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ABSTRACT

Bis(diphenylphosphino)amine ligands were supported on Merrifield's resin and tested in catalytic ethylene oligomerization
reactions with a chromium source. The supported ligands were characterized via IR, solid-state NMR, SEM and TGA-DSC. In
order to compare activity of the supported and unsupported ligands, homogeneous bis(diphenylphosphino)amine ligands were
synthesized and characterized via NMR, elemental analysis, IR and GC-MS. Oligomerization reactions were carried outin a Parr
pressure reactor using Cr(acac), as the precursor and MMAO-3A as the activator. The system with the homogeneous ligands
proved active in the tetramerization of ethylene, with the selectivity of 1-octene in the C8 fraction being comparable with that
mentioned in literature (>98 wt%). When comparing the homogeneous ligands with their heterogeneous counterparts, the latter
showed a four-fold drop in activity compared to their homogeneous counterparts. The selectivity towards the main product,
1-octene, was less than 10 wt%. These supported ligands created a system that favoured the formation of C6 products more than
any other product, with Cé6 cyclics (methylcyclopentane and methylenecyclopentane) being the most dominant, probably due to

steric effects caused by the polymer chain.
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1. Introduction

Full range linear alpha olefin (LAO) production is based on
non-selective oligomerization catalysts and more selective systems
are desireable.' The oligomerization of ethylene to LAOs is an
important process because the products are useful intermediates
in the synthesis of polymers, lubricants and detergents. The
catalysts for ethylene oligomerization and or polymerization
most mentioned in literature are complexes of chromium,
titanium, nickel, and zirconium. These have been studied exten-
sively and are very active. There have been reports on copper
and palladium catalysts but these are not common. Other metals
that have been investigated in olefin oligomerization are
iron and cobalt.*” A broad Schultz-Flory distribution of olefins
is obtained by non-selective catalytic oligomerization of
ethylene."”” Only some of these are commercially useful,
1-hexene and 1-octene being two of the mostimportant required
for synthesis of linear low-density polyethylene."*"® Over the
years, the market demand for 1-hexene and 1-octene has
increased rapidly and the selective oligomerization of ethylene
to these two products has become highly attractive.””" The most
direct routes to 1-hexene and 1-octene are the trimerization and
tetramerization of ethylene respectively.

The only commercial process converting ethylene to 1-hexene
(Chevron-Philips) isbased onahomogeneous Cr catalyst usinga
pyrrole ligand and TEA as an activator.” In addition to this, the
only known catalyst system selectively converting ethylene to
1-octene is also based on a homogeneous Cr catalyst system."
Tetramerization of ethylene to 1-octene is thought to proceed via
a similar mechanism to that for trimerization (Scheme 1)
Tetramerization occurs probably as a result of both the relative
stability of the metallacycloheptane intermediate and the

* To whom correspondence should be addressed. E-mail: friedric@ukzn.ac.za

instability of the metallacyclononane intermediate which
rapidly eliminates to 1-octene.””

To date there have been very few examples of heterogeneous
selective oligomerization catalysts in the open and patent litera-
ture.”® Since the co-catalyst cost, modified methylaluminoxane
(MMAO), represents a significant portion of the total cost of a
selective oligomerization process, the successful heterogenization
of these catalyst systems could present significant savings for the
process, since this could result in a recyclable catalyst which can
also be easily separated from the product mixture. It would
therefore be prudent to pay attention to this, up to now, some-
what neglected area of research. We now report on an attempt
to heterogenize existing tetramerization catalysts in order to
develop are-usable catalyst for the oligomerization of ethylene.

2. Experimental

2.1. Materials

All synthetic work was carried out under a nitrogen atmo-
sphere using standard Schlenk techniques. Nitrogen gas (HP)
used was obtained from Afrox. The amines, phosphines and
reaction solvents (tetrahydrofuran, dichloromethane and diethyl
ether) were obtained from Merck and solvents were dried prior
to use. Merrifield’s resin with 1.0-1.5 mmol g™ Cl-loading, 1 %
cross-linked (Sigma-Aldrich) and MMAO-3A (Akzo Nobel) were
used without further purification. Ethylene gas was supplied by
Air Liquide and used as received.

2.2. Instrumentation

NMR spectra were recorded on a Bruker Avance I1I 400 MHz
spectrometer fitted with a 5 mm BBOz probe and equipped with
an autosampler; and a Bruker Avance III 600 MHz solid-state



ResearcH ARTICLE

M.L. Shozi and H.B. Friedrich,

215

S. Afr. J. Chem., 2012, 65, 214-222,
<http://journals.sabinet.co.za/sajchem/>.

\/\/\/\/l

» Cr

Cr

/\/\/\4_

@)
- -

\\/\/\l

&qq@

y

Cr

47‘

7

H

Scheme 1
Postulated mechanism for the tetramerization of ethylene, with the main products in boxes.***

MAS spectrometer fitted with a 4 mm MAS BB/1H probe.
Elemental analyses were performed using a LECO Elemental
Analyzer. Infrared spectra were recorded on a Perkin Elmer
Attenuated Total Reflectance spectrophotometer (4000400 cm™).
SEM images were obtained using a Jeol JSM-6100 Scanning
Microscope. TGA-DSC was performed from room temperature
to 1000 °C at a rate of 10 °C min™ under static air using an SDT Q
600 TGA-DSC instrument. Catalytic testing was carried out
using a 450 mL stainless steel Parr 4843 high pressure reactor and
the ethylene flow rate was monitored using a Siemens Sitrans
Massflo flowmeter. GC-FID analyses were carried out on a Perkin
Elmer Clarus 500 chromatograph usinga PONA 50 m X 0.32mm
column, carrier gas: nitrogen. GC-MS spectra were recorded on
a Perkin Elmer Clarus 500 chromatograph equipped with an
autosampler usinga PONA SGE 50 m X 0.15 mm column, carrier
gas: helium.

2.3. Preparative Work

2.3.1. Synthesis of Bis(diphenylphosphino)amine Ligands

The bis(diphenylphosphino)amine ligands 1-5 were synthe-
sized according to literature procedures.”” Full details are given
in the supplementary information.

2.3.2. Synthesis of Functionalized Bis(diphenylphosphino)amine
Ligands

2.3.2.1. Synthesis of Diphenylphosphinoamines

The diphenylphosphinoamines RN(H)PPh, (R = iPr’,
cyclohexyl®, Ph¥) were prepared according to the literature pro-
cedures or modifications thereof. Full details are given in the

supplementary information.

2.3.2.2. Synthesis of (Chlorophenylphosphino)(diphenyl-
phosphino)-N-amines

The chlorophenylphosphino)(diphenylphosphino)-N-amines
6-8 were synthesized according to a modified literature
procedure.” Triethylamine (2.8 mL, 10 mmol) was added to a
solution of the corresponding diphenylphosphinoamine
(10 mmol) in dichloromethane (30 mL). After 30 min this solution
was added to a stirred solution of dichlorophenylphosphine
(1.4 mL, 10 mmol) in dichloromethane (20 mL) at 0 °C. The reac-
tion mixture was stirred overnight at room temperature. Amine
hydrochloride was removed by filtration, and the product was
isolated as a yellow oil by column chromatography using silica
gel and a hexane:ethyl acetate ratio of 90:10.

(Chlorophenylphosphino)(diphenylphosphino)-N-isopropy-
amine (6)

"H NMR (400 MHz, CDCL): 6 = 1.46 (d, 1 H, CH), 3.12 (m, 6 H,
2 CH,), 7.31-7.51 (m, 15 H, CH). "C NMR (400 MHz, CDCL): 6 =
22.0 (2 CH,), 45.9 (t, CH), 129.1 (3 CH), 131.5 (t, 2 CH), 133.8
(t, CH). P NMR (400 MHz, CDCL): 6 = 43.0 (brs), 135.1 (brs). IR
(ATR) v, cm™: 3056, 2969, 1586, 1479, 1434, 1382, 875, 741, 692.
MS (EI, 70 eV): m/z (%) = 385 (11, [M + H]*), 384 (100, [M]*), 349
8, M = CI]%), 343 (2, [M - iPr]*), 199 (6, [M — PPh,]"), 185 (17,
[PPh,]). Yield: 56 %.

(Chlorophenylphosphino)(diphenylphosphino)-N-cyclo-
hexylamine (7)

'"H NMR (400 MHz, CDCL): 6 = 0.52 (m, 2 H, CH,), 1.41 (m,
2H,CH,), 1.82 (m,3H, CH, + CH), 3.12(q,4 H, 2 CH,), 7.31-7.43
(m, 15 H, CH). *C NMR (400 MHz, CDCL,): 6 = 25.3 (CH,), 25.9
(2 CH,), 45.9 (2 CH,), 59.9 (t, CH), 128.9 (3 CH), 131.7 (t, 2 CH),



ResearcH ARTICLE

M.L. Shozi and H.B. Friedrich,

216

S. Afr. J. Chem., 2012, 65, 214-222,
<http://journals.sabinet.co.za/sajchem/>.

139.8 (t, CH). *'P NMR (400 MHz, CDCL): 6 = 47.4 (br s), 134.9
(br s). IR (ATR) v, cm™: 3054, 2930, 2853, 1587, 1478, 1434, 868,
742,692. MS (EI, 70 eV): m/z (%) = 426 (7,[M + H]*), 425 (5, [M]*),
342 (7, M- CH,]%), 240 (3, [M — PPh,]*), 185 (4, [PPh,]*), 83 (1,
[CH,]7). Yield: 64 %.

(Chlorophenylphosphino)(diphenylphosphino)-N-phenyl-
amine (8)

"HNMR (400 MHz, CDCL,): 6 = 6.50 (d, 2H, 2 CH), 7.00 (unre-
solved coupling, CH), 7.20 (m, 2 H, 2 CH), 7.36-7.92 (m,
15 H, CH). "C NMR (400 MHz, CDCl,): 6 = 123.8 (CH), 127.7
(CH), 128.6 (CH), 129.7 (CH), 131.2 (t, CH), 140.4 (t, CH), 146.6
(t, CH). *'P NMR (400 MHz, CDCL): 6 = 44.6 (d), 124.7 (d). IR
(ATR) v, cm™: 3024, 1602, 1494, 1452, 824, 740, 697. MS (EI,
70 eV): m/z (%) = 421 (2, [M + H]"), 420 (6, [M]*), 385 (0.5, [M —
Cl1]%), 271 (3, [M - CH,]*), 235 (0.5, [M — PPh,]*), 185 (4, [PPh,]*),
149 (15, [C;H,]"). Yield: 51 %.

2.3.3. Functionalising of Merrifield’s Resin

Merrifield’s resin was functionalized according to a literature
procedure.* Full details are given in the supplementary infor-
mation.

2.3.4. Supporting of (Chlorophenylphosphino)(diphenylphosphino)-
N-amines on Functionalized Resin

The (chlorophenylphosphino)(diphenylphosphino)-N-
amines were supported on functionalized Merrifield’s resin to
form compounds 9-11 by modification of a reported proce
dure.® A solution of the corresponding (chlorophenyl-
phosphino) (diphenylphosphino)-N-amine (0.5 mmol) in
tetrahydrofuran (20 mL) was treated slowly with functionalized
Merrifield’s resin (2.5 mmol g™, 0.1 mmol) while stirring at room
temperature for a period of 30 min before triethylamine
(0.4 mmol) was added. The resulting suspension was stirred at
room temperature overnight before the resin was filtered off.
The resin was washed with dichloromethane (5 X 8 mL), and
hexane (5 X 5 mL). The resulting resin was dried overnight
under vacuum.

Supported Isopropyl PNP (9)

PC MAS SS-NMR (600 MHz): 6 = 28.0, 41.3, 46.9, 62.1, 128.6,
145.9.%'P MAS SS-NMR (600 MHz): = 9.02 (s), 16.5 (s). IR (ATR)
Vom €I 3044, 2915, 1601, 1493, 1437, 747, 694.

Supported Cyclohexyl PNP (10)

PCMAS SS-NMR (600 MHz): 6 = 22.5,25.2,32.4,40.5,45.9,62.1,
127.9,145.0.*'P MAS SS-NMR (600 MHz): 6 = 9.00 (s), 21.0 (s). IR
(ATR) v, cm™: 3059, 2944, 2854, 1636, 1541, 1438, 1434, 924, 739,
697.

Supported Phenyl PNP (11)
BC MAS SS-NMR (600 MHz): 6 = 22.4, 29.9, 40.6, 47.9, 62.1,

|
1leq ©\P/ "H + I
O )

max

128.6,139.6, 146.5.>'P MAS SS-NMR (600 MHz): 6 = 8.37 (s), 21.4
(s). IR (ATR) v_, cm™: 3024, 1601, 1494, 1451, 824, 740, 697.

max

2.4. Catalytic Testing

2.4.1. Homogeneous Runs

These were performed using PNP ligands 1-5. A solution of
ligand (0.005 mmol) in methylcyclohexane (2mL) wasadded toa
solution of Cr(acac), (0.005 mmol) in methylcyclohexane (2 mL).
The mixture was stirred for 5 min at room temperature after
which MMAO (9.6 mmol, 2.50 mL) was added. The mixture was
then transferred to a pressure reactor containing methyl-
cyclohexane (93.5 mL) at the required temperature (60 or 80 °C).
The pressure reactor was charged with ethylene at 45bar and the
temperature was controlled. The reaction was terminated after
30 min by discontinuing the ethylene feed and quenching with
ethanol (10 mL). The liquid phase was analysed by GC-FID
using nonane as the internal standard.

2.4.2. Heterogeneous Runs

These were done using supported ligands 9-11. The loading
of the ligand on the polymer was determined by ICP-OES and
reported as mmol phosphorus g™ of supported ligand. From this
information, the appropriate amount of supported ligand could
be weighed out using the same mole quantities as those of the
homogeneous runs. Full details are given in the supplementary
information.

3. Results and Discussion

3.1. Ligand Synthesis and Characterization

The chlorophosphine PNP ligands were synthesized by react-
ing one equivalent of the respective diphenylphosphinoamine
with one equivalent of dichlorophenylphosphine. The target
ligands were similar to the bis(diphenylphosphino)amine
ligands, except that one phenyl group attached to the one of the
phosphorus atoms was replaced by a chlorine atom. The yields
were low due to the sensitivity of these ligands to air and mois-
ture, they are easily oxidized and a lot of product was lost during
purification. The ligands, 6-8, that were synthesized, contained
the functional groups of the most active and selective ligands
1-5. The reaction is shown in Scheme 2.

Merrifield’s resin was the polymer chosen for the supporting
of the chlorophsphine PNP ligands as it is commercially available
and relatively inert. It has also been widely used as a support in
catalyst immobilization.” Merrifield’s resin was functionalized
by reacting it with excess tert-butylamine under reflux for two
days (Scheme 3). The functionalized resin was characterized via
infrared, solid-state NMR, thermogravimetric analysis and scan-
ning electron microscopy. The infrared spectrum of functionalized
Merrifield’s resin contained similar stretching absorbances to

R
@\ cl Dichloromethane O\ l\II\ [l
P - P

overnight

6: R = Isopropyl
7: R = Cyclohexyl
8: R = Phenyl

Scheme 2
Synthesis of the chlorophosphine PNP ligands.
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Scheme 3
Functionalization of Merrified’s resin with tert-butylamine.

those of Merrifield's resin such as at 1602 and 1493 cm™ due to
the aromatic rings, at 1452 cm™ due to the methylene carbon
atoms on the polymer backbone and at 757 and 697 cm™ owing to
C-H stretching on the monosubstituted aromatic rings. The
exception was the appearance of secondary amine stretching at
3025 cm™ and a band at 2923 cm™ for the methyl groups on the
tert-butyl moiety. In the "C MAS NMR spectrum of Merrifield's
resin, peaks were observed at 28.2 ppm due to the carbon atoms
on the CH, groups on tert-butyl group, at41.0 ppm due to the ter-
tiary carbon atom on fert-butyl, at 46.7 ppm due to the methy-
lene carbon atoms on the polystyrene backbone and at 128.6 and
145.8 ppm due to the carbon atoms of the aromatic rings.** The
peak at 145.8 ppm was also characteristic of an isotactic polymer,
which means all the substituents are situated on the same side
on the polymer backbone.***”

The (chlorophenylphosphino)(diphenylphosphino)-N-
amines were supported on the polymer by reacting the polymer
with excess chlorophosphine (Scheme 4). The supported ligands
were characterized via infrared, ®C and *P solid-state NMR,
thermogravimetric analysis and scanning electron microscopy.
Similarly to functionalized Merrifield’s resin, the infrared spec-
tra of ligands 9-11 contained stretching absorbances at ~1600
and ~1490 cm™ due to the aromatic rings, at 1430-1450 cm™ due
to the methylene carbon atoms on the polymer backbone, at 760
and 700 cm™ due to C-H stretching on the monosubstituted
aromatic rings, secondary amine stretching at 3020-3050 cm™
and bands at 2920-2960 cm™ for the methyl groups on the
tert-butyl group. There P-Cl stretching bands at ~520-540 cm™
observed for the (chlorophenylphosphino)(diphenylphos-
phino)-N-amines were no longer observed and the P-N stretch-
ing bands which are found in the range ~780-100 cm™, as
reported in literature®, were more intense. Characteristic peaks
for the ligands were as follows: for ligand 9, a stretch at 1378 cm™
due to the methyl groups on the isopropyl group; for ligand 10,
at 1051 cm™ due to C-N on the aliphatic amine and at 1438 cm™
due to CH, on the cyclohexyl ring; for ligand 11, the stretch for
the aromatic ring on nitrogen overlapped with those for the
other aromatic rings on the ligand at 1601 and 1494 cm™. In the
MAS PC NMR spectra of ligands 9-11, peaks were observed at
~22 ppm due to the carbon atoms on the CH, groups on the
tert-butyl group, at ~41 ppm due to the tertiary carbon on the
tert-butyl group, at ~47 ppm due to the methylene carbon atoms
on the polystyrene backbone and at ~128 and ~145 ppm due to

e

the carbon atoms on the aromatic rings. In the solid state
*'P NMR spectra of ligands 9-11 two signals were observed, each
due to the two phosphorus atoms presentin a different environ-
ment.

Mapping the images of the supported ligands for phosphorus
(Fig. 1) using scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS) by using colour to indicate the presence
of phosphorus, showed that the particles on the surface of the
polystyrene balls contained phosphorus, which led to the con-
clusion that the PNPligands were on the surface of the support.

3.2. Catalytic Testing

3.2.1. General Comments

The bis(diphenylphosphino)amine and supported (chloro-
phenylphosphino)(di-phenylphosphino)-N-amine supported
ligands were evaluated in the oligomerization of ethylene using
a high pressure Parr reactor. The source of chromium was
Cr(acac), (chromium acetylacetonate) and the activator was
modified methylaluminoxane (MMAO-3A). The solvent chosen
was methylcyclohexane because it has been reported that reac-
tions in this solvent show improved catalytic activity.” Evalua-
tion was done at temperatures of 60 and 80 °C and at an ethylene
pressure of 45 bar. Only the main products obtained are discussed.

3.2.2. Testing of Homogeneous Catalyst Systems

The use ofligands 1-5 with chromium in the tetramerization of
high purity ethylene, which was then still further extensively
purified, has been reported. We now report on the activity of
these ligands with commercial grade ethylene; work which was
done to establish baseline values for comparison with the
supported ligands.

Figure 2 shows the selectivities towards the C6 products and
these were 1-hexene, internal hexenes and the cyclic C6
products, methylenecyclopentane and methylcyclopentane. An
increase in steric bulk of the substituent on the ligand led to a
decrease in the formation of these compounds, which corre-
sponds with what is also reported.**'

Figure 3 shows the selectivity of 1-hexene in the C6 products
for each catalyst system at different temperatures. 1-Hexene is
formed by the reductive elimination of the chromacycloheptane
species in the tetramerization catalytic cycle.”’ The figure shows
that generally as the temperature increases, so too does the selec-
tivity towards 1-hexene. This also corresponds to what is
reported.”* This occurs at the expense of 1-octene and the C6
cyclics. The cyclohexyl and phenyl systems yielded higher
selectivities to 1-hexene due to their steric nature. It has been
reported that ligands having the bulkiest moieties on the
N-atom yield the best alpha olefin selectivity.*

Figure 4 shows the selectivity of 1-octene in the C8 products for
each catalyst system at different temperatures. The C8 products

54 e
P THF N, N
@Pl P
O = polystyrene

9: R = Isopropyl
10: R = Cyclohexyl
11: R = Phenyl

Scheme 4

Supporting of (chlorophenylphosphino)(diphenylphosphino)-N-amines on functionalized Merrifield’s resin.
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Figure 1 Electron mapping images of the supported (a) isopropyl, (b) cyclohexyl and (c) phenyl PNP ligands.

consist of octane, 1-octene and internal octenes. Selectivities
greater than 98 wt% were obtained and these are comparable
with those in literature.®***' The bulky ligands (isopropyl,
cyclohexyl and phenyl) yielded the highest selectivity towards
l-octene.

When looking at the activity profile, an increase in tempera-
ture yielded a slightincrease in the activity of the systems as seen
in Fig. 5, with the cyclohexyl and phenyl systems yielding the
highest activity. The activity was in the 10*-10° g g™ Cr.h range,
whereas in literature it is in the 10° g g™ Cr.h range.* This is most
likely due to the difference in the quality of the ethylene gas used
in the experiments.

3.2.3. Testing of Heterogeneous Catalyst Systems
Testing of the heterogeneous catalysts was carried out using

the supported ligands (isopropyl, cyclohexyl and phenyl) under
the same conditions as those used for the homogeneous catalytic
testing. These systems proved unfavourable for the tetra-
merization of ethylene, yielding a high selectivity towards the
C6 products (>80 wt%, Fig. 6) with a low selectivity towards
1-hexene in the C6 products (Fig. 7). The systems also gave alow
selectivity towards 1-octene in the C8 products (Fig. 8).

In the C6 fraction, the majority of the products were the cyclics,
i.e. methylcyclopentane and methylenecyclopentane with a
selectivity towards these two products greater than 60 wt%
(Fig. 9). This may be rationalized that the catalytic cycle is
favoured up until the insertion of three ethylene molecules to
form the chromacycloheptane intermediate, after which the
disproportionation step to form the cyclic products is favoured
over the reductive elimination step to form 1-hexene. Similar

Figure 2 Selectivity for the C6 products by each catalyst system at different temperatures.
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Figure 3 Selectivity for 1-hexene in the C6 products by each catalyst system at different temperatures.

Figure 4 Selectivity for 1-octene in the C8 products by each catalyst system at different temperatures.

Figure 5 Activity for each homogeneous catalyst system at different temperatures.
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Figure 6 Selectivity for the C6 products by each heterogeneous catalyst
system at different temperatures.

Figure 8 Selectivity for 1-octene in the C8 products by each heteroge-
neous catalyst system at different temperatures.

Figure 7 Selectivity for 1-hexene in the C6 products by each heteroge-
neous catalyst system at different temperatures.

Figure 9 Selectivity of the C6 cyclics in the C6 fraction for each heteroge-
neous catalyst system at different temperatures.

Figure 10 Activity for each heterogeneous catalyst system at different

temperatures.

observations were made by Wang et al.** who investigated the
oligomerization of ethylene using Cp,ZrCl, as the catalyst and
obtained predominantly cyclic products. Scheme 5 shows a
proposed catalytic cycle for the catalyst system reported in this
work and is adapted from that proposed by Wang et al.

The low selectivity towards C8 products could be a result of
steric hinderance, since as mentioned earlier, it has been shown
that the bulkier ligands favour the formation of the C6 products.
Also the steric hinderance could resultin a partial blocking of the
active sites of the intermediate, which would also explain the

decrease in the activity (Figure 10) compared to the homoge-
neous counterparts.

4. Conclusion

The heterogenization of some selective tetramerization
ligands has been achieved. This involved the supporting of these
PNP ligands on functionalized polystyrene to give supported
isopropyl, cyclohexyl and phenyl bis(diphenylphosphino)
amine analogues. With chromium, the homogeneous ligands
proved active in the tetramerization of commercial grade
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Scheme 5
Proposed catalytic cycle for the oligomerization of ethylene using the polymer-supported PNP ligands. Adapted from Wang et a

ethylene, with the selectivity of 1-octene in the C8 fraction
being comparable with that mentioned in literature (>98 wt%)
although the activity was an order of magnitude lower.

When comparing the homogeneous and heterogeneous
ligand systems, the activity dropped for the latter by more than
four times relative to that of the homogeneous ligand systems
and the selectivity towards 1-octene, was low (<10 wt%).
Instead these heterogeneous ligands created a system that
favoured the formation of C6 products with the C6 cyclics being
dominant. This is believed to be due to steric effects caused by
the polymer chain.
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Appendix A: Supplementary information

1.0. Synthesis of bis(diphenylphosphino)amine ligands (PNP ligands)

At room temperature, chlorodiphenylphosphine (2.01 mL, 11.2 mmol) was added to a solution
containing dichloromethane (50 mL), the corresponding amine (11.2 mmol) and triethylamine
(15 mL). The mixture was stirred for 30 minutes after which a second aliquot of
chlorodiphenylphosphine (2.01 mL, 11.2 mmol) was added. The reaction mixture was stirred
overnight at room temperature. The mixture was filtered to remove the triethylammonium
hydrochloride salt formed and the product was isolated as a white solid by removal of the solvent

under vacuum.

Bis(diphenylphosphino)methylamine (1):

'H NMR (400 MHz, CDCl5): & = 2.80 (s, 3 H, CH3), 7.20 — 7.48 (m, 20 H, CH). '*C NMR (400
MHz, CDCl3): & = 32.5 (t, CH3), 128.9 (3 CH), 132.4 (t, 2 CH), 138.4 (t, CH). *'P NMR (400
MHz, CDCl3): & = 73.0 (s). IR (ATR) vma/cm™': 3052, 2927, 1585, 1478, 1433, 1277, 858, 741,
694. MS (EL 70 eV): m/z (%) = 400 (13, [M + HJ"), 399 (51, [M]"), 384 (15, [M — CH5]"), 214
(15, [M — PPhy]"), 185 (6, [PPh,]"). Anal. Calc. for C,sH»3NP»: C, 75.18; H, 5.80; N, 3.51; P,
15.51. Found: C, 74.94; H, 5.89; N, 3.31; P, 15.86. Yield: 65 %. Mp: 114 — 116 °C.

Bis(diphenylphosphino)isopropylamine (2):

"H NMR (400 MHz, CDCl3): & = 1.20 (d, 6 H, 2 CH3), 3.75 (m, 1 H, CH), 7.25 — 7.47 (m, 20 H,
CH). *C NMR (400 MHz, CDCl3): & = 24.7 (2 CH3), 51.9 (t, CH), 128.5 (3 CH), 132.8 (t, 2
CH), 139.2 (t, CH). *'P NMR (400 MHz, CDCl;): & = 48.7 (br s). IR (ATR) vma/cm™: 3050,
2965, 1585, 1478, 1431, 1376, 871, 738, 692. MS (EL, 70 eV): m/z (%) = 428 (2, [M + H]"), 427
(12, [M]), 384 (100, [M — iPr]*), 242 (10, [M — PPhy]"), 185 (25, [PPhy]"). Anal. Calc. for
C,7H»NP,: C, 75.86; H, 6.37; N, 3.28; P, 14.49. Found: C, 75.67; H, 6.15; N, 3.42; P, 14.76.
Yield: 77 %. Mp: 133 — 135 °C.



Bis(diphenylphosphino)pentylamine (3):

'H NMR (400 MHz, CDCls): & = 0.40 (t, 2 H, CH,), 0.85 (m, 5 H, CH, + CH3), 1.10 (q, 4 H, 2
CH,), 3.25 (t, 2H, CH,), 7.35 — 7.50 (m, 20 H, CH). °C NMR (400 MHz, CDCl): & = 14.3
(CHa), 22.4 (CH,), 29.3 (CH>), 31.3 (CH»), 53.1 (t, CH>), 128.5 (3 CH), 132.7 (t, 2 CH), 139.7 (t,
CH). *'P NMR (400 MHz, CDCl3): & = 62.2 (s). IR (ATR) vpmax/cm™': 3051, 2935, 2857, 1584,
1454, 1431, 1280, 878, 740, 693. MS (EL, 70 eV): m/z (%) = 456 (2, [M + H]"), 455 (16, [M]"),
384 (32, [M — CsHy 1), 270 (2, [M — PPhy]%), 185 (25, [PPhy]"), 71 (1, [CsHy,]"). Anal. Calc. for
CyoH3NP,: C, 76.47; H, 6.86; N, 3.07; P, 13.60. Found: C, 76.12; H, 6.93; N, 2.90; P, 14.05.
Yield: 83 %. Mp: 78 — 79 °C.

Bis(diphenylphosphino)cyclohexylamine (4):

"H NMR (400 MHz, CDCl3): & = 0.50 (m, 2 H, CH»), 1.65 (m, 2 H, CH,), 1.80 (m, 3 H, CH, +
CH), 2.80 (q, 4 H, 2 CH,), 7.25 — 7.40 (m, 20 H, CH). °C NMR (400 MHz, CDCls): § = 25.4
(CHb), 25.8 (2 CHa), 37.0 (2 CHy), 56.0 (t, CH), 128.5 (3 CH), 131.0 (t, 2 CH), 143.2 (t, CH). *'P
NMR (400 MHz, CDCls): & = 50.8 (br s). IR (ATR) vmax/cm™: 3052, 2927, 2852, 1584, 1477,
1433, 859, 741, 691. MS (EL, 70 eV): m/z (%) = 469 (2.4, [M + H]"), 468 (1.5, [M]"), 385 (0.6,
[M — CeHyilh), 283 (48, [M — PPhy]h), 185 (13, [PPho]"), 83 (2, [CeHi1]"). Anal. Calc. for
Cs0H3NP,: C, 77.07; H, 6.68; N, 3.00; P, 13.25. Found: C, 77.26; H, 6.38; N, 3.27: P, 13.09.
Yield: 88 %. Mp: 170 — 171 °C.

Bis(diphenylphosphino)phenylamine (5):

'H NMR (400 MHz, CDCls): & = 6.70 (d, 2 H, 2 CH), 6.80 (unresolved coupling, CH), 7.00 (m,
2 H, 2 CH), 7.35 — 7.50 (m, 20 H, CH). ®C NMR (400 MHz, CDCl;): & = 115.9 (CH), 119.4
(CH), 128.0 (CH), 129.1 (CH), 131.2 (t, CH), 139.2 (t, CH), 146.6 (t, CH). *'P NMR (400 MHz,
CDCl3): & = 73.0 (s). IR (ATR) vma/cm™': 3055, 1594, 1480, 1432, 871, 738, 690. MS (EIL, 70
eV): m/z (%) = 462 (0.5, [M + HJY), 461 (1, [M]"), 312 (0.5, [M — CeHs]"), 276 (0.5, [M —
PPh,]"), 185 (11, [PPha]"), 149 (2, [Ce¢Hs]"). Anal. Calc. for C3HasNP,: C, 78.08; H, 5.46; N,
3.04; P, 13.42. Found: C, 77.98; H, 5.52; N, 3.14; P, 13.36. Yield: 80 %. Mp: 160 — 163 °C.

2.0. Synthesis of diphenylphosphinoamines

To a stirring ice-cold solution of the corresponding amine (20 mmol) in dichloromethane (50
mL) and triethylamine (2.8 mL, 20 mmol) was added dropwise chlorodiphenylphosphine (3.6

mL, 20 mmol) and the reaction mixture was stirred at room temperature overnight. Amine



hydrochloride was removed by filtration, and the product was isolated as a white solid from the

solvent under vacuum.

(Diphenylphosphino)isopropylamine:

"H NMR (400 MHz, CDCl3): 6 = 1.14 (d, 1 H, CH), 1.80 (s, 1 H, NH), 3.30 (m, 6 H, 2 CH3),
7.26 —7.42 (m, 10 H, CH). BC NMR (400 MHz, CDCl3): 6 = 26.2 (2 CH3), 48.6 (d, CH), 128.2
(3 CH), 132.2 (d, 2 CH), 143.1 (d, CH). 3P NMR (400 MHz, CDCls): 6 = 34.1 (s). IR (ATR)
vmax/em’': 3058, 2962, 1591, 1471, 1438, 1382, 892, 721, 691. MS (EL 70 eV): m/z (%) =244 (1,
M + H]%), 243 (1, [M]), 200 (54, [M — iPr]"), 185 (22, [PPhs]%), 59 (3, [M — PPh»]"), 44 (79,
[iPr]"). Anal. Calc. for C;sHsNP: C, 74.05; H, 7.46; N, 5.76; P, 12.73. Found: C, 74.02; H, 7.42;
N, 5.74; P, 12.82. Yield: 85 %. Mp: 98 — 100 °C.

(Diphenylphosphino)cyclohexylamine:

'H NMR (400 MHz, CDCl3): & = 1.17 (m, 2 H, CH,), 1.57 (m, 2 H, CH,), 1.90 (m, 3 H, CH, +
CH), 2.92 (q, 4 H, 2 CH,), 7.30 — 7.49 (m, 10 H, CH). *C NMR (400 MHz, CDCl3): & = 24.9
(CH,), 25.4 (2 CH,), 36.8 (2 CH,), 56.1 (d, CH), 128.5 (3 CH), 130.8 (d, 2 CH), 143.2 (d, CH).
3P NMR (400 MHz, CDCls): & = 34.4 (s). IR (ATR) vma/cm™: 3059, 2926, 2851, 1548, 1435,
887, 740, 693. MS (EL, 70 eV): m/z (%) = 284 (10, [M + HJY), 283 (24, [M]), 200 (26, [M —
CeHi11"), 185 (10, [PPho]h), 98 (17, [M — PPho]"), 83 (4, [CeH11]"). Anal. Calc. for C1sH»NP: C,
76.30; H, 7.83; N, 4.94; P, 10.93. Found: C, 76.35; H, 7.79; N, 4.97; P, 10.89. Yield: 94 %. Mp:
48 — 50 °C.

(Diphenylphosphino)phenylamine:

'H NMR (400 MHz, CDCl3): 6 = 1.63 (s, 1 H, NH), 6.68 (d, 2 H, 2 CH), 6.90 (d, 1 H, CH), 7.02
(m, 2 H, 2 CH), 7.28 — 7.33 (m, 10 H, CH). BC NMR (400 MHz, CDCl3): 6 =115.9 (CH), 119.4
(CH), 128.5 (CH), 129.3 (CH), 131.2 (d, CH), 139.3 (d, CH), 147.5 (d, CH). 3Ip NMR (400
MHz, CDCls): 6 = 28.0 (s). IR (ATR) vimax/em™': 3055, 1598, 1480, 1433, 871, 738, 689. MS (EI,
70 eV): m/z (%) =278 (12, [M + H]Y), 277 (39, [M]%), 200 (5, [M — C¢Hs]"), 185 (22, [PPhs]"),
149 (62, [C¢Hs]™), 92 (99, [M — PPh,]"). Anal. Calc. for C;sH¢NP: C, 77.96; H, 5.82; N, 5.05; P,
11.17. Found: C, 77.93; H, 5.86; N, 5.08; P, 11.13. Yield: 72 %. Mp: 68 — 70 °C.



3.0. Functionalising of Merrifield’s resin

A solution of tert-butylamine (21 mmol) and potassium iodide (0.3 mmol) in 50 mL of
tetrahydrofuran was treated with Merrified resin (2.5 mmol/g, 1 mmol) while stirring at room
temperature for 30 minutes. The suspension was then heated under reflux for 48 hours before the
resin was filtered off. The resulting resin was washed with water (3 x 15 mL), tetrahydrofuran (3

x 10 mL) and hexane (3 x 12 mL). The resin was then dried overnight under vacuum.

*C MAS SS-NMR (600 MHz): & = 28.2, 41.0, 46.7, 128.6, 145.8. IR (ATR) Vpau/cm™: 3025,
2923, 1602, 1493, 1452, 1360, 868, 757, 697.

4.0. Heterogeneous catalytic testing

These were done using supported ligands 9 — 11. The loading of the ligand on the polymer was
determined by ICP-OES and reported as mmol P/gram of supported ligand (Table 1). From this
information, the appropriate amount of supported ligand could be weighed out using the same

mole quantities as those of the homogeneous runs.

Table 1. Loadings of the supported ligands as determined by ICP-OES.

Ligand Loading / mmol P per gram
9 0.77
10 2.74
11 0.30

A solution of supported ligand (0.005 mmol) in methylcyclohexane (2 mL) was added to a
solution of Cr(acac); (0.005 mmol) in methylcyclohexane (2 mL). The mixture was stirred for 5
minutes at room temperature after which MMAO (9.6 mmol, 2.50 mL) was added. The mixture

was then transferred to a pressure reactor containing methylcyclohexane (93.5 mL) at the

4



required temperature. The pressure reactor was charged with ethylene at 45 bar and the
temperature was controlled. The reaction was terminated after 30 minutes by discontinuing the
ethylene feed and quenching with ethanol (10 mL). The liquid phase was analysed by GC-FID

using nonane as the internal standard.
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