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Several PNP-type diphosphine ligands have been synthesised and characterised, featuring a single or a
double N-bridge between the P-donor atoms. PNP ligands 1 and 2 containing diazaphospholane donors
have been prepared and reaction with [CrCls(thf)s] results in coordination in a bidentate fashion to give
dinuclear complexes [(1)CrCls], and [(2)CrCls]l, which have been characterised by scXRD analysis. In situ
prepared catalysts using ligands 1 and 2 provide good activities and selectivities for the tri- and
tetramerisation of ethylene reaching 35% 1-hexene and 61% 1-octene at 5400 g g+ per Cr per h in the
case of 1, and 42% 1-hexene and 55% 1-octene at 17000 g g* (Cr) h™! in the case of 2, comparable
PrN(PPh,),-type  ligands conditions. Chromium-catalysed ethylene
oligomerisations with a doubly N-bridged cyclodiphosphazane ligand (4) result in a Schulz-Flory

to standard under  similar
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Accepted 30th May 2022 distribution of a-olefins with relatively low a values of 0.42 and 0.52. Computational studies using DFT on
DOI: 10.1039/d2cy00550f mononuclear chromium complexes of ligands 1 and 2 have shown that the binding of ethylene is favoured
in these complexes compared to the benchmark PNP ligand 'PrN(PPh,), and that the oligomerisation

rsc.li/catalysis mechanism involves both single and double ethylene insertions.
methylaluminoxane), first reported for selective trimerization
by Wass and co-workers.’® These PNP ligands of type A in

Fig. 1 are also capable of high tetramerisation selectivity and

Introduction

Linear alpha olefins (LAOs, or 1-alkenes) are important

building blocks for the chemical industry that find extensive
use for example as co-monomers in olefin polymerisation and
as intermediates to detergents, lubricants, and plasticisers.™
Global consumption of LAOs is currently more than 6 million
tonnes per annum and this increases annually.* LAOs such as
1-hexene and 1-octene are high value products used
predominantly as co-monomers in polyethylene production
(LLDPE). As a result, there is much attention focused on
selective ethylene trimerisation and tetramerisation catalysed
by metal complexes that can afford these valuable
intermediates in high yield."”™ A great deal of experimental
and theoretical studies have been carried out on the Cr/PNP/
MAO class of catalysts (PNP = diphosphinoamine, MAO =
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have been developed into a commercial process by Sasol.**

A metallacyclic mechanism 1is generally invoked for
chromium-catalysed trimerisation and tetramerisation
reactions."*™® Detailed mechanistic studies have been
hampered due to the paramagnetic nature of both the pre-
catalyst and the active species, and many questions still
remain regarding the finer details of the reaction mechanism
and the exact nature of the active species, despite
considerable spectroscopic and computational efforts in
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Fig. 1 PNP-type ligand classes A-E used for chromium-catalysed ethylene
oligomerisation.
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recent years.'>?® Our previous experimental and theoretical
studies on PNP chromium catalysts has led to a mechanistic
model which invokes a competition between mono-ethylene
and bis-ethylene coordinated chromacyclopentane complexes,
leading to both single and double ethylene insertion
pathways (Scheme 1).*”*® 1-Hexene results from a mono-
ethylene intermediate and a bis-ethylene complex leads to
1-octene, with only a minor contribution from the dashed
pathway in Scheme 1. This model is able to explain the
preferred formation of 1-octene over 1-hexene in
tetramerisation catalysts, especially at higher pressures, and
also accounts for the formation of various alkyl cyclopentane
and alkane side products (see Scheme 1). Additionally, we
have expanded the mono- versus bis-ethylene model to other
non-PNP catalyst systems to show how metallacycles can lead
to alternating LAO distributions where a-olefins formed from
an odd number of ethylene units (n = 1, 3, 5, etc.) are
significantly less abundant than the even-numbered
oligomers such as 1-butene (n = 2), 1-octene (n = 4), and
1-dodecene (n = 6).42%3°

Many attempts using a variety of bidentate ligand sets
have been made to improve selectivity in ethylene
oligomerisation.**'*> While 1-hexene selectivities of >95%
are generally easily obtained, only modest improvements in
1-octene selectivity have been achieved so far and there
appears to be an upper limit of approximately 70-80%
selectivity for 1-octene.'®> We are interested in the role of the
ligand in this oligomerisation process, especially why so
many different and diverse ligand structures give similar
results in terms of selectivity and what the requirements for
improvements in selectivity are. Most PNP ligands
investigated so far contain aryl substituents at the
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Scheme 1 Ethylene oligomerisation via a metalacyclic mechanism.
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phosphorus donors. Some exceptions are dialkyl phosphine
derivatives,>*® phospholyl derivatives,”” and the amino-
substituted derivatives B and C in Fig. 1 reported by
Rosenthal and co-workers.*®*°

The first step in the oligomerisation process is an
oxidative cyclisation of two ethylene monomers by a low
valent chromium(i) species to form a chromium(m)
cyclopentane complex (Scheme 1).>° According to our
previous computational studies, the next step, which is key
for high selectivity to 1-octene over 1-hexene, is the
coordination of two more ethylene units and a double
insertion in the Cr-C bond of the metallacyclopentane
complex, without elimination of 1-hexene during this
process. Considering that the binding of ethylene to a metal
centre relies heavily on back donation from the metal, we
reasoned that an increase in the Lewis basicity of the
phosphorus donors of the PNP ligand should increase the
ethylene affinity of the chromium centre and thus increase
selectivity towards 1-octene. Furthermore, it has been shown
that the 1-octene/1-hexene ratio is sensitive to ligand sterics
and bulky ligands tend to favour 1-hexene formation."?

Inspired by Verkade's classic superbasic
phosphatranes,*®*' and the basic properties of amino-
substituted phosphines P(NR,);,"*** we have prepared two
new PNP ligands with amine rather than the phenyl
substituents. The first class involves ligands of type D
featuring sterically unencumbered diazaphospholane donors,
and the second type E involves a doubly N-bridged
cyclodiphosphazane unit (Fig. 1). The coordination chemistry
of PNP ligands of type D has been little explored so far.** We
have investigated the coordination chemistry with
[CrCl3(THF);] and  their  application in  ethylene
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oligomerisation. Computational studies have been carried
out using DFT to study the effect of these ligands on the
binding of ethylene and subsequent barriers to insertion and
product formation.

Results and discussion

The synthesis of the diphosphinoamines 1 and 2, adapted
from a procedure published by Scherer and Wokulat,
involved reaction of the chlorodiaminophosphine precursor
with the appropriate amine (see eqn (1) (Scheme 2) and ESIf for
details).”> The products were purified by distillation and
analysis by *'P NMR showed a singlet at 112.3 ppm for the
N-propyl ligand 1 and at 109.6 ppm for the N-isopropyl ligand
2, close to the value of 105.4 ppm reported for a similar
N-methyl derivative.*® However, for both compounds 1 and 2,
additional small signals were seen in the NMR spectra. In the
*'P NMR spectrum of ligand 1, two additional singlets were
present at 115.6 ppm (~6%) and at 122.0 ppm (~2%), and in
the case of ligand 2 at 115.6 ppm (~10%) and at 122.0 ppm
(~3%). These by-products could not be removed by repeated
distillation. VT *'P NMR studies for both 1 and 2 over the
temperature range from —80 to 100 °C showed no change in
the ratio between the three signals, confirming there is no
equilibrium between these three species (see Fig. S14 and
S151). A rearrangement of PNP to PPN ligands was first
considered, similar to that seen for other PNP and PNPN
ligands,”” > but this was not consistent with the singlets
observed in the *'P NMR spectra. The signal at 115.6 ppm,
which was common to both 1 and 2, was identified as the
P-P bridged diphospholane compound [(CH,),N(CH;),P], (3)
which was prepared by independent synthesis through
reduction of 2-chloro-1,3-diazaphospholane with magnesium
(eqn (2) (Scheme 2)).>*** We therefore propose that a
redistribution takes place during the distillation process,
whereby two PNP ligands react to give a P-P bridged
diphospholane and a PNNP diphosphinohydrazine as shown in
eqn (3). The mechanism for this process has not been
investigated but may involve radical intermediates as
diphospholanes are known to undergo homolytic P-P bond
cleavage,” and form stable phosphinyl radicals with sterically
hindered N-substituents.”****® The cyclodiphosphazane 4 was
synthesised by reacting the chloro precursor [CIP(u-N‘Bu)], (ref.
57) with phenyl lithium (eqn (4) (Scheme 2)). Spectroscopic
analysis by *'P NMR showed a single isomer at 155.4 ppm, which
we presume is the thermodynamically favoured cis
isomer.”®

The addition of 1 and 2 to [CrCl;(THF);] in toluene led to
the formation of blue solutions from which dark blue PNP
chromium(m) chloride complexes [(1)CrCl;], and [(2)CrCls],
could be isolated cleanly in good yields (eqn (5)). Analysis of
the paramagnetic complexes by single crystal XRD showed
the formation of chloro-bridged dinuclear complexes
[(1)CrCl;], and [(2)CrCls],, similar to other PNP chromium
trichloride complexes (Fig. 2).°"° Little structural difference is
seen in the n-propyl versus the isopropyl complex. The axial Cr-P

4546 | Catal Sci. Technol., 2022, 12, 4544-4551

View Article Online

Catalysis Science & Technology

N
M

/ N 2
\ NEt, N<p-NpN
2[ P—Cl + RNH, ———> | |J
N N N
\ \ / 1:R="Pr
2:R=Pr
/ \ /
N

N N
2[ P—Cl + Mg ——> E p—r~{ j @
N N N

\ [ 3 |

R R \ /

R

|
\N\p’N\P’N/ \N\P/N_N\P/N [ p—p’ :J @)
2 —_— + / -
Ch Cho A Wy

By Bu
|

|
N PhLi LR
C—P_ P—Cl ——> PP “4)
Y Y
|
tBy Bu

4

Scheme 2 Synthesis and redistribution reactions of PNP ligands.

bond lengths are all significantly longer than the equatorial
ones (¢f 2.5015(11) A vs. 2.4134(10) A for complex [(2)CrCl;],),
which is also seen in similar complexes containing the R-PNP
ligand A (Fig. 1).>" The equatorial Cr-P bonds in [(1)CrCl;],
and [(2)CrCl;], are both shorter than in the ‘Pr-PNP
chromium complex,”™ ¢f 2.450(5) A vs. 2.4187(8) A and
2.4134(10) A, presumable a consequence of the increased
basicity at phosphorous and the reduced steric hindrance.
The reaction of 4 with [CrCl;(THF);] in toluene resulted in a
dark purple solid product after evaporation of the solvent,
but no complex could be isolated, most likely due to the
formation of a coordination polymer. Previous studies on the
coordination behaviour of type E ligands have shown that
these  cyclodiphosphazanes normally act either as
monodentate or as bridging ligands between two metals, but
never as bidentate ligands coordinating to a single
metal.®*®"

Ethylene oligomerisation

The PNP ligands were used in combination with
[CrCl;(THF);] as catalysts for ethylene oligomerisation, using
MAO as the co-catalyst (Table 1). The catalyst systems
prepared from ligands 1 and 2 show good activities and
selectivities for the formation of 1-hexene and 1-octene at
room temperature and 20 bar ethylene pressure, but are less
active than the benchmark catalyst containing the
PrN(PPh,), ligand under similar conditions (run 10). The
selectivity for 1-octene is slightly better for ligand 1 compared
to 2, but both are lower than ‘PrN(PPh,),. The selectivity to
1-octene improves with ethylene pressure and decreases
somewhat with temperature from 20 to 50 °C. Overall, the
product spectrum for 1 and 2 looks comparable to that
obtained with the iPrN(PPhZ)Z ligand, with less C;, and Cjo-
side-products being obtained, but more solid PE formation. A
comparison between the in situ prepared catalyst system with
the preformed complex [(2)CrCl;], under the same conditions

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Synthesis and molecular structures of complexes [(1)CrClz], and [(2)CrCls],.

Table 1 Ethylene oligomerisation results with chromium PNP catalysts and MAO

Cs” mol%

#  Cat? Pbar Temp.°C Olig.g PEyieldg Prod.gg ' (Cr)h™ Cgmol% Cy°mol% Cyp mol% «

1 1/Cr 3 21 0.32 0.81 1088 66.0 25.4 1.8 0

2 1/Cr 20 21 3.97 1.68 5432 34.9 61.4 0.6 0.6

3 1/Cr 20 50 8.39 1.40 9413 39.3 57.8 0.8 0.3

4 2/Cr 3 21 0.45 1.47 1842 43.1 35.5 0.5 0

5 2/Cr 20 21 15.9 2.10 17307 42.2 55.2 0.8 0.2

6 2/Cr 20 50 16.8 1.30 18076 43.1 53.8 0.8 0.4

7 [()crcl], 20 22 15.8 1.12 16269 76.1 21.2 1.4 0.4

8 4/Cr 10 24 19.0 1.21 19432 30.2 15.8 8.6 9.8 0.52
9 a/cr? 20 24 5.87 0.22 23423 32.9 15.8 7.2 6.3 0.42
10 A/cr’ 20 30 6.46 0.41 26441 19.5 67.5 5.4 7.6

“ Conditions: catalyst prepared in situ from 20 umol PNP ligand and 20 pumol [CrCl;(THF);]; MAO 500 equiv.; 100 ml toluene; 60 min. » Cq
denotes 1-hexene and Cg denotes 1-octene. ¢ Cy, includes 1-decene, internal and branched decenes. ¢ Catalyst prepared in situ from 5 pmol
PNP ligand 4 and 5 umol [CrCl3(THF);]; MAO 500 equiv.; 100 ml toluene; 60 min. ¢ Data taken from ref. 27; conditions: 10 pmol ‘PrN(PPh,), (A)

and 10 umol [CrCl;(THF);]; MAO 300 equiv.; 100 ml toluene; 30 min.

showed a similar productivity, but a shift in the product
distribution to favour the formation of 1-hexene. The origin
of this shift is unclear at this stage.

Interestingly, oligomerisation experiments with the
cyclodiphosphazane ligand 4 yielded a Schulz-Flory
distributions of 1-alkenes, with « values of 0.52 at 10 bar and
0.42 at 20 bar (less catalyst was used in the latter case). These
results indicate that the binding of ligand 4 in the active
catalyst is likely to be different compared to the ‘PrN(PPh,),

This journal is © The Royal Society of Chemistry 2022

ligand. As discussed previously, these ligands normally act
either as monodentate or as bridging ligands between two
metals.®>®!

Computational studies

The PNP ligands 1 and 2 form, upon reaction with
[CrCl3(THF);], dinuclear chloro-bridged  chromium(u)
complexes. Upon activation with MAO, these PNP/Cr catalysts
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have shown up to 61% selectivity for 1-octene in the
oligomerisation of ethylene. While the catalytic activity is
somewhat lower compared to the benchmark ‘PrN(PPh,),
catalyst, it is remarkable that the product spectrum obtained
with these ligands 1 and 2 is not significantly different,
despite the very different ligand properties in terms of steric
requirements and basicity. In order to understand these
electronic and steric differences, we have carried out a DFT
investigation, using ligand 2. The same method (M06L) and
basis sets were employed that we have used previously for
other PNP ligands so that results can be directly compared
(see ESIT).27,28,62,63

Upon addition of MAO to the Cr(m) precursor complex
containing ligand 2, reduction to a PNP-Cr(i) species is
believed to occur as a result of halide/alkyl exchange and
abstraction reactions, combined with reductive elimination.
Our previous studies have indicated that a Cr(1)-Cr(m) cycle is
more likely than a Cr(u)-Cr(v) cycle.®* Thus, the reaction
pathway starts from the bis(ethylene)complex Cr(1) complex
[(2)Cr(C,Hy),]" (T), (Fig. 3), which is generally believed to be
the active species in these reactions.>® Complex I undergoes
oxidative coupling via TSIFII to the metallacyclopentane
complex II, with a barrier of +9.3 kcal mol™, smaller but
similar in magnitude as 11.9 kcal mol™ for the MeN(PPh,),/
Cr system.®® More likely in this case, coordination of a
further ethylene monomer to complex I to give [(2)Cr(C,H,)s]"
(Im) takes place first, which is most stable in the quartet spin
state (*II) as shown by the blue route (the PNP ligand has
been omitted for clarity). The sextet spin state was also
calculated for I and III, but these were found to be higher in
energy by +0.5 and +6.2 kcal mol™, respectively. There are
a number of interesting differences between ligand 2 when
comparing the energies with the previously -calculated
MeN(PPh,), ligand, using the same DFT method and basis
sets.®” The coordination of the third ethylene to give *III

N D
Cr\ -
V%4 ’ TSHI ) i
I - 493 =
sextet 81 (+0.5) P 08 B 4
quartet %I (0.0) N gy =42 L \
__1\\ 1] —_— =
| T \
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leads to a stabilisation of -10.4 kcal mol™" relative to the
bis(ethylene) starting complex, which is significantly greater
than the stabilisation of less that 1 kcal mol™ calculated for
[(MeN(PPh,),)Cr(C,H,);]".%® The increased affinity of the
metal centre to bind ethylene is likely due to the basicity of
the phosphine donors in ligand 2 and possibly also due to
the reduced steric hindrance. Oxidative coupling of two
ethylene moieties in “IIl leads to the metallacyclopentane
complex IV via TSIIIFIV with a barrier of 9.6 keal mol™ (blue
route). Intermediate IV either undergoes ethylene insertion
via TSIV-V (+10.7 kecal mol™") to the metallacycloheptane
species V, or binds another ethylene to give the bis(ethylene)
metallacyclopentane complex VIL. This coordination of a
second ethylene is favourable by -3.6 kcal mol™, compared
to +1.3 kecal mol™ for the MeN(PPh,),/Cr system.®® The B-H
transfer process from intermediate V has a modest barrier of
approximately 10 kcal mol ™, which leads to the intermediate
Cr(1)-hexene complex VI that ultimately releases 1-hexene.
The metallacyclopentane intermediate VII with two
coordinated ethylene units is stabilised by —3.6 kcal mol™
relative to the mono(ethylene) complex IV. At higher ethylene
pressures, VII will likely be the dominant intermediate,
leading to the formation of 1-octene via a double ethylene
insertion pathway (Fig. 4). The first ethylene insertion from
VII to intermediate VIII occurs vig TSVII-VIII with a modest
barrier of +8.5 kcal mol™ (¢f +10.9 kcal mol™ for
MeN(PPh,),/Cr).*® Note that this barrier is lower than for the
mono(ethylene) complex IV (+10.7 kecal mol™). Due to the
increased flexibility of the metallacycloheptane ring in VIII
and the various coordination modes of the coordinated
ethylene ligand, this intermediate exists as a number of
energetically closely related isomers with different agostic
interactions, the lowest of which is found at -38.7 kcal mol ™.
The second ethylene insertion shows a slightly lower barrier
(+7.9 kcal mol™) than the first, and leads to the

TSIV-Y <
/=30 -
TSV-VI
_______________________ e
: = SN Wp—
\ ,'l \ =1
\—/’
-25.4
\ Cr
1~/
Cr prm—
—emE v
v
or—|| — > 1-hexene
C4H
Vi 4719

Fig. 3 Reaction profile with Gibbs free energies (kcal mol™) for the single ethylene insertion pathway of the activated chromium complex
containing the n-propyl PNP ligand 2. All chromium species are cations. (MO6L/BS1//M06L/BS2, 298 K).
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Fig. 4 Reaction profile with Gibbs free energies (kcal mol™) for the double ethylene insertion pathway of the activated chromium complex
containing the isopropyl PNP ligand 2. All chromium species are cations (MO6L/BS1//M06L/BS2, 298 K).

chromacyclononane complex IX, which can undergo B-H
transfer via TSIX-X to produce the Cr(i)-octene complex X and
eventually 1-octene. Complexes VIII, IX and X as well as the
TS states exist as various isomers due to different agostic
interactions and the most likely energetic pathway is
indicated in red in Fig. 4.

Overall, the energetics of single and double ethylene
insertion pathways in Fig. 3 and 4 are very comparable to
those previously calculated for MeN(PPh,),/Cr and related
systems.®® The increased basicity of ligand 2 leads to stronger
ethylene coordination and a stabilisation of ethylene bound
species such as III and VII. This however has not yet resulted
in an increased overall yield of 1-octene.

Multiple attempts have been made to prepare
metallacyclic chromium PNP complexes. The alkylation
reaction of [(‘PrN(PPh,),)CrCl;], with Li,C,Hs in Et,O
invariably failed and attempts to prepare Cr(u) PNP
complexes by reacting PNP ligands with [CrCl,(thf),] in THF
also failed, as did reductions of [(‘PrN(PPh,),)CrCl,], with a
range of reducing agents such as Al/AICl;, AlMe;, or KCg in
toluene, or "BuLi, PhMgBr, NaHBEt; or Mg in Et,O. Starting
from the dinuclear tetra(1,4-butanediyl) Cr(u) precursor
complex [Li(OEt,)]4[{Cr(C4Hg)s}2]  (6),°*®> prepared here
from [CrCl,(thf),] and Li,C;Hg in Et,O, and reaction with
various PNP ligands also failed to generate any isolable
products. A new and more accurate XRD analysis for
[Li(OEt,)]s[{Cr(C4Hs),}»] (6) has been included in the ESL¥

In conclusion, we have shown that Lewis basic PNP
ligands of type D in Fig. 1 afford active chromium-based
oligomerisation catalysts upon activation with MAO, with
selectivities for 1-octene and 1-hexene that are comparable to
the classic ‘PrN(PPh,),/Cr catalyst system. A doubly-bridged

This journal is © The Royal Society of Chemistry 2022

PNP ligand of type E resulted in a mixture of linear a-olefins
that follow a Schulz-Flory distribution. Computational
studies have shown that ethylene binding to the chromium
centre is favoured, most likely as a result of the increased
basicity of the PNP ligand and reduced steric hindrance, but
the experimental oligomerisation studies have not shown an
improved selectivity for 1-octene, which appears to be
generally limited to approximately 80%. Further studies are
needed in order to deepen our understanding of these
industrially important oligomerisation systems.
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