scan and the
two possible reaction paths for metathesis were investigated. From the PES results it
is concluded that the pre-catalyst 74 is more favourable to coordinate with 1-octene
than pre-catalyst 73 for both cis and trans 1-octene positions to the carbene. In both
cases the recoordination of the nitrogen atom is favourable in 74, but overall the
recoordination of the nitrogen in hepthylidene is most favourable with less energy
required.

6.3  Synthesisof ligands and substituted Grubbstype pre-catalysts

Both ligands 68° and 69° were successfully synthesized according to preparation
methods in literature. Ligand 68 was obtained in 83.5% yield and ligand 69 in 24%
yield.

The synthesis of the substituted Grubbs 1 type pre-catalysts was not successful.
Because of the instability of 1 it decomposed during the washing process. The
synthesis of the substituted Grubbs 1 type pre-catalysts does not correlate to the
modeling results. Molecular modeling showed that the coordination of the ligands
with 1 was possible. The substituted Grubbs 2 type pre-catalyst 75 and 76 were
successfully obtained and were tested for metathesis.
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6.4 Metathesisof substituted Grubbs 2 type pre-catalyst

The metathesis of pre-catalysts 75 and 76 were carried out under the following
conditions: at 60°C and with a ruthenium: 1-octene molar ratio of 1: 9000. The pre-
catalyst 75 was not active for metathesis. The assumption for the inactivity is that the
metathesis conditions were not favourable. The pre-catalyst 76 was less active and
selective than both 1 and 2, however it was found to be long lasting, which means that

this pre-catalyst will convert more 1-octene into PMP.

6.5 Recommendations

<> There are various imine ligands with naphthyl group that can aso be
investigated.

<> The PES scan results for this study were unsatisfactory; the electronic energies
were used to investigating the mechanism. It would be advisable to refine the
model and then re-do the PES scans.

X The transition states (TS) of 75 and 76 for the two possible mechanisms were
not investigated in this study, so it would be useful to do thisfor the next study.

X The Grubbs 2 type pre-catalysts were not modelled, it would be interesting to
investigate them to see whether they agree with experimental work.

<> Since the substituted Grubbs 1 type pre-catalysts were not obtained due to the
decomposition during the washing process, the use of other purification
methods, solvents and synthesis procedures must be investigated.

<> The optimization of the substituted pre-catalysts was not covered in this study;
therefore it would be interesting to see how the substituted pre-catalysts would
behave under different conditions.

X It would be useful to study the kinetics for the substituted pre-catalysts and
correlate it with the modeling results.

X The *H NMR spectra of the substituted pre-catalysts showed the possibility of
more than one carbene peak. The NMR studies to investigate what kind of
carbenes are formed and how many carbenes would be interesting.

X Since the substituted pre-catalysts were only tested for 1-octene metathesis

reactions, it would be interesting to test other alkenes and other metathesis
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reaction modes like ROMP, RCM, etc. experimentally as well as through

molecular modeling.
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Appendix |

The table containing the HOMO energies
of the possible ligands
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Name HOMO HOMO HOMO
Hartree kcal/mol kJ/mol
1| Verpoort -0.19592 | -122.9535144 | -514.4375042
2 | N-(3,5-diiodosalicylidene)-2,6-diethylaniline -0.201944 | -126.7339961 | -530.2550396
3 | N-(3,5-diiodosalicylidene)-2,6-dimethylaniline -0.186413 | -116.9872064 | -489.4744716
4 | N-salicylideneaniline -0.183736 | -115.3072015 | -482.4453312
5 | N-3,5-dichlorosalicylideneaniline -0.198998 | -124.8851749 | -522.5195716
6 | N-salicylidene-2,4,6-trichloroaniline -0.192203 | -120.6208367 | -504.6775808
7 | N-(3,5-dichlorosalicylidene)-2,4,6-trichloroaniline -0.198575 | -124.6197128 | -521.4088781
8 | N-3,5-dibromosalicylideneaniline -0.19898 | -124.8738786 | -522.4723081
9 | N-(3,5-diiodosalicylidene)-2,4,6-trichloroaniline -0.197456 | -123.9174619 | -518.4706607
10 | N-(3,5-dichlorosalicylidene)-2,4,6-trimethylaniline -0.176322 | -110.6543975 | -462.9779993
11 | N-3,5-diisopropylsalicylideneaniline -0.177512 | -111.4012058 | -466.1026452
12 | N-salicylidene-2,4,6-triiodoaniline -0.19466 | -122.1627762 | -511.1290556
13 | N-(3,5-di-tertbutylsalicylidene)-2,4,6-tri-tertbutylaniline -0.168117 | -105.5051857 | -441.4336969
14 | N-3,5-diiodosalicylideneaniline -0.206656 | -129.6911059 | -542.6275872
15 | N-(3,5-dibromosalicylidene)-2,4,6-tribromoaniline -0.200884 | -126.0687719 | -527.4717415
16 | N-salicylidene-2,4,6-tribromoaniline -0.203863 | -127.9383029 | -535.2938594
17 | 1-phenyliminomethyl-10-naphthalenol -0.183551 | -115.1911011 | -481.9595669
18 | 1-[[(2-isopropylphenyl) imino] methylenyl]-10-naphthal enol -0.182513 | -114.5396834 | -479.2340354
19 | 1-[[(2-ethylphenyl) imino] methylenyl]-10-naphthalenal -0.184525 | -115.8023543 | -484.5170502
20 | 1-[[(2,5-dimethylphenyl) imino] methylenyl]-10-naphthalenol -0.181793 | -114.087833 | -477.3434933
21 | 1-[[(2,6-dimethylphenyl) imino] methylenyl]-10-naphthal enol -0.180945 | -113.5556537 | -475.1168549
22 | 1-phenyliminomethyl-2-naphthal enol -0.184887 | -116.0295346 | -485.4675727

96



23 | 1-[[(2-isopropylphenyl) imino] methylenyl]-2-naphthalenol -0.182844 | -114.7474091 | -480.1031596
24 | 1-[[(2-ethylphenyl) imino] methylenyl]-2-naphthalenol -0.183162 | -114.9469763 -480.938149
25 | 1-[[(2,5-dimethylphenyl) imino] methylenyl]-2-naphthalenol -0.181531 | -113.9234097 | -476.6555461
26 | 1-[[(2,6-dimethylphenyl) imino] methylenyl]-2-naphthalenol -0.183002 | -114.8465651 | -480.5180285
27 | 1-[[(4-bromo-2,6-dimethyl phenyl) imino] methylenyl]-2- -0.185861 | -116.6407878 -488.025056
naphthal enol
28 | 1-[[(2,6-diisopropylphenyl) imino] methylenyl]-2-naphthalenol -0.185095 | -116.1600692 | -486.0137293
29 | 1-[[(2,4,6-trimethylphenyl) imino] methylenyl]-2-naphthalenol -0.179451 | -112.6180641 | -471.1939801
30 | 1-[[(2-fluorophenyl) imino] methylenyl]-2-naphthal enol -0.190464 | -119.5294925 | -500.1113965
31 | 1-[[(2,6-difluorophenyl) imino] methylenyl]-2-naphthalenol -0.187873 | -117.9034586 | -493.3080708
32 | 1-[[(2,3,4-trifluorophenyl) imino] methylenyl]-2-naphthalenol -0.197949 | -124.2268539 | -519.7651568
33| 1-[[(2,3,6-trifluorophenyl) imino] methylenyl]-2-naphthalenol -0.197722 | -124.0843955 | -519.1691109
34 | 1-[[(2,4,5-trifluorophenyl) imino] methylenyl]-2-naphthalenol -0.19235 | -120.7130895 | -505.0635665
35 | 1-phenyliminomethyl-2-naphtha enol -0.179337 | -112.5465211 | -470.8946442
36 | 1-[[(2-isopropylphenyl) imino] methylenyl]-2-naphthalenol -0.180277 | -113.1364369 | -473.3628519
37 | 1-[[(2-ethylphenyl) imino] methylenyl]-2-naphthalenol -0.178774 | -112.1931992 | -469.4163454
38 | 1-[[(2,5-dimethylphenyl) imino] methylenyl]-2-naphthalenol -0.177245 | -111.2336447 | -465.4015692
39 | 1-[[(2,6-dimethylphenyl) imino] methylenyl]-2-naphthalenol -0.180939 | -113.5518882 | -475.1011004
40 | 1-[[(4-bromo-2,6-dimethylphenyl) imino] methylenyl]-2- -0.190983 | -119.8552013 | -501.4741623
naphthal enol
41 | 1-[[(2,6-diisopropylphenyl) imino] methylenyl]-2-naphthalenol -0.173752 | -109.0415426 | -456.2298144
42 | 1-[[(2,4,6-trimethylphenyl) imino] methylenyl]-2-naphthalenol -0.175924 | -110.4046247 | -461.9329497
43 | 1-[[(2-fluorophenyl) imino] methylenyl]-2-naphthal enol -0.181404 | -113.8437083 | -476.3220754
44 | 1-[[(2,6-difluorophenyl) imino] methylenyl]-2-naphthalenol -0.183541 | -115.1848254 | -481.9333093
45 | 1-[[(2,3,4-trifluorophenyl) imino] methylenyl]-2-naphthalenol -0.18803 | -118.0019871 -493.720314
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Appendix 11

MS Spectra
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X Ligand 68: 1-[[(2,4,6-trimethyl phenyl) imino] methylenyl]-2-naphthal enol
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X Ligand 69: 1-[[(2,6-diisopropylphenyl) imino] methylenyl]-2-naphthalenol
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Appendix |11

IR Spectra
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X Ligand 68: 1-[[(2,4,6-trimethyl phenyl) imino] methylenyl]-2-naphthal enol

HsC
OH

—N H3
(T

Spectrum 3 IR spectra of ligand 68
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> Ligand 69: 1-[[(2,6-diisopropylphenyl) imino] methylenyl]-2-naphthal enol

CH3

Spectrum4 IR spectraof ligand 69
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X Pre-catalyst 75

Spectrum 5 IR spectra of pre-catalyst 75
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<> Pre-catalyst 76

Spectrum 6 IR spectra of Pre-catalyst 76
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<> Pre-catalyst 1

Spectrum 7 IR spectra of Grubbs one type pre-catalyst
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Appendix 1V

'"H NMR Spectra
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Appendix V

*C NMR Spectra
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Appendix VI

Maldi-Tof
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X Pre-catalyst 75
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Spectrum 23 Maldi-Tof spectra of Pre-catalyst 75
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X Pre-catalyst 76
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Spectrum 24 Maldi-Tof spectra of Pre-catalyst 76
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