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ABSTRACT

Chromium(III) complexes with sulphur, nitrogen and phosphorus tridentate ligands were synthesized and characterized. These
complexes were supported on SiO, and characterized by BET surface area measurements, XRE SEM-EDX and FTIR. The
complexes were tested for activity and selectivity in the trimerization of ethylene. The substituent’s effect and influence on the
sulphur on the supported catalysts were studied using the ethyl and the decyl substituted catalysts. The influence of temperature
on catalytic performance was evaluated using the PPP supported system. The most active supported catalyst, the decyl
substituted SN'S catalyst, showed good activity of up to 19 500 g/g Cr h™ and selectivity of 97.3 % to C6 products (98.2 % 1-hexene).
This activity and selectivity were comparable to the homogeneous counterpart’s performance that achieved 22 000 g/g Cr h™ and
98.2 % C6 products (96.7 % 1-hexene), which surpassed the ethyl substituted catalyst, which was not supported, under the same
reaction conditions. The supported PPP catalyst activities showed it was sensitive to higher temperatures, but this depends on the

supporting technique.
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1. Introduction

Supported metal complexes that are well known for ethylene
conversions are metallocenes, which are immobilized for
ethylene polymerization reactions.? As a result of the differ-
ent routes of immobilization and strategies that have been
proposed, different catalyst activities and/or polymer proper-
ties are obtained. The support alters the supported catalyst
activity due to steric and electronic effects attributable to the
support itself.3>-® In many catalytic systems, the trend that has
been observed is that the supported complexes exhibit lower
catalytic activities than their homogeneous counterparts. This
decrease in the activities can be attributed to many factors, viz.
(i) deactivation of the metal complexes during the grafting
reaction, (ii) inaccessibility of the metal complex to the co-
catalyst thus hindering the process of catalyst activation,
(ili) generation of active sites that have slow propagation rates
due to interactions with the support surface and (iv) restrictions
of the monomer access to the active site preventing the chain
growth.® Another complexity that encumbers these kinds of
systems is the high levels of heterogeneity of the metal sites
formed on, for example, the amorphous silica surface together
with the high dilution of the metal. The well-known Cr(II)/SiO,
Phillips catalyst, though the most successful commercially, is
among the least understood at a molecular level.1

These challenges have not stopped scientists from studying
these kinds of systems. Two of the common ways of recycling
the ‘homogeneous’ catalyst from the product phase are two-
phase!12 and immobilization catalysis!®7. Although studied
extensively, the latter has had little commercial success except for
the Phillips catalyst.’8-20 The bonding of the silica to the metal
complexes can be described in three ways: the metal complexes
can be directly adsorbed on the surface of the support>?!, the
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metal complexes can be synthesized in sifu on the support, or the
silica can be chemically modified with methylaluminoxane,
alkyl aluminium borates and organosilanes.*

Although some researchers have noted that homogeneous
catalysts are much more active and selective than their heteroge-
neous counterparts?>4, Monoi and Sasaki®® reported a new,
highly active and selective silica-supported ethylene trimeriza-
tion catalyst. This catalyst system was obtained by supporting
tris[bis(trimethylsilyl)amido]-Cr(III)[N(SiMe;),]; and isobutyl-
aluminoxane on silica, which has been calcined at 600 °C. The
catalyst loading was 1.0 wt % Cr with the activator/Cr molar
ratio at 24, which gave 74.2 % 1-hexene selectivity. Nenu and
Weckhuysen?® discovered another supported system that
proved successful for trimerization of ethylene. This catalyst that
consisted of a Cr centre attached via two silanol groups to an
amorphous silica carrier was more active than its homoge-
neous parallel. The 1,3,5-tribenzylhexahydro-1,3,5-triazine
(TAC) ligand was anchored on a Cr/SiO, surface. This ligand was
reported to form active trimerization complexes with different
metals. At a Cr/TAC ratio of 1, the catalyst was observed to
present predominantly trimerization centres. The catalyst also
showed single-site behaviour, which was confirmed by the
low value of the PI (polydispersity index) obtained from gel
permeation chromatography measurements of the polymer
produced. The TAC ligand’s coordination was reported to
narrow down the diversity of the Cr active sites previously on
the silica surface. The required reaction conditions for ethylene
conversion by this heterogeneous system were low tempera-
tures and pressures. At elevated temperatures, the catalyst
exhibited polymerization activity with less 1-hexene formed.?¢

This study reports the use of supported sulfanyl and phos-
phine chromium complexes for the trimerization of ethylene,
which has notbeen previously reported. Homogeneous sulfanyl
and phosphine catalysts have been reported to give good
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results, so we hoped to improve these by supporting them or
gaining a separation advantage.

2. Experimental

2.1. Materials and Instrumentation

Unless otherwise stated, all reactions were carried out using
conventional Schlenk techniques under an inert atmosphere of
pre-dried nitrogen. THF was dried and distilled under an inert
atmosphere using sodium and benzophenone. Diethyl ether
was dried over sodium wire before use. Melting points were
obtained using an Ernst Leitz Wetzlar Hotstage Microscope.
Elemental analyses of the complexes were conducted using a
LECO CHNS elemental analyser. NMR spectra were recorded
on a Bruker Avance III 400 MHz spectrometer and a Bruker
Avance III 600 MHz solid-state MAS spectrometer fitted with a
4 mm MAS BB/IH probe.

These chemicals were commercially available and they were
used as received: butanethiol (purum = 97 % GC) (Fluka),
1-decanethiol (techn purum = 95 % GC) (Fluka), ethanethiol
(purum = 97 % GC) (Fluka), bis(2-chloroethyl)amine hydrochlo-
ride 98 % (Aldrich), triethylamine (puriss = 99.5 % ) (Fluka),
DMSO (puriss, standard for GC), AIBN 98 % (Acros Organics),
SiO, fumed, 99.8 % (Aldrich), lithium sheets, triphenyl-
phosphine 99 %, (Aldrich), ammonium chloride (=99.5 %)
(Aldrich), trimethylsilyl chloride, divinylphenylphosphine,
Cr(Cl)5(THF); 97 % (Aldrich), NaOH (pellets, Rochelle Chemi-
cals), HNO; (65 %, AAR, SMM Instruments), diethyl ether
(Merck, 99 % ), HCI (fuming, 37 % for analysis) (Merck), potas-
sium tert-butoxide (purum, 1 M in THF) (Fluka).

Ethylene was supplied by Air Liquide and passed through
an Al,O; guard-bed. MMAO-3A (Akzo Nobel) was used as
received. Ethanol (absolute, 99.5 % ) was used as received from
Merck. Toluene (for analysis) (Merck) and methylcyclohexane
(for synthesis) (Merck) were percolated under nitrogen through
an ALO; column. The GC standards, 1-hexene (Aldrich, 97 % ),
1-octene (Sigma-Aldrich, 98 % ), nonane (Sigma-Aldrich, 99 % )
and methylcyclopentane (Fluka, 95 % ) were used as received.
GC-FID analyses were carried out on a Perkin Elmer Clarus 500
chromatograph using a PONA 50 m X 0.32 mm X 0.50 um
column, oven programme: Initial temperature = 40 °C, hold for
20 min, ramp at 4 °C/ min! to 300 °C and hold for 5 min, carrier
gas: nitrogen.

2.2. Catalyst Synthesis
2.2.1. Homogeneous Catalysts

2.2.1.1. Synthesis of Bis[2-(ethylsulfanyl) Jamine Ligands (L1-L2)

Bis[2-(ethylsulfanyl)Jamine ligands L1-L2 were synthesized
according to literature procedures or modification thereof
(Scheme 1).%” Full details are given in the Supplementary
Material.

2.2.1.2. Synthesis of Bis[(2-diphenylphosphino)ethyl Jamine-HCI
(PNP)

Bis[(2-diphenylphosphino)ethyl]amine-HCI ligand was
synthesized according to a modified literature procedure
(Scheme 2).28 Full details are given in the Supplementary
Material.

2.2.1.3. Synthesis of Bis(2-diphenylphosphinoethyl)phenylphosphine
Ligand (L3)

In asealed Schlenk tube, a mixture of divinylphenylphosphine
(0.165 g, 1.02 mmol), diphenylphosphine (0.38 g, 2.04 mmol) and
AIBN (100 mg) was irradiated using a 350W Hg Arclamp atroom

Cl 2NaSR SR
HN >
A EtOH HN

L1: R=Et
L2: R= n-decyl

Scheme 1
Synthetic scheme of the SNS ligands.”

1) KOC(CH3);
THF, reflux
16 h HCI
Cl\/\Hl\Fl/\/Cl + 2HPPh, thPv\N L~_-PPh
| 2) 2N HCI |
H H
Scheme 2

Synthetic pathway to the PNP ligand.*

temperature for 48 h (Scheme 3). The resulting white solid was
washed with n-pentane, and the excess volatiles were removed
under reduced pressure. Yield (0.49 g, 90.7 % ). '"H NMR
8,,(CDCL,): 1.4-1.6 (8H, m), 7.2-7.6 (25 H, m) ®*C NMR - (CDCL,):
25.2 (CH,CH,-PPh,) aromatic C (128-132). 3P NMR (CDCl,):
20 d (P-P). Mp 129-130 °C. Elemental analysis (EA): Cy,Hy;P5;
C, 76.39; H, 6.22. Found C, 76.36; H, 6.34.

AIBN

—_—

hv

PhoPs PP

PhP + 2HPPh,

Scheme 3
Synthesis of PPP ligand.

2.2.1.4. Synthesis of Chromium Complexes of Bis[2-(ethylsulfanyl)]
amine (1) and Bis[2-(decylsulfanyl) Jamine Ligands (2)

Complexes 1 and 2 were synthesized according to literature
procedures or modification thereof. Full details are given in the
Supplementary Material.?’

2.2.1.5. Synthesis of Chromium Complex of Bis[(2-diphenylphos-
phino)ethyljamine Ligand (Cr-PNP)

Cr-PNP was synthesized according to literature procedures or
modification thereof. Full details are given in the Supplementary
Material.

2.2.1.6. Synthesis of Chromium Complex of Bis(2-diphenylphos-
phinoethyl)phenyl-phosphine Ligand (3)

CrCly(THF); (0.372 g, 1 mmol) was dissolved in dichloro-
methane and filtered. Bis(2-diphenylphosphinoethyl)phenyl-
phosphine (0.535 g, 1 mmol) was dissolved in dichloromethane
(40 mL) and added to the filtrate under nitrogen. The solution
was then stirred at room temperature. The solvent was removed
under reduced pressure, and the solid product was left stirring
overnight in petroleum ether. The blue solid was isolated by
filtration. Yield (0.275 g, 45.8 % ). IR (KBr) cm' = P-C 1133 (s);
Cr-P 688 (s); Cr-C1478 (m). EA= C3,H;;,CL,CrP5: C, 58.94; H, 4.80.
Found C, 58.76; H, 4.75.

2.2.2. Heterogeneous Catalysts

2.2.2.1. Incipient Wetness Impregnation Method
(Supported Complexes-SC) (SC1-SC3)

Silica (SiO,) was pre-calcined in a stream of dry N, at 600 °C for
24 h. A pre-determined amount of the support (SiO,) was placed
in a round-bottomed flask and solvent (toluene) was added.
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After warming to ~100 °C, to give a Cr loading of ~1 %, an
appropriate amount of the chromium complex in solution was
added to the support. The two were mixed at ~115 °C. After
stirring for 2 h, the toluene was removed in vacuo at 120-130 °C
under reduced pressure. The catalysts were obtained as bright
green or bright blue powder depending on the supported com-
plexes. The sulphur-based complexes gave green powders, and
phosphorus-based complexes gave blue powders. The catalysts
were left to dry at 40 °C overnight.

2.2.2.2. Two-step Incipient Wetness Impregnation Method
(Supported Ligands-SL) (SL1-SL3)

The silica was first impregnated with the ligand’s solution (in
toluene) of a known concentration. Thus, the silica and the
ligand were mixed and stirred at ~100 °C for 2 h. This mixture
was then dried (solvent evaporated) at 115 °C. The dried solid
product was impregnated for a second time with a solution of a
chromium precursor, CrCl;(THF),, to obtain a 1.0 wt % chromium
loading. This mixture was stirred again for 2 h at ~115 °C. The
solvent was then removed under reduced pressure at
120-130°C. The catalysts were obtained as light green and bright
green powders. The catalysts powders were dried at 40 °C over-
night.

2.3. Catalyst Testing

A Parr® reactor, fitted with a gas entrainment stirrer and
internal cooling coil, was used with water as a coolant. It was
manually controlled to maintain the desired temperature. The
reactor allowed for the charging of the catalyst solutions and
the co-catalyst (MMAO-3A) under pressure, which in turn
allowed for catalyst activation in the presence of ethylene. A
mass flowmeter was used to monitor the ethylene uptake and
generate ethylene uptake profiles with reaction time. The reac-
tion pressure was chosen by setting the ethylene cylinder supply
regulator, allowing the ethylene flow to vary on-demand, and
maintaining constant pressure as it was consumed in the reactor
through a flowmeter control. All heterogeneous catalytic tests
were done in a slurry system using toluene as a suspension
medium. The reaction time was 0.5 h for all experiments. The
CrCl,-TAC homogeneous system was tested under identical
reaction conditions using a different co-catalyst as in literature,
i.e. MMAO-3A was used instead of the combination of N,N-
dimethylanilinium tetra(pentafluoro-phenyl) borate (DMAB)
and tri-isobutyl aluminium reported. A continuous flow of the
ethylene feed was maintained throughout the reaction to main-
tain the reaction vessel's pressure. Care was taken to exclude the
presence of air, and possible deactivation of catalysts was also
reduced by using deoxygenated solvents. Catalytic leaching
tests were performed using each catalyst: the supported cata-
lyst, toluene and MMAO-3A were added to a flask under N,.
The mixture was allowed to stir for 20 min, after which it was
filtered. The filtrate was added to the reactor with toluene with
MMAO-3A. The reactor was then charged with ethylene. The
reaction product was analysed by GC-FID. Also, ICP-OES,
where possible, was run on the samples.

3. Results and Discussion
3.1. Synthesis and Characterization of the Catalysts

3.1.1. Homogeneous Catalysts

The synthesis of the SNS ligands, as shown in Scheme 1, is a
simple equimolar reaction between sodium hydroxide and the
respective thiols. The base (NaOH) abstracts the acidic proton of
the primary thiol forming the sodium alkylthiolate. The

alkylthiolates react with the bis(2-chloroethyl) amine hydro-
chloride to give the desired ligands with the alkyl pendant
chains attached from the sulphur donors coordinating to the
central nitrogen donor atom. The successful synthesis of ligands
L1-L3 was confirmed with the amine (N-H) resonance on the
central nitrogen donor atom. The characteristic broad singlet
was observed between 1.89-2.14 ppm. The resonances of the
ethyl spacers between the central donor atom, the nitrogen and
the sulphur donors were shifted downfield due to the nitrogen.
The resonances were observed as far downfield as 2.92 ppm.
This effect was also observed with the ethyl protons attached
directly to the sulphur donors.

The structurally similar PNP analogues were obtained using
two methods as described in the Supplementary Material.
Method 1 employs the reductive cleavage of C-P bonds in
triphenylphosphine by Na/NH;. The cleavage of triphenyl-
phosphide by Na/NHj; gives sodium diphenylphoshine and
sodium amide. Ammonium chloride is added to destroy the
amide and concurrently convert the secondary phosphide to
the diphenylphosphine. Although easy to manipulate, this
method has low yields because the process is encouraged by the
presence of electron-donating groups and since the target of this
reaction is a pendant arm that is void of this, yields were low. In
Scheme S1 (Supporting Information), the trimethylsilyl group’s
protecting function was used, since protic reagents readily
cleave the nitrogen-silicon bonds. In the presence of excess
trimethylchlorosilane, the amine hydrochloride reacts with
triethylamine in DMSO.

In Scheme 4, the reaction of the amine chloride, bis(2-chloro-
ethyl)amine hydrochloride, with the in situ prepared diphos-
phide nucleophile is shown. The method is preferred over the
liberation of the free amine first, followed by silylation, as this
latter route results in low yields of mixtures of unidentified
silylamines. The use of other silylation agents gave unsatisfac-
tory results. An added advantage of this method of silylation
was that, because the reaction was performed at —40 °C, lithium
halogen exchange is minimized, and the hydrolysis of excess
nucleophile and cleavage of the protecting function then occur
concurrently.?

In an attempt to get higher yields and greater purity, the PNP
ligand was isolated as a hydrochloride salt, as outlined in
Scheme 2. The salt was obtained in a crystalline and air-stable
form. The PPP ligand was synthesized as depicted in Scheme 3
due to a free-radical addition of P-H bonds to a carbon-carbon
double bond using a radical initiator AIBN (2,2-azobisisobuty-
ronitrile) in the presence of ultra-violet irradiation. The ligands
were characterized by 'H, 13C and 3P NMR. The phosphorus-
containing ligands PNP and PPP mostly displayed multiplets in
the aromatic region, at 7.20-7.40 ppm. These resonances were
attributable to the phenyl substituents on the phosphorus
atoms. In the phosphorus-alkyl region, the methylene protons
of the backbone both gave rise to multiplets. The shifts of these

HCL HN(CH,CH,Cl), + PR, ——— ~N(CH,CH,Cl), + HPR,

H,C

nt”

_ H,C _
NCH,CH,PR, PR, \\NCHZCHZCI + Cl

H,C

Scheme 4
Reaction scheme for the synthesis of PNP ligands where R=Ph.*
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multiplets revealed that the protons on the carbons directly
bonded to the nitrogen atom were more deshielded (2.75-
3.20 ppm) relative to the protons on the carbons bonded to
the phosphorus atom (1.38-1.61 ppm). Resonances for the N-H
protons, in the phosphorus ligands, were not observed. Except
in the case of PNP where the ligand was isolated as a salt. In this
case, the amine protons were observed as a distinct singlet at
9.90 ppm.

3.1.2. Heterogeneous Catalysts

The SNS (ethyl and decyl) substituted and Cr-PPP complexes
were supported on SiO, by two methods. In the first method,
the ligand is physisorbed onto the support, and the chromium
precursor is then added; these are termed supported ligands
(SL). The second method involved supporting the synthesized
complexes on the support termed supported complexes (SC).
The chromium in the complexes is paramagnetic, and therefore
solution NMR could not be performed. The supported com-
plexes were characterized by XRE BET, SEM/EDX and FT-IR.
Typical IR absorption bands of the metal-ligand bonds (the metal
hetero-atom vibrations for the SL and SC material) were
observed. The proposed interaction of the pre-formed com-
plexes and the support is shown in Fig. 1, exemplified by the
ethyl substituted SNS complex. The support had been calcined
athigh temperature to remove excess surface hydroxyl groups.

<

<
S\Si/ )i
11( \O/

Figure1 Cr-SNS catalyst supported by the incipient wetness impregna-
tion method (supported complexes-SC).

<
%

3.1.2.1. X-ray Fluorescence

The content and loading of the chromium on the surface of the
support were determined using X-ray fluorescence (XRF). This
method was chosen because of the limited solubility of SiO,
in organic acids. Also, because of the low metal content in
the prepared catalysts, this method proved best. It has been
reported that at metal loadings of 0.5-3.0-wt % the supported
species are sufficiently separated from each other to give struc-
tures that act almost independently of each other.® The targeted
metal loading on the support surface was 1 % Cr/SiO, (wt/wt).
The actual metal loadings obtained for the differently synthe-
sized catalysts are shown in Table 1.

3.1.2.2. Brunauer-Emmett-Teller (BET) Surface Area Measurements
The BET surface area measurements are shown in Table 2. The
results showed that all catalysts have lower surface areas than
the neat support, calcined and uncalcined. The Cr(III)SNS with
the ethyl substituent has the highest surface area, with its ligand
supported version showing higher surface area measurements
than the catalysts supported through the complex. The opposite
is true for Cr(III)SNS with the decyl substituent, with the catalyst
supported through the complex, showing the higher surface
area measurements. This observation could be explained as a
phenomenon of size and bulk of the substituents, rather than the
nature of the interaction with the support. For example, the

Table 1 Metal loading on the silica support by XRE

Catalyst Amount of 5iO, Cr (Cr,0,) Cr/5i0,
/wt % /wt % /wt %
Ethyl-SNS (SC1) 94.03 1.12 0.76
Decyl-SNS (SC2) 93.48 1.34 1.60
PPP (SC3) 93.37 1.55 0.99
Ethyl-SNS (SL1) 93.79 3.48 2.38
Decyl-SNS (SL2) 93.17 2.33 1.92
PPP (SL3) 95.39 1.55 1.01

Table 2 BET surface area measurements of the supported catalysts.

Catalyst Surface area/m* g™'
SiO, before calcination 315
SiO, after calcination* 295
Ethyl-SNS (SC1) 213
Decyl-SNS (SC2) 1%
PPP (SC3) 176
Ethyl-SNS (SL1) 243
Decyl-SNS (SL2) 164
PPP (SL3) 201

* Calcined at 600 °C.

larger the molecules on the catalysts support surface, the more
blocked the surface of the support is, the less open pores on the
surface will be and thus the observed decrease in the surface
area.

Noteworthy is that for the complexes 1 and 3, the route of
supporting the ligand (SC1-SC3) yielded higher surface areas
than obtained for the complex supported counterparts
(SL1-SL3). The trend is reversed with the complex 2 substituted.
An explanation for this could be that the less bulky substituents,
e.g. ethyl, block pores less on the surface of the support and
thus increased surface area measurements are obtained. When
the complex is supported, it blocks more surface pores and
decreases the surface area. With complex 2, the ligand is bulkier,
and it blocks more surface pores, but with the complex, there are
more surface pores exposed, and thus the surface area was
higher with the catalysts supported through the complex.

3.1.2.3. Scanning Electron Microscopy-Energy Dispersive
Spectroscopy

Scanning electron microscopy-energy dispersive spectros-
copy (SEM-EDS) was used to investigate the distribution and
homogeneity of the elements on the surface of the support. Fig. 2
shows the SEM-EDS images of the supported catalysts. The
catalysts prepared by the one-step incipient wetness impregna-
tion method (SC1 and SC2), show that the metal is evenly
distributed across the surface of the support. The sample pre-
pared by the two step-incipient impregnation method (SL1 and
SL2)showed that the complex has an uneven distribution on the
surface of the support.

3.1.2.4. Infrared Spectroscopy

Silica traditionally has siloxane bridges (Si-O-Si), hydrogen
bonded hydroxyl groups and free hydroxyl groups which can
be either geminal or single (isolated).?! The IR data in Table 3
show the absence of the acidic silanol groups and the presence
of siloxane groups. The absorption bands at 1066 and 800 cm™!
are assigned to the Si-O-Si bridges and the O-Si-O linkages,
respectively. The characteristic peaks in the IR spectra for the
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)5 o
Bealk. .

Figure 2 SEM-EDS image of (a) SC1, (b) SL1, (c) SC2 and (d) SL2.

Table 3 FT-IR of the unsupported and supported catalysts (S1).

Cr (SNS) n= 2 complex Functional group Wavenumber/cm™
Unsupported complex S-N 900
c-a 806
Cr-Cl 452
N-C 1450
Aliphatic region 3100-2700
Supported complex N-O 1344-1385
Cr-O 450460
Aliphatic region 2871-3124
Support (silica) Si-O-Si 1066
0-5i-O 800

supported catalysts are those of the interactions of the support
and the dispersed metal species on the SiO,. The mostimportant
of these interactions is a result of the silica-metal interaction. In
this case, the metal interacts with the oxygen atom of the silica
bridges. The absorption band for the metal-oxo group (Cr-O) is
observed at 450-460 cm! in all the catalysts. This absorption
band is evidence for the replacement of one or two of the
metal-halide bonds in the complexes. The catalysts that were
prepared by the two-step incipient impregnation method
showed similar absorption bands. With these catalysts absorp-
tion bands observed between 1344 and 1385 cm~! and 1515 and
1560 cm! for the ethyl and decyl substituted catalysts, respec-
tively, might imply an N-O interaction with the support. This
suggests that the bonding of atoms in these catalysts is indeed
different from those to the catalysts synthesized by the one step
incipient impregnation method.

3.2. Catalyst Testing

3.2.1. Ethylene Trimerization using a Commercial Ligand

Nenu and Weckhuysen? had success in ethylene trimerization
with a tridentate supported Cr-TAC-complex. The ligand
was used as a benchmark for application in our reaction system.
The ligand 1,3,5-tribenzylhexahydro-1,3,5-triazine (TAC) was
reacted with Cr(Cl);(THF); to obtain a pre-catalyst Cr-TAC.
Cr-TAC was subsequently supported on SiO, to give a catalyst
loading of ~1 wt % C1/SiO,. Table 4 shows the catalytic perfor-
mance of the homogenous and supported catalysts at both 30

Table 4 Catalytic performance of homogeneous Cr-TAC at 30 and 40 bar.

Catalyst Activity Co 1-C,in C6 PE
/g/g Crh™! /wt % /wt % /wt %
Cr-TAC* 3191 20.4 97.7 79.2
Cr-TAC® 2793 15.5 96.5 84.3
Cr-TAC/Si0,? 8626 93.8 39.8 9.99
Cr-TAC/SiO,” 10182 82.4 42.0 1.93

2 The reaction was carried out at 90 °C at 30 bar ethylene pressure.
® The reaction was carried out at 90 °C at 40 bar ethylene pressure.

and 40 bar ethylene pressure. Cr-TAC behaved as a polymeriza-
tion catalyst as evident by the formation of almost exclu-
sively polyethylene (PE) at both pressures. Upon increasing the
pressure, the activity of the catalysts decreased and slightly more
polymer formed, with decreasing selectivity to the C6 products.
The amount of PE formed at both pressures is >79 %. 1-C6
(I-hexene) selectivity within the C6 fraction showed that the
ethylene trimerization product was a minor co-product when
the supported Cr-TAC complex was used. The catalytic activities
were fairly low, with Cr-TAC achieving 3191 g/g Cr h! at 30 bar
and the activity decreased when the pressure was increased to
40 bar, to 2793 g/g Crh-.

When the Cr-TAC catalyst was supported on SiO,, an interest-
ing result was obtained. The supported catalyst showed more
ethylene trimerization character (C, formation) than its homo-
geneous counterpart. A very significant decrease in the amount
of PE formed was noted. This decrease noted enhanced selectiv-
ity to 1-C, could be due to the distortion of the Cr coordination
induced by the support oxide.?¢ This also leads to higher
selectivities at slightly increased pressures. Simultaneously an
increase in the amount of the C6 fraction formed was found.
At 30bar, Cr-TAC/SiO, only formed 10 % PE compared to 79 % PE
formed by Cr-TAC, and at 40 bar Cr-TAC/SiO, formed 2 %
PE compared to 84 % formed by Cr-TAC. Noteworthy is the
relatively low amount of 1-C, within the C6 fractions (only
42 and 40 %, respectively). Other C6 products were major by-
products in this reaction under these conditions. These results
were also encouraging in that the catalyst activity of Cr-TAC/
Si0, increased, achieving 8626 g/g Cr h-! at 30 bar and further
increased at 40 bar to give 10 182 g/g Cr h-1.

3.2.2. Ethylene Trimerization using Synthesized Catalysts

3.2.2.1. Cr-SNS Catalysts

Table 5 shows the results of the homogeneous SNS cata-
lysts with the ethyl (1) and decyl (2) substituents on the sulphur,
together with their heterogeneous counterparts (SC1-SC2 and
SL1-SL2). Catalyst 1 showed its highest activity of 8044 g/
g Crh! at 30 bar, compared to 40 bar where 7027 g/g Cr h!
was achieved. Catalyst SC1 showed improved activity at both
pressures. This improved catalyst activity was accompanied by
the formation of less 1-C in the C6 fraction. Notably, the amount
of PE formed by SC1 was less than that formed by 1. Catalyst
SL1, however, showed lower activity than those of 1 and SC1.
The C6 fraction was lower as well, comparing 98.6 % at 30 bar
and 96.8 % at 40 bar achieved by SC1 to 90.9 % at 30 bar and
92.5 % at 40 bar achieved by SL1.

The influence of the support seems to favour catalyst activity,
especially with the catalyst supported through the complex,
SC1. The chromium centre is in direct contact with the support.
The oxygen atoms decrease the electronic cloud around the
metal and therefore, the nucleophilicity of the metal centre.?632
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Table 5 Ethylene trimerization by the Cr-SNS complexes (homogeneous
and heterogenized catalysts) at 30 and 40 bar ethylene at 90 °C.

Catalyst Pressure Activity Co 1-C,in C6 PE
/bar /g/g Crh™ /wt % /wt % /wt %
1 30 8044 97.9 90.7 21
1 40 7027 96.1 93.0 39
SC1 30 10 451 98.6 41.1 1.1
SC1 40 11768 96.8 40.4 17
SC2 30 19 451 90.9 412 4.8
SC2 40 18 489 92.5 419 5.5
2 30 21 636 98.2 94.3 15
2 40 22.415 97.3 90.9 1.8
SL1 30 6319 99.2 443 0.95
SL1 40 5442 98.9 452 17
SL2 30 2199 78.6 52.1 10.5
SL2 40 2572 87.2 51.5 12.2

Reaction conditions: 450 mL Parr reactor, 100 mL toluene, 90 °C, 30 and 40 bar
ethylene, 26 umol Cr, 480 equivs of MMAO-3A (based on total Al).

This decreased electron cloud favours metallacycle growth in
that it promotes substrate attack, in this case, ethylene insertion,
and in turn, an increased C6 fraction. In terms of activity, the
support seems to inhibit chain growth to heavier fractions,
ultimately the undesirable PE. This activity is apparent with
catalyst SC2, which behaves like the homogenous catalyst, and
the support has the role of an inhibitor as activity decreases, and
less C6 is formed. An increase in pressure favoured PE forma-
tion. The decrease in 1-C; over SC1 is indicative that the
disproportionation is favoured over reductive elimination of
1-C,.

Catalyst 2 showed increased activity that reached 21 636
g/g Cr h-'at 30 bar and 22 414 g/g Cr h-'at 40 bar. Upon support-
ing 2 on SiO, to obtain SC2, the catalyst activity was lower at
19 451 g/g Cr h'! at 30 bar and 18 489 g/g Cr h-! at 40 bar. Even
though this decrease in activity was observed, it was interesting
to note that this catalyst was still more active than 1, the
SNS(ethyl) homogeneous catalyst. This decrease can be attrib-
uted to a combination of two factors, viz. the solubility of catalyst
2 and the enhanced activity by support interaction.

As was the case with catalyst 1, catalyst 2 at both pressures
maintained comparable selectivities to both C6 and 1-C,. At 30
bar ethylene, catalyst 2 achieved 98.2 and 94.3 % selectivity to C6
and 1-C, (defined as the % of 1-C, in the C6 fraction), respec-
tively. At 40 bar, the selectivities that the same catalyst achieved
were 97.3 and 90.9 % to C6 and 1-Cg, respectively. Catalyst SC2
formed less PE than 2. A similar trend regarding the make-up of
the C6 fraction was observed between catalysts 2 and SC2.
Selectivities to 1-C within the C6 fraction of 44.3 and 45.2wt %
were achieved, and the highest of these was achieved at 40 bar
with SC2. The pattern of these catalysts with regard to 1-C selec-
tivity is that it increases with pressure for both catalysts 2 and
SC2. However, this is not the case with catalyst activity, as for
SC2,it was observed that it decreased with the increase in ethyl-
ene pressure. The catalytic performance of SL2 was the lowest of
the three decyl substituted catalysts, achieving 2199 g/g Cr h-! at
30bar and 2572 g/g Cr h-'at 40 bar. The overall C6 selectivity also
decreased. The PE formed was twice as much as that over the
catalyst which is structurally similar to it, i.e. SL1. The support
effect in catalysts SC2 and SL2 is similar to thatin SC1 and SL1,
causing decreased 1-C4 selectivities. Catalyst activity of SC2,
however, decreased with increased pressure. In this regard,
comparing catalysts 2 and SC2 can be likened to 1 and SL1. The

bulkiness of the support dominates over the stability it offers,
likely due to steric interaction with a much bulkier alkyl chain.

3.2.2.2. Cr-PPP Catalysts

Chromium complexes of tridentate PPP ligands, have been
reported to be highly active and selective for ethylene
trimerization.?® The authors noted that this class of catalysts
underwent a thermally induced catalyst deactivation at higher
temperatures. The Cr-PPP catalysts reported in this study were
chosen to study the effect of temperature under constant
pressure and investigate the support’s role in aiding or abating
thermal deactivation. Table 6 shows the catalytic testing results
for the Cr-PPP catalysts at 30 bar ethylene pressure. With the
homogeneous catalyst, 3, the highest activity obtained was
15641 g/g Cr h~'at 60 °C. The activity of the catalyst decreased as
the temperature was increased. At the highest temperature of
90 °C, the activity of 3 decreased to 4210 g/g Cr h-1, probably due
to catalyst deactivation. Catalyst deactivation/decomposition
changes the catalyst properties to that of a polymerization cata-
lyst. This decrease in activity is evident because, as the selectivity
to 1-C, decreased, more PE was formed. The 1-C, in C6 selectiv-
ity at this temperature also decreased to 78.6 wt %.

When the supported counterpart SC3 was tested, it also
showed relatively high activities. The highest activity was at
70 °C giving 19 610 g/g Cr h-1. This activity was higher than any
activity determined for catalyst 3 at all temperatures. While it
was expected that the activity would increase further with
temperature, it showed the opposite effect. At 80 °C the activity
decreased to 14 290 g/g Cr h-'and eventually to 4398 g/g Cr h-1at
90 °C. Thus thermally induced deactivation was likely, and thus
the failure of the support to abate thermal deactivation was
observed. Results for catalysts 3 and SC3 suggested that the
catalysts reached their maximum activity in the range 60-70 °C,
with higher temperatures deactivating them. The selectivity to
1-C; in C6 decreased to 78.6 wt% at 90 °C with catalyst 3, and
significantly with SC3 to 53.2wt %. The selectivity shifts to other
C6 products.

The catalytic results of SL3, however, showed a different trend
altogether. At 60 °C an activity of 5515 g/g Cr h-! was achieved,
which decreased to 5036 g/g Cr h~! on increasing the tempera-
ture to 70 °C. Between 70-90 °C, there was an increase in the
activity of SL3 to 8232 g/g Cr h-!. This trend was unexpected as
catalysts 3 and SC3 showed deactivation with temperature
increases. What accompanied this apparent catalyst activity

Table 6 Ethylene trimerization by Cr-PPP complexes (homogeneous and
heterogenized catalysts) at 30 bar ethylene.

Catalyst Temperature  Activity Co6 1-C,inC6 PE
/°C /glgCrh™  /wt% wt%  wt%
3 60 15 641 97.3 92.4 0.75
3 70 14 658 93.2 86.8 5.18
3 80 10 655 85.3 97.7 0.92
3 90 4210 93.7 78.6 6.18
SC3 60 15196 99.0 87.2 1.70
SC3 70 19 610 99.4 97.8 1.90
SC3 80 14 290 99.9 95.2 0.30
SC3 90 4398 98.9 53.2 0.11
SL3 60 5515 99.8 43.4 0.15
SL3 70 5036 97.9 83.6 1.40
SL3 80 6766 99.6 81.5 0.44
SL3 90 8232 82.6 70.7 12.50

Reaction conditions: 450 mL Parr reactor, 100 mL toluene, 60-90 °C (10 °C incre-
ments), 30 bar ethylene, 26 umol Cr, 480 equivs of MMAO-3A (based on total Al).
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improvement of SL3 with temperature increase was a decrease
in selectivity to 1-C4, which would explain the increased amount
of PE formed, namely 12.5 % compared to 0.15, 1.4, 0.44 % at 60,
70 and 80 °C, respectively.

Table 7 shows the catalytic testing results for the synthesized
Cr-PPP catalysts at 40 bar ethylene pressure. The activity of
catalyst 3 decreases as the temperature increase with the highest
activity of 19416 g/g Cr h-'achieved at 60 °C. The slight increase
in pressure does not seem to influence the activity trend of
catalyst 3 compared to results observed at 30 bar in that it also
decreased with increasing temperature. However, it can be
noted that even though the catalyst activity trend with tempera-
ture is maintained between these pressures, catalyst 3 at 40 bar
has higher catalyst activities. The selectivity to 1-C4 also remains
comparable to the results obtained at 30 bar and at 90 °C, where
the lowest catalyst activity was recorded. The selectivity to
C6 decreases at 90 °C and more PE is formed than at the other
temperatures. This trend is also observed with catalyst SC3. The
reverse order is observed for catalyst SL3, which suggests that
the interaction of the catalyst with the support is favoured, as
catalyst activity seems to increase with increased temperature
and improves with an increase in pressure as well.

Table 7 Ethylene trimerization by Cr-PPP complexes (homogeneous and
heterogenized catalysts) at 40 bar ethylene.

Catalyst Temperature  Activity Co 1-C;inC6 PE
°C /g/gCrh?  /wt% wt%  fwt%
3 60 19416 98.4 96.2 2.10
3 70 17 241 92.2 97.5 1.40
3 80 11159 95.5 97.7 0.92
3 90 3698 91.2 88.4 8.49
SC3 60 14998 85.0 84.0 10.70
SC3 70 14 658 87.9 87.4 10.90
SC3 80 10900 99.0 96.8 1.50
SC3 90 7944 61.9 70.3 15.20
SL3 60 2612 99.8 61.7 0.52
SL3 70 6642 99.7 82.2 0.40
SL3 80 7 549 98.4 83.3 191
SL3 90 12 542 99.5 95.2 0.50

Reaction conditions: 450 mL Parr reactor, 100 mL toluene, 60-90 °C (10 °C incre-
ments), 40 bar ethylene, 26 umol Cr, 480 equivs of MMAO-3A (based on total Al).

The supported catalyst SC3 achieved the highest catalytic
activity of 14 998 g/g Crh! at 60 °C, which decreased with
increasing temperature to 7944 g/g Cr h! at 90 °C. What was
notable at this point was that SC3 formed more PE at 60, 70 and
90 °C than it did at the same temperatures at 30 bar. At 90 °C, the
highest examined temperature, the selectivity to 1-C, decreased
significantly to 61.9 wt %, and it gave 15.2 wt % PE, giving
the catalyst its poorest performance. Only 70.3 wt % of the C6
fraction was 1-C,. Catalyst SL3, on the contrary, was observed
to perform best at 90 °C, achieving 12 542 g/g Cr h-l, as activity
increased with temperature. The highest selectivity to 1-C, was
achieved at this temperature, giving 95.2 wt %. Compared to
SC3 at 60 °C, which has the lowest activity, this suggests that the
pressure and temperature do not affect and influence the differ-
ently supported catalysts in the same way. Furthermore, catalyst
SC3 seems to undergo deactivation at high temperatures, which
is not observed for catalyst SL3. It can be inferred from this cata-
lyst behaviour that the mode of interaction with the support
affects the kinetics of the reaction.

In terms of catalyst activity, the homogeneous catalyst 3
showed thermal instability with increased temperature. It was

hoped that the support would enhance activity by inducing
thermal stability as observed with SL1. It was generally not the
case. The support, however, was observed to enhance catalyst
activity relative to the unsupported catalyst at 90 °C, which is the
apparent advantage of the support. This enhancement was at
the expense of selectivity to 1-C,. The weak interaction of SL3
with the support renders the catalyst ‘homogeneous-like’ in
terms of catalyst behaviour. The influence and presence of the
support, in this case, becomes evident at higher temperatures.

4. Conclusion

The catalytic results showed that the substituent on the sulphur
donor atom remains very important for the catalytic activity.
The decyl substituted catalyst was the most active, both for the
supported and the unsupported catalysts. The selectivity to 1-C,
within the C6 fractions formed depended on the method used to
support the catalysts. The catalysts supported with the complex
directly on the support (SC1 and SC2) were superior in activity,
selectivity to 1-C, and gave lower PE formation compared to SL1
and SL2. In terms of catalytic behaviour, catalysts SL1 and SL2,
even though showing lower activities, followed the same trend
of catalysts 1 and 2, respectively, in how they were affected by
similar reaction conditions. This catalytic behaviour suggests
that SL1 and SL2 behave as homogeneous catalysts in ethylene
trimerization. It is suggested that this could imply a very weak
interaction with the support (physisorption) and, hence, possi-
bly leaching.

The catalyst performance of the Cr-TAC catalyst improved
with supporting the metal complexes. An increase in tempera-
ture proved to favour the selectivity towards 1-C,. Even
though the supported catalysts are much more active than their
homogeneous counterparts, with regard to selectivity, the
homogeneous catalysts are superior. The influence of increasing
temperature on the Cr-PPP catalysts induces thermal deactiva-
tion at both 30 and 40 bar ethylene. A role of the support in
abating thermal deactivation is observed with catalyst SL3 and
not SC3. Instead of the ligand, the method of supporting the
metal seems to beimportant forimproving the activity and selec-
tivity of the catalyst. Increasing reaction temperature favoured
the catalysts that were not favoured by increasing pressure, i.e.
SC3, SL3 versus SC1, SC2, SL1, SL2.

Supplementary Material
Supplementary information is provided in the online supple-
ment.
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1. Catalyst preparation

1.1. Ligand preparation ( S, N, P tridentate ligands)

1.1.1. Synthesis of bis [2-(ethylsulfanyl)ethyl]amine (L.1)

A solution of bis(2-chloroethyl)amine hydrochloride (2.0 g, 11.20 mmol) in ethanol (23 mL)
was added to a solution of NaOH (1.4 g, 33.6 mmol) and ethanethiol (2.1 g, 33.7 mmol) in
ethanol (37 mL) at 0 °C. The mixture was stirred at 0 °C for 2 h, and then at RT overnight. The
mixture was then filtered, and the filtrate evaporated to dryness. The residue was taken up in
cold diethyl ether (2 x 40 mL) and filtered again. The solvent was then removed under reduced
pressure. The product (1.4 g, 65%) remained as a colourless-pale yellow semi-solid material.
"H NMR 81(CDCl3):1.22 (6H, t, J(un) 7.4 Hz, CH3), 2.14 (1H, bs, NH), 2.42 (4H, q, J(un) 7.4
Hz, SCH>CHa3), 2.59 (4H, t, J(un) 7.4 Hz, SCH>) and 2.74 (4H, t, J(un) 7.4 Hz, NCH>);
dc(CDCL): 14.9(CHs), 25.38 (CH2), 31.8(CH>) and 48.3(CH>).

1.1.2. Synthesis of bis[2-(ethylsulfanyl)decyl]amine (L2)

Ligand L2 was prepared in the similar manner as L1. This ligand was synthesised using a
solution of bis(2-chloroethyl)amine hydrochloride (1.1 g, 6.25 mmol) in ethanol, and a solution
of decanethiol (3.9 mL, 18.8 mmol) and NaOH (0.75 g, 18.6 mmol) in ethanol. Yield (2.53 g,
96.8%)."H NMR &1 0.88 (6H, t, J(un) 7.4Hz, CH3), 1.25-1.40 (28H, m, SCH2CHx(CH?>)7, 1.60
(4H, m, SCH2CH2(CHz)7, 1.89 (1H, bs, NH), 2.49 (4H, t, SCH2(CH2)s), 2.70 (4H, t, J(un) 7.2
Hz, SCHCH:NH) and 2.85 (4H, t, J(un) 7.4 Hz NCHz); 8c(CDCh):14.1 (CH3), 22.7
(CH3CHz), 28.5 (S(CH2):CHz), 28.9 (CH3(CH2)s(CH2), 29.3 (CH3(CH:).CH:), 29.6
(CH3(CH2)3(CH2), 30.6 (S(CH2CH2CH»), 31.8 (CH3;CH2CH»), 32.5 (SCHCH:NH) 32.9
(SCH2) and 50.8 (SCH2CH2NH).

1.1.3. Synthesis of bis[(2-diphenylphosphino)ethyl]amine (2)

Method 1 (2a)

Ammonia (200 mL) was condensed at -78 °C in a Schlenk tube. Sodium (1.5 g, 65.2 mmol)

pre-washed in hexane was added to the ammonia. An intense blue solution formed immediately



and the resultant ammonia/sodium mixture was stirred at -78 °C for 1 h. Triphenylphosphine
(5.66 g, 21.58 mmol) was added slowly over a period of ca. 15 min and the solution was stirred
for a further 2 h. Ammonium chloride (1.10 g, 20.57 mmol) was added to the solution. A
solution of bis(2-chloroethyl)amine hydrochloride (2.2 g, 12.52 mmol) in THF (50 mL) was
added to the mixture. Upon the addition of this solution the intensely blue mixture turned white.
The solution was then left to stir overnight. The white solution was then cooled to 0 °C and
degassed H>O (50 mL) was added dropwise. Upon the addition of the water the solution
became clear. The solution was taken up in Et,O (50 mL) and the organic phase removed under
reduced pressure. The product was washed with ethanol and a white fluffy material was

formed. The white product was then dried under reduced pressure. Yield (1.59 g, 60%).

Method 2 (2b)

HCI.HN(CH,CH,Cl + 2NEt; + Me;SiCl —— >  Me3SiN(CH,CH;Cl),
@

2LiPPh,

H,0
HN(CH,CH,ERy), + Me;SiOH ~————  Me;SiN(CH,CH,ER,),

Scheme S2 Synthetic pathway to PNP ligands using trimethyl protecting group (Method 2)

Step 1: Bis(2-chloroethyl)amine hydrochloride (2.00 g, 11.20 mmol) was suspended in a
mixture of triethyl amine (20 mL), trimethylsilyl chloride (8§ mL) and DMSO (0.25 mL) and
the mixture was refluxed for 16 h under nitrogen with magnetic stirring. The mixture gave a
yellowish thick precipitate. It was then cooled to RT. The suspension was filtered and the
remaining volatiles removed under reduced pressure. A yellow-orange oil remained. Yield
(0.94 g, 40%). 'H NMR 8u(CDCls): 0.03 (12H, s), 2.95 (2H, t, J(au) 7.9 Hz, CH.CH,) and
3.61 (2H, t, J(un) 8.0 Hz, CH2CH). This yellow-orange oil obtained was used without
further purification for the synthesis of 2b.

Step 2 : To a solution of the product from step 1 (0.94 g, 4.39 mmol ) in THF (50 mL) was
added at -40 °C with stirring a solution of PPh;Li made by reacting Li (0.17 g, 2.45 mmol) and
a solution of PPh3 (3.00 g, 1.14 mmol ) in THF (50 mL). This addition was done slowly over

a period of 0.5 h at room temperature. After completion of the addition, the mixture was



allowed to warm to room temperature and heated under reflux for 8 h. The solution was then
cooled to RT and hydrolysed by addition of 18 mL HO. It was then allowed to heat under
reflux for a further hour at 100 °C. The two-phase mixture was separated and the aqueous phase
extracted with Et2O (3 x 50 mL). The combined organic phases were dried over anhydrous

MgSO4 and the solvent was removed under vacuum. Yield (0.67 g, 71%).

1.1.4. Synthesis of bis[(2-diphenylphosphino)ethyl]amine- HCI (PNP)

Under a stream of nitrogen, lithium metal sheets (0.38 g, 54.76 mmol) were added into a
stirred solution of triphenylphosphine (6.25 g, 23.83 mmol) in THF (50 mL) in an ice-bath.
Most of the lithium dissolved within 5 h to yield a deep red solution. Water was carefully
added to the solution (6 mL, drop wise and 12 mL added at once). Deoxygenated diethyl
ether (25 mL) was added to the solution and stirred vigorously. The organic phase was dried
over anhydrous Na,SOj4. After filtration, the volatiles were removed under reduced pressure.
Diphenylphosphine (4.17 g, 22.40 mmol) was added to a suspension of potassium fert-
butoxide (3.93 g, 35.09 mmol) in dry THF (80 mL) under nitrogen. The resulting red solution
was stirred for 5 min and bis(2-chloroethyl)amine hydrochloride (2.00 g, 11.20 mmol) was
added as a coarse powder. The mixture was then heated under reflux for 16h, poured into
hexane (115 mL) and washed in succession with 45 mL portions of 10% aqueous NaOH and
saturated NaCl solutions. The organic layer was separated, filtered and stirred vigorously
with 100 mL of 2N aqueous hydrochloric acid giving a white dense precipitate.
Recrystallisation from boiling acetonitrile afforded a fine white needle-like material.

Yield (0.81 g, 90%). Mp 173.5-174.5 °C. '"H NMR &n (CDCls): 2.3- 3.3 (8H, m), 7.0- 7.6 (20
H, m), 9.8 (2H, s). 3C NMR (CDCl): 23.8 (d, CH,-PPhy), 45.9 (d, CH>CH>-PPhy), aromatic
C, 128.8,129.2,132.5.3'P NMR (CDCls) :-10 (P-Ph). Elemental Analysis (EA): C2sH30CINP2;
C, 70.36; H, 6.33; N, 2.93. Found: C, 70.69, H, 6.03; N, 3.02.

1.1.5. Synthesis of bis(2-diphenylphosphinoethyl)phenylphosphine (L3)

In a sealed Schlenk tube, a mixture of divinylphenylphosphine (0.165 g, 1.02 mmol),
diphenylphosphine (0.38 g, 2.04 mmol) and AIBN (100 mg) were irradiated using a 350W Hg
Arc lamp at room temperature for 48 h. The resulting white solid was washed with n-pentane
and the excess volatiles were removed under reduced pressure. Yield (0.49 g, 90.7%). 'H NMR
Su(CDCl3): 1.4-1.6 (8H, m), 7.2- 7.6 (25 H, m) ’C NMR &c (CDCls): 25.2 (CH>CH>-PPhy)



aromatic C (128-132). 3'P NMR (CDCl3): 20 d (P-P). Mp 129-130 °C. Elemental Analysis
(EA): C34H33P3; C, 76.39; H, 6.22. Found C, 76.36; H, 6.34.

1.2. Cr(III) complex preparation

1.2.1. Synthesis of CrCls(bis-(2-ethylsulfanyl-ethyl))-amine (1)

A solution of bis [2-(ethylsulfanyl) ethyl] amine (0.24 g, 1.24 mmol) in THF (4.5 mL) was
added to (0.43 g, 1.14 mmol) of CrCI3(THF)3 in THF (11.5 mL) at room temperature. The
solution turned blue-green immediately and was stirred for ten minutes at room temperature.
The solvent was removed under vacuum until = 7 mL remained. A further aliquot of diethyl
ether (12 mL) was added, the solution was filtered and the solid was washed with a mixture
of diethyl ether and THF (12 mL) each and then with a further diethyl ether (12 mL). The
solid was dried under vacuum. Yield (0.29 g, 72%). IR (ATR) cm™: N-H 3220 (s); Cr-S 123
(s); Cr-N 498 (w), 364 (s); Cr-Cl 447. Elemental Analysis = CsHi9CI3CrNS,: C, 27.32; H,
5.44; N, 3.98; S, 18.23. Found: C, 27.41; H, 5.38; N, 3.88; S, 17.99.

1.2.2. Synthesis of CrCls (bis-(2-decylsulfanyl-ethyl))-amine (2)

This complex was prepared in a similar manner as the ethyl complex analogue in 2.4.2.1. Yield
(0.35 g, 74%). IR (KBr) cm™* N-H 2955 (s); Cr-S 123 (s); Cr-N 381 (m), 360 (s); Cr-Cl1 447.13.
EA= Cy4Hs51CI3CrNSa: C, 50.03; H, 8.92; N, 2.43; S, 11.13. Found: C, 49.95; H, 8.74; N, 2.39;
S, 12.00.

1.2.3. Synthesis of CrCls (bis-(2-diphenylphosphinoethyl))-amine (Cr-PNP)

CrCI3(THF)3 (0.563 g, 1.51 mmol) was taken up in THF (10 mL) and a solution of bis[(2-
diphenylphosphino)ethyl]amine (0.67 g, 1.52 mmol) in THF (5 mL) added. The solution was
stirred for 20 minutes, over which time a green precipitate formed. The solvent was evaporated
to about half the original volume and 10 mL Et,O was added. The precipitated product was
collected by filtration, washed with further 10 mL ether and dried under vacuum. Yield (0.55 g,
60.7%). IR (KBr) cm™' = N-H 3374 (m); Cr-P 694 (m); Cr-CI 502 (m). EA= C23H29C13CrNP;: C,
56.06; H, 4.87; N, 2.34. Found C, 55.90, H, 4.72; N, 2.06.



1.2.4. Synthesis of CrCls(bis(2-diphenylphosphinoethyl)phenyl)phosphine (3)

CrCI(THF); (0.372 g, 1 mmol) was dissolved in dichloromethane and filtered. Bis (2-
diphenylphosphinoethyl)phenylphosphine (0.535 g, 1 mmol) was dissolved in dichloromethane
(40 mL) and added to the filtrate under nitrogen. The solution was then stirred at room
temperature. The solvent was removed under reduced pressure and the solid product was left
stirring overnight in petroleum ether. The blue solid was isolated by filtration. Yield (0.275 g,
45.8%). IR (KBr) cm™ = P-C 1133 (s); Cr-P 688 (s); Cr-Cl 478 (m). EA= C34H33CI3CrPs: C,
58.94; H, 4.80. Found C, 58.76; H, 4.75.

1.3. Supported catalyst preparation

1.3.1. Incipient wetness impregnation method (Supported complexes-SC) (Method I)
(Catalysts SC1 — SC3)

Silica was pre-calcined in a stream of dry N2 at 600 °C for 24 h. A pre-determined amount of
the support (Si02) was placed in a round bottomed flask and solvent (toluene) added. After
warming to ~100 °C, to give a Cr loading of ~1% an amount of the chromium catalyst complex
in solution was added to the support and the two were mixed at ~115 °C. After stirring for 2
h, the toluene was removed in vacuo at 120-130 °C under reduced pressure. The catalysts were
obtained as bright green and bright blue powders depending on the complexes supported. The
sulphur-based complexes gave green powders and phosphorus-based complexes gave blue

powders. The catalysts were left to dry at 40 °C overnight.

1.3.2. Two-step incipient wetness impregnation method (Supported ligands-SL)
(Catalysts SL.1 — SL3)

The silica was firstly impregnated with the solution of the ligand (in toluene) of a known
concentration. The silica and the ligand were mixed and stirred at ~100 °C for 2 h. This
mixture was then dried (solvent evaporated) at ~115 °C. The dried solid product was then
impregnated for the second time with a solution of a chromium precursor, CrCl3(THF); (to
obtain a 1.0 wt %) chromium loading. These were stirred again for 2 h at ~115 °C. The solvent
was then removed under reduced pressure at 120-130 °C. The catalysts were obtained as light

green and bright green powders. The catalysts powders were dried at 40 °C overnight.



1.4. Catalyst characterisation

The supported catalysts were characterised by Fourier Transformer Infra-Red (FT-IR), BET
(Surface Area Measurements), Scanning Electron Microscopy (SEM), Energy Dispersive X-
ray (EDX) and X-ray fluorescence (XRF).

1.4.1. Fourier Transformer Infra-Red (FT-IR) and Attenuated total reflection (ATR)

FTIR spectra were recorded on a Nicolet 410 Impact Fourier-Transform Infrared
spectrometer. The sample was introduced into a small quantity of KBr powder and pressed
into a disc and analysed from 400 - 4000 cm™'. IR spectra were also recorded on a Perkin
Elmer 100 series Attenuated Total Reflectance spectrometer on a diamond crystal. The
powdered sample was placed to completely cover the crystal. Then pressure was applied to

the sample by tightening a pressure plate to ensure contact between the sample and crystal.

1.4.2. BET (Surface Area Measurements)

This method of surface area measurements is based on the non-specific physisorption of
nitrogen onto the sample at -196 °C, the condensation temperature of the adsorbing nitrogen
gas. Samples (~0.20 g) were degassed overnight under N> at 200 °C. The samples were then
cooled to room temperature and re-weighed. The surface areas of the catalysts were

determined using a Gemini Micromeretics instrument.

1.4.3. Scanning Electron Microscopy (SEM) and energy dispersive X-ray
(EDX analysis

This technique was employed to understand the surface morphological structure of the
catalysts. The elemental composition of the surface was determined by energy dispersive X-
ray analysis. Samples were stuck onto metal stubs with double sided carbon tape and coated
with gold in the Polaron SEM coating unit E5100 to prevent charging by the incident electron

beam. The analysis was performed using a Leo 1450 scanning electron microscope fitted



with a Link ISIS energy dispersive X-ray analytical system and the software used to capture

the images was a Leo-32 SEM.

1.4.4. X-ray fluorescence (XRF) Spectroscopy

The XRF analysis was done to determine the amount of Cr in wt % in the supported catalysts.
Approximately 0.2-0.3 g of a sample was prepared in a norish fusion bed in a Ru tube. About
1.5 g of flux was applied to fuse the sample at 1000 °C in a Pt-Au crucible. The PW 1404 X-

Ray Fluorescence instrument equipped with a flow counter detector was used for this analysis.
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