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Abstract

Chapter 1 is a general introduction to the topic of ethylene tetramerization catalysis.

Chapter 2 presents the synthesis and catalytic utility of chromium multi-aryl complexes
that were the first examples of ethylene tetramerization catalysts that could be produced
without excess alkyl aluminum reagents.

Chapter 3 describes the mechanistic analysis of the ethylene tetramerization reaction
using isotopically labelled ethylene. Co-production of 1-hexene along with 1-octene was
determined to be intrinsic to the reaction mechanism. This is due to the intermediacy of a
chromacyclic species that can either eliminate 1-hexene or insert a fourth ethylene.

Chapter 4 presents the synthesis of additional Cr tris(aryl) complexes, which are
coordinatively saturated, and were used to generate a crystallographically-characterized
Cr(III) cationic species. This was the first reported single-component precatalyst for ethylene
tetramerization.

Chapter 5 describes the isotopic labelling of a well-defined ethylene tetramerization
precatalyst with a deuteriomethyl group. This label was tracked following protonation of the
neutral Cr complex via pulse EPR. Successful detection of deuterium on Cr-alkyl ligands led
to 7n sitn analysis of the catalytic mixture. A low-spin species derived from deuterated
ethylene was observed.

Appendix 1 describes the synthesis of various Cr aryl amine complexes. Appendix 2
provides the results of additional catalytic experiments for ethylene tetramerization,
including those with a more soluble precatalyst, and those at higher ethylene pressure.
Appendix 3 details the synthesis of a molecular Re catalyst for CO, electroreduction which
was used to modify electrodes. Appendix 4 lists various X-ray crystal structures that were

obtained, but not related elsewhere in the thesis.
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Chapter 1

General Introduction



The discovery, development, and optimization of catalytic processes is a major goal of
chemical research and its broader applications. Transition metals are particularly suited for
catalysis due to their diverse coordination environments and reactivity.' To develop known
catalysts by improving their selectivity, rates, and longevity, fundamental study of the
properties of the transition metal species is necessary.” Mechanistic, spectroscopic, and
synthetic methodologies must be employed to probe the features of transition metal
complexes in order to make these improvements.

Of particular interest are first-row transition metals due to their low cost compared to
second- and third-row congeners.” A defining characteristic of complexes of first-row metals
is their propensity to contain unpaired electrons (paramagnetism).” This is due either to the
stability of metal oxidation states with odd-numbers of electrons, or stabilized high-spin
states (for even-numbered electron counts) due to small d-orbital splitting. Ultimately,
consideration of paramagnetism is required to understand certain reaction mechanisms of
first-row metals for the purposes of improving catalysis.’

Due to the paramagnetism of first-row metals, they are often not suitable for
characterization by the ubiquitous nuclear magnetic resonance (NMR) spectroscopy.’ This
has hindered the understanding of the speciation of transition metals relevant to catalysis,
except where electron paramagnetic resonance (EPR) spectroscopy can be employed.
Chromium complexes tend to be particularly challenging to characterize by spectroscopic
methods. Although Ct(III) is a common oxidation state, the high spin multiplicity (S = 3/2)
leads to broad EPR spectra for which hyperfine parameters cannot be extracted.” Another
common oxidation state, Cr(Il), is often S = 2, and its transitions are formally forbidden by

conventional EPR (perpendicular mode).*



The work herein addresses the broader scientific interest in the characterization of
paramagnetic Cr species in the context of an industrially-relevant catalytic process: ethylene
tetramerization. Chromium has been targeted for selective ethylene tetramerization since
2004.” Catalysts typically are formed by ill-defined processes using alkyl aluminum reagents,
and starting from Cr(III) precatalysts. Although analogies can be derived from reactions of
group IV metals,"” the aforementioned spectroscopic challenges for Cr have hindered the
systematic study of ethylene tetramerization.

An important point regarding ethylene tetramerization catalysis is that it uses
aminodiphosphine (PNP) ligands that bind in a bidentate fashion, yet with an acute bite
angle (< 70°) due to the four-membered ring."" This leads to weak binding, and complicates
the synthesis of PNP-Cr species, since PNP will dissociate from Cr(IIl) in favor of ligands
such as tetrahydrofuran (THF). Furthermore, PNP has been observed in several cases to
undergo isomerization to PPN structures.'” This has even led to P-P bond cleavage in the
presence of alkyl-aluminum reagents.” Finally, aminodiphosphines also can support metal-

metal bonded motifs."

Although the work described here has not directly evaluated these
complexities in the context of the Cr catalysis, they are worth keeping in mind.

Pursuant to our aim of understanding and improving the Cr-based ethylene
tetramerization catalyst, we sought well-defined PNP-Cr precatalysts so that large excesses of
alkyl aluminum reagents are not required. This was important not only due to the practical
aspects of safety and cost, but also for fundamental understanding. The activator du jour is
modified methylaluminoxane (MMAO), one commercially-available formulation (MMAO-
3A) is known to be a partially hydrolyzed mixture of trimethylaluminum and

triisobutylaluminum (in a 2:1 ratio).” Drawing from knowledge of group IV chemistry,

MMAO-3A likely serves to generate an alkylated and cationic Cr species 7 situ.'® The



composition, structure, and stability of methylaluminoxanes is the subject of research in its
own right.'” Therefore, to eliminate the uncertainty in the composition of our catalysts due
to the use of MMAO, we designed “pre-alkylated” Cr complexes that could be activated by
protonation (Chapter 2).

The Cr ethylene tetramerization catalyst had been demonstrated by Sasol researchers to
proceed through a metallacyclic chain-growth mechanism (Scheme 1, right).' This is similar
to Cr (and other metal-based) ethylene trimerization catalysts."” The metallacyclic mechanism
provides a means of selecting for certain chain lengths on the basis of strain in the
metallacycle, in contrast to a linear chain growth mechanism (Scheme 1, left). We have
revisited this mechanistic study, in order to rationalize an isotope effect on the selectivity
between 1-octene and 1-hexene, the major co-product (Chapter 3). This analysis confirmed
that both products are formed by the same catalyst species, and hydride transfer v. ethylene
insertion governs the selectivity between the two products.

Following the successful stoichiometric activation of PNP-Cr tristhydrocarbyl)
precatalysts, an expanded series of homoleptic Cr tris(aryl) precursors was synthesized
(Chapter 4). A study of analogs distinguished by the chelate ring size was performed,
demonstrating differences in stability and structure. These precursors enabled the synthesis
of a cationic, PNP Cr(III) diaryl species, which was crystallographically characterized, and
demonstrated to be a single-component ethylene tetramerization precatalyst.

The original Cr tris(hydrocarbyl) precursors included a Cr-methyl example, which was
well-suited for isotopic labelling to the Cr-CDj; analog (Chapter 5). This provided a handle
for pulse EPR techniques, which were employed for the characterization of reactive Cr
intermediates. As well, EPR analysis of catalysis was possible using C,D, gas. An off-path

intermediate was observed, with spectral features consistent with a Cr-alkene species.



Scheme 1. Linear chain growth process (left) vs. metallacyclic chain growth process (right).

’/ 2\ 2/ \

[Cr]”\/\/\H H—I[Cr" [cn Q[Cr]”*Z

\112 catalyst 1or2
1-hexene or 1-hexene or
1-octene 1-octene

In summary, the synthesis of new, paramagnetic Cr complexes allowed for ethylene
tetramerization  catalysis  from  well-defined  (crystallographically-characterized)
organochromium starting materials. This strategy was extended to the discovery of a single-
component catalyst. Therefore, the elimination of the need for alkyl aluminum activators
(and activators of any kind) was achieved. Analysis of an isotopically-labelled ethylene gas
mixture showed that 1-hexene cannot be produced independently of 1-octene using this
catalyst. Isotopic labelling of an organochromium precatalyst provided a spectroscopic
handle for pulse EPR, which enabled 7# situ characterization of a species derived from the
catalytic mixture. These studies highlight the importance of synthesizing the necessary

organometallic complexes to study complicated catalytic processes.
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Chapter 2

Stoichiometrically-Activated Catalysts for Ethylene Tetramerization using

Diphosphinoamine-Ligated Cr Tris(hydrocarbyl) Complexes

Adapted with permission from:
Organometallics, 2017, 36 (21), pp 4107-4110

Copyright 2017 American Chemical Society



Abstract

A new, stoichiometric, activation mode is presented for Cr-PNP (PNP =
diphosphinoamine) complexes for ethylene tetramerization catalysis. To access suitable
precatalysts, two robust Cr(III) multiaryl compounds were synthesized as THF adducts.
These complexes are supported by a facially coordinated bis(aryl) ligand with an additional
ether donor. From these precursors, Cr-PNP trishydrocarbyl complexes were synthesized.
Using a single equivalent of Bronsted acid as activator, an active species for the catalytic
tetramerization of ethylene was produced, without the need for excess alkyl aluminum

reagents.



10

Introduction

Linear o-olefins (LAOs) are co-monomers in the production of linear low density
polyethylene (LLDPE), and traditionally have been produced via non-selective ethylene
oligomerization.' Due to the high demand for pure fractions of specific LAOs (typically 1-
hexene or 1-octene), selective ethylene oligomerization catalysts have been targeted for use
on an industrial scale.” For 1-octene synthesis, the best catalyst with respect to activity and
selectivity is Cr-PNP (PNP = diphosphinoamine, Scheme 1).” Despite many studies
investigating the role of the PNP ligand and the activator, this system still suffers from
generation of significant amounts of polymer or undesired oligomers.”* Additionally, ill-
defined activators such as modified methylaluminoxane (MMAO) are required in hundreds-
fold excess relative to the Cr precatalyst. Rational improvement of catalysis has been
hindered by a lack of mechanistic understanding related to the oxidation state, coordination
environment, and Cr nuclearity of the active species.” Using a single well-defined activator in
stoichiometric amounts is important for addressing mechanistic questions as well as for
industrial applications.’

Toward developing catalysts for olefin upgrading, a variety of organochromium
complexes have been studied recently.” Several Cr compounds require no exogenous

activators for ethylene trimerization or non-selective oligomerization.™”

Ethylene
trimerization catalysts have also been generated from Cr-triphenyl and Cr-diaryl-halide

7 :
" Herein, we

complexes via stoichiometric treatment with acid or abstraction of halide.
describe the synthesis of a Cr-PNP precursor suitable for stoichiometric activation and
demonstrate, for the first time, the generation of ethylene tetramerization catalysts upon

protonation. Remarkably, these catalysts perform comparably to the MMAO system using

CtCl; precursors.
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Chromium compounds featuring three alkyl or aryl ligands are typically thermally
unstable,®"” although some Cr-aryls are stabilized using chelating interactions.’ Recently, a
Cr compound featuring chelating alkyl ligands was used to generate an active tetramerization
catalyst using excess aluminum activators, albeit with significantly lower activity than the
chlorinated Cr precatalyst.'' Separately, the protonolysis of a Cr-triaryl complex was

reported, but no oligomerization activity was observed.’

Results and Discussion

Synthesis of Cr(III) Tris(hydrocarbyl) Complexes Using a Tridentate
Bis(aryl)ether Ligand. Initial attempts to use CrPh;(THF); as precursor were not
promising due to its instability;”” the generation of a five-coordinate species likely
contributed to decomposition. To access a robust Cr-PNP complex, we used a chelating,
tridentate bis(aryl)ether ligand. Treatment of CrCl,(p-tolyl)(THF); or CtCl,Me(THF),
precursors with a bis(aryl)ether organomagnesium reagent results in isolation of 1 or 2,
respectively, as red crystalline solids (see Scheme 2, and Figures 1 and 2). Single crystal X-ray
diffraction (XRD) studies of 1 and 2 reveal similar geometries about Cr (see Table 1 for
bond metrics). The three hydrocarbyl ligands bind to Cr facially, as in CrPhy(THF),.”
Consequently, the bis(aryl)ether ligand also binds facially; the coordination sphere is
completed by two THF ligands.

To employ compounds 1 and 2 as practical precursors for organometallic catalysis,
stability is important. Complex 1 was compared to CtPhy(THF),. CtPh,(THF), completely
decomposes within seconds upon dissolution in toluene or Et,O, with formation of biphenyl

as tracked by gas chromatography/mass spectrometry (GC/MS). In the presence of 100
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Scheme 1. Top: Selective oligomerization of ethylene to 1-hexene and 1-octene. Bottom:

Typical activation of Cr-PNP precatalysts using a large excess of MMAO.

Cr-PNP Catalyst ~ —~ >">"NF
+ NN+ co-oligomers

\ > 300 equiv. Ph\ +
| Phop,, | i s MMAO Phop, R
Pr‘N\P/Cr o] R — 'Pr—N\P/[Cr]
P PhCl 1, R=alky PR bn

M
or PNP + Cr precursor Alkylated and cationic

Precatalyst activated species

[Cr]: additional coordination of substrate, anion, or solvent possible

Scheme 2. Synthesis of Cr tris(thydrocarbyl) precursors 1 and 2, and Cr-PNP complexes 3

and 4.

R
Q | (p-tol)N(PPhy),
CrCly(R)(THF)3 oy R
1:1 THF: EtZO ( :0/ \

R = p-tol, Me thawing to RT
[Mg] = solvent-ligated
Mg?* ion
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Figure 1. Molecular structure of 1 with thermal ellipsoids at the 50% probability level.
Selected bond distances/angle shown in table 1. H atoms have been omitted for clarity.
There are two molecules in the asymmetric unit, with C1 corresponding to C30, C2 to C31,
and C3 to C32. For oxygen, O1 corresponds to O4, O2 to O5, and O3 to O6.

Figure 2. Molecular structure of 2 with thermal ellipsoids at the 50% probability level.
Selected bond distances/angle shown in table 1. H atoms have been omitted for clarity.
There are three molecules in the asymmetric unit, with C1 corresponding to C24 & C47, C2

to C25 & C48, and C3 to C26 & C49. For oxygen, O1 corresponds to O4 & O7, O2 to O5
& 08, and O3 to O6 & O9.
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Figure 3. Molecular structure of 3 with thermal ellipsoids at the 50% probability level. H
atoms and pentane solvent molecule have been omitted for clarity. Selected bond
distances/angle shown in table 2.

Figure 4. Molecular structure of 4 with thermal ellipsoids at the 50% probability level.
Selected bond distances/angle shown in table 2. H atoms and toluene solvent molecules
have been omitted for clarity. There are two molecules in the asymmetric unit, with Cl
corresponding to C47, C2 to C48, and C3 to C49. For phosphorus, P1 corresponds to P3,
and P2 to P4.
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Table 1. Selected bond angles and distances for complexes 1 and 2.

Bond Distance (A) Averages* Complex
1 2

Cr-Cl 2.0664(11) 2.056(5)
Cr-C2 2.0637(11) 2.056(5)
Cr1-C3 2.0557(10) 2.069(5)
Cr1-0O1 2.1522(8) 2.181(4)
Cr1-0O2 2.1673(8) 2.158(3)
Cr1-O3 2.1794(8) 2.162(3)

Bond Angles (°) Averages®

C1-Cr1-C2 100.06(4) 93.9(3)

* Average metrics calculated for two (compound 1) or three (compound 2) molecules present

in the asymmetric unit.

Table 2. Selected bond angles and distances for complexes 3 and 4.

Bond Distance (A) Averages® Complex
3 4

Cr1-C1 2.087(9) 2.032(12)
Cr1-C2 2.060(9) 2.062(12)
Cr1-C3 2.069(8) 2.080(13)
Cr1-P1 2.591(2) 2.493(4)
Cr1-P2 2.538(3) 2.500(3)
Cr1-O1 2.154(0) 2.171(8)

Bond Angles (°) Averages®

C1-Cr1-C2 102.5(4) 105.9(5)
P1-Cr1-P2 65.22(8) 65.48(11)

* Average metrics calculated for two (compound 4) molecules present in the asymmetric unit.
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equiv. THF, CtPh,(THF); completely decomposes within 3 hours in toluene ([Ct] = 4 mM).
Complex 1 decomposes in solution, producing 0.2 equiv. 4,4'-dimethylbiphenyl within 1 h in
toluene or 5 h in Et,0 ([Ct] = 4 mM). No other aryl-aryl bond formation product is
observed, suggesting that the reductive elimination is an intermolecular process. The partial
decomposition observed over these longer periods indicate higher stability for 1 relative to
CrPh,(THEF),. In the presence of THF (100 equiv.), no decomposition of 1 was observed in
toluene after 2 days. The significant stability of 1 compared to CtPh;(THF); is attributed to
the chelating bis(aryl)ether ligand. Increased stability has been reported for bidentate aryl
ligands, albeit with amine donors.'**

As designed, 1 or 2 display two THF ligands prone to substitution for bidentate PNP.
Indeed, treatment of 1 or 2 with (p-to)N(PPh,), ("PNP) yields 3 (47% vyield) and 4 (49%
yield), respectively (Scheme 2). Metallation of 'PrN(PPh,), ("PNP) under similar conditions
has not provided the analogous complexes in practical amounts. XRD analysis (Figure 3 and
4) shows that the three hydrocarbyl ligands remain in a facial arrangement with the
phosphorus atoms of “PNP binding trans to the chelating aryl donors, in the sites
previously occupied by THF ligands in 1 and 2. Compounds 3 and 4 represent the first
structurally characterized Cr(IIl) tristhydrocarbyl) complexes that display an ancillary ligand
established to support selective ethylene tetramerization catalysis. Notably, compounds 3
and 4 are reminiscent of multiaryl Cr-PNP precatalysts for ethylene trimerization.” In those
compounds, the ether moiety is linked to the PNP ligand (PNP©Y%) limiting catalytic
selectivity to trimerization. In compounds 1-4, the stabilizing ether donor is not a part of the
ancillary PNP ligand, ultimately allowing for ethylene tetramerization activity.

Ethylene Oligomerization Catalysis Using Cr(III) Tris(hydrocarbyl) Complexes.

With complexes 1-4 in hand, catalytic trials were performed upon stoichiometric activation
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with a Brensted acid, [H(Et,0),][BAt,] (A" = 3,5-(CF;),-C,H;). Precursors 1 or 2 were
mixed with PNP ligands to generate the Cr-PNP species in situ, while 3 and 4 were used
directly. Upon addition of ethylene (100 psi) to the activated Cr species, mixtures of 1-
hexene and 1-octene were produced (Table 3). Pre-ligated complexes 3 and 4 give
substantially higher activity than 1 and 2 (entries 3-6, Table 3). This may be due to partial
decomposition of precursors 1 and 2 or their protonation products before substitution of
“'PNP for THF ligands. Additionally, the presence of two THF equivalents could inhibit
catalysis (vide infra). Catalytic activities as high as 3700 g/g Cr (=6900 equiv. C,H, consumed)
were obtained using 4, with selectivity for 1-octene as high as 44 wt%. Very small amounts
of polymer were produced in the experiments using stoichiometric activation (entries 1-6,
Table 3). In the trials showing higher activity, oligomers resulting from co-trimetization/-
tetramerization of ethylene and 1-hexene or 1-octene (C,-C,, branched o-olefins) were
produced in larger amounts.” Most notably, the catalytic performance using 3 or 4 and 1
equiv. [H(Et,O),][BAr')] is very close to that obtained using 300 equiv. MMAO to activate a
mixture of CrCL(THF), and “PNP or "PNP (Table 3, entries 5-6, 12-13). These results
demonstrate for the first time that large excesses of Al activators are not required for 1-
octene generation. Additionally, very low (or undetectable) levels of polymer are generated
under these conditions. Both of these features are important for potential large scale
practical applications.

When the catalysts are prepared from 1 or 2 and PNP in situ, two equivalents of THF
are present in the mixture, in contrast to activation of 3 or 4. Catalytic trials were performed
in the presence of a small amount of MMAO (5 equiv.) toward binding any THF ligands that

may compete with ethylene coordination to Cr. Significantly improved oligomerization
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Table 3. Results of catalysis using stoichiometric activation (entries 1-6), with 5 equiv.
MMAO (entries 7-11), compared to activation of CrCl; precatalysts using excess MMAO
(entries 12-13).

1 1/ PPNP 1/0 1600 <1%  75% 22% 3% 97% 023
2 2 / PPNP 1/0 500 0%  77% 21% 2% 97% 0.22
3 1/ ©IPNP 1/0 980 0%  62% 36% 2% 87% 0.51
4 2 / ©IPNP 1/0 260 0%  66% 34% <1% 88% 0.44
5 3/ 1/0 3300 <1%  46% 43% 1% 75% 0.93
6 4/ 1/0 3700 <1%  43% 44% 13% 75% 1.0
7 1/ PPNP 1/5 4200 <1%  47% 37% 16% 92% 0.64
8 1/ ©IPNP 1/5 1500 1%  46% 48% 5% 77% 1.0
9 2 / ©IPNP 1/5 1900 0%  52% 43% 5% 81% 0.75
10 3/ 1/5 3900 2%  42% 40% 16% 78% 0.92
11 4/ 1/5 4500 1% 48% 36% 15% 81% 0.70
12 Cfc};ggf B/ 0300 5200 <1%  43% 41% 16% 89% 0.80
13 CfC}ggglf B 0300 31000 <1%  40% 50% 10% 73% 13

Conditions: [Ct] = 1 mM, Solvent: 7.5 mL PhCL. Pressure: 100 psig C,H,. Temperature:
25°C. Reaction time: 45 min. * wt% (total) " molar ratio

Scheme 3. Stoichiometric activation of 3 via protonation.
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activity was observed in all cases when precatalysts 1 and 2 were used (entries 1, 3-4, 7-9,
Table 3). The 1-octene:1-hexene ratio increased by a factor of 2, on average, upon MMAO
addition in these experiments. It is proposed that Al species in MMAO abstract THF
ligands, generating a more sterically open and electronically deficient Cr center and causing
an increase in activity and 1-octene selectivity. However, the possibility that the MMAO
alkylates the Cr center or otherwise changes the mechanism of activation following
protonation cannot be excluded. In agreement with the above proposal, addition of MMAO
(5 equiv.) following protonation of 3 or 4, which lack THF, results in smaller effects on
oligomerization activity and selectivity (entries 5-6, 10-11, Table 3).

Analysis of Aryl Residues by 'H NMR and GC/MS. Analysis of organic byproducts

of Cr-aryl precatalysts has been used to infer possible activation mechanisms.”””

Upon
protonation of 3, 0.3 equiv. of toluene were observed by 'H NMR (C,D.Cl), suggesting a
ratio of 2:1 for putative cationic species 5a and 5b (Scheme 3). Quenching with excess
CD,OD shows dibenzylether-d, via GC/MS, indicating that the hydrocarbyl ligands remain
bound to Cr. GC/MS analysis also shows the gradual formation of p-tolyl-substituted
dibenzylether over 1 hour at RT, consistent with reductive elimination from 5a to generate a
Cr(I) species. The catalytic activity was found to decrease upon storing the activated mixture
at room temperature in the absence of ethylene, indicating that the resulting Cr(I) species is
prone to decomposition in the absence of monomer. Under normal activation conditions,
the same aryl-aryl reductive elimination is also observed following catalysis (see Figure 5).
Additionally, species consistent with one, two and three ethylene insertions, followed by 3-H
elimination and C-H reductive elimination are observed; their potential relevance to catalyst

initiation is discussed in the next section. These products are similar to the ones observed for

the stoichiometric activation of well-defined Cr-PNP“™9* precatalysts for ethylene
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. T |
trimerization.”

In contrast, aryl-aryl reductive elimination was not observed in that case.
This difference in initiation could be a consequence of the lower denticity of the PNP
ligands selective for ethylene tetramerization.”” Species corresponding to ethylene insertion
followed by reductive elimination with C-C bond formation are not observed.

Notably, following catalysis using complexes 1-4, a major set of organic species is
apparent by GC/MS (C and D in Figure 5). Because of their relative prominence, it was
surmised that they could have significance to the reactivity of the activated Cr species with
ethylene. The presence of m/z = 91, 106 mass fragments strongly suggests C and D are
derived from the bis(aryl)ether. The mass analysis further suggests these are derived from
insertion of #hree ethylene units into the Cr-aryl bond (m/z = 172, 181, 189). Furthermore, a
separate pair of organic residues corresponding to four ethylenes was observed in relative
concentrations that were correlated to the 1-octene:1-hexene ratio (not shown in Figure 5).
Therefore, C and D are derived from the Cr precatalyst and ethylene, and the formation of
C and D is correlated to the activity and selectivity of the Cr catalyst.

Two obvious potential explanations for the formation of these species were considered.
Firstly, insertion of 1-hexene (product) into an intact Cr-aryl bond would lead to one of 5
possible hexenyl-bis(aryl)ether isomers (depending on the regioselectivity of the insertion
and subsequent B-hydride elimination). However, in a separate experiment, 1-hexene (100
equiv.) was added to an activated mixture of 1 and the reaction mixture was quenched. The
GC/MS analysis showed two new species (E and F) that wete confirmed to be distinct from
C and D (Figure 6). Therefore, C and D are not derived from 1-hexene re-insertion into a

Cr-aryl bond.

The second explanation for C and D is three consecutive insertions of ethylene into a
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Figure 5. Representative GC/MS trace (tetention time: 10.5 to 14.7 min) following
quenching of catalytic process, and filtration of the solution.



Abungance
2500000,

2000000/
|
15000001

1000000,

]

22

TIC: NAH4-022A_3.D'data.ms
Quenched ethylene reaction
after 30 seconds:

Vol
1 l i i
L SR A S . N

Time—= 7.50

Abundanncl
400000}
350000

300000

250000}
2coooo
150000}
100000]

500001

e~

] i
_,' A i I'\
A P . i
. 950 10.00 10.50 11.00 11,50
. o TIC: NAH4-020_hex Ddata ms

Activated mixture + 100 1-hexene:

12.00 12.50 13.00 13.50 1400 |

n N AN

o e

O
Time—> 7.50
Abundance
1800004

!
160000

2 e
T Y T T —— = g
8,00 . 850 ___ 900 10.00 10.50 11.00 11.50 13.50 14.00

TIC: NAH4-030_hex_combinedwhAH4-022A, Didata. ms

Combined GC aliquots:

140000/ | ‘ D
120000 | '
| |
100000} | l . i:
i \ i |
30000, I . E i
50000] !". ' 1
1 | Il
400001 1 | | |
1 1 | |
) | "II '.I I'\ [ ] 3 i
mnmr\h‘_ AT 1y R IRER | Il
e A P T A [ \ YA Vb M
Time-=  7.50 800 850 .00 9.50 10.00 10,50 11.00 11.50 12,00 12.60 13.00 13.50 14.00

Figure 6. Comparison between GC/MS traces following ethylene oligomerization catalysis
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Scheme 4. Proposed catalyst initiation pathway, leading to a Cr(I) cationic active species
bound to vinyl-bis(aryl)ether. Consumption of the vinyl-bis(aryl)ether by oxidative coupling
with ethylene could eventually lead to one of six different hexenyl-bis(aryl)ether isomers.
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Cr-aryl bond. Or, formation of a chromacycloheptane on a species with an intact Cr-aryl
bond could lead to C and D following reductive elimination. This linear hexenyl isomer was
prepared independently by Pd-catalyzed cross-coupling of BrZn(CH,),CH=CH, and 1-
((benzyloxy)methyl)-2-bromobenzene under Negishi conditions. Analysis of the crude
reaction mixture by GC/MS showed that the linear hexenyl-bis(aryl)ether had a distinct
retention time (13.2 min), ruling out this particular isomer as the identity of C and D.

From the above experiments, it was inferred that C and D are branched hexenyl-
bis(aryl)ether isomers based on the similar retention times and mass spectral patterns as E
and F. A remaining mechanistic possibility is that a vinyl-bis(aryl)ether residue undergoes
oxidative coupling with ethylene, followed by a subsequent ethylene insertion (Scheme 4).
This would correspond to the first turnover of the Cr catalyst, where vinyl-bis(aryl)ether is
an available olefin substrate. Depending on the regioselectivity of these couplings and
insertions, up to six different isomers are possible (see Scheme 4). Due to the possibilities,
positive identification of the exact structure by independent synthesis was not pursued
turther. However, the implication of this proposal is that the catalytically active species has a
vinyl-bis(aryl)ether bound to Cr following initiation. This strongly suggests that the active
species is Cr(I) derived from the initiation pathway shown in Scheme 4. Of course, the same
hypothesis was based on earlier reports where vinylarenes were prominent organic residues.
In contrast to those examples (from Cr-phenyl or Cr-biphenyldiyl intermediates) the Cr aryl
species here have a coordinating ether built into the aryl ligand, which probably prevents the
dissociation of the resulting Cr-vinyl species. Therefore, the vinyl-bis(aryl)ether could
preferentially undergo oxidative coupling rather than displacement by ethylene.

Complexes That Highlight a Diversity of Bis(aryl)ether Binding Modes. Key to

the isolation and clean reactivity of complexes 1-4 is the complete removal of chloride
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ligands from CrCl,(THF), and subsequent reactive intermediates. Furthermore, 1 and 2 are
not indefinitely stable in non-THF solvents, presumably decomposition occurs following the
loss of THF, in analogy to CtPh,(THF),. Crystals of CtCl((s--C;H,CH,),O)(THF), (6-THF)
could be obtained, as well as the related dimer (based on loss of THEF): [CrCl((e-
CH,CH,),O)(THF)], ([6],) which happened to co-crystallize with the monomer. Ultimately,
based on the similar solubility of these complexes, they were not isolated independently.

Crystals of a decomposition product derived from the synthesis of 1 were obtained. This
revealed a dimeric Cr(II)-Cr(II) structure (7) where the bis(aryl)ether ligands bridge the Cr
centers. This structure is a coordination polymer since the ethereal ligand is the ditopic 1,4-
dioxane (used in the synthesis to precipitate Mg-halide salts). Decomposition of Cr(I1I)
hydrocarbyl species to Cr(IT) dinuclear species is well-precedented.” It is proposed that a
similar species is the product of decomposition of clean 1 or 2 (where the ethereal ligand is
THF rather than 1,4-dioxane), although this has not been definitively established by
spectroscopic or crystallographic evidence.

Concerns about the stability of 1 and 2 due to this possible decomposition mode led to
the exploration of more strongly-binding neutral donors. In particular, the dimethoxyethane
(8) and bis(pyridine) (9) analogs were isolated and structures determined by X-ray diffraction.
The bis(pyridine) complex (9) was surprisingly found to exhibit the bis(aryl)ether ligand in a
tridentate, yet meridional coordination geometry. This was our first observation of such
behavior, yet substitution of the THF ligands on 1 for Ph,PMe also allowed for the
crystallographic characterization of another six-coordinate Cr(III) species with the

meridional bis(aryl)ether: Cr((o-C,H,CH,),0)(p-tol)(Ph,PMe), (10). These structures can be
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Scheme 5. Attempted synthesis of mono-chloride bis(aryl)ether leads to mixture of
monomeric and dimeric forms (isolated as individual crystals or cocrystals).

i, |
0 C\ Cl 2o
@'\M’g + CIOL(THF); —————— R T
THF:Et,0, o Cl,, | ~THF
+ 1,4-dioxane o~ &C\r

Figure 7. Structure of monomeric, CtCl((s--C;H,CH,),O)(THF), (6-THF) determined via
single-crystal XRD. H-atoms are not shown (for clarity). Thermal ellipsoids are displayed at
the 50% probability level.

Figure 8. Structure of dimeric, [CrCl((o-C,H,CH,),O)(THF)], ([6],), determined via single-
crystal XRD. Also present in the asymmetric unit is an equivalent of 6-THF and a
disordered molecule of THF. H-atoms are not shown (for clarity). Thermal ellipsoids are
displayed at the 50% probability level.
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Scheme 6. Top: side-product from synthesis of 1 is revealed to be Cr-Cr dinuclear species
that exists as a coordination polymer due to 1,4-dioxane. Bottom: proposed bimolecular
decomposition of 1in the absence of THF, to generate similar complex as 7.
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Figure 9. Structure of the dinuclear unit Cr((o-C;H,CH,),0)(1,4-dioxane) (7). The
asymmetric unit only includes one 1,4-dioxane ligand, but the Cr coordination spheres are
shown completed, and H-atoms are not shown for clarity. Thermal ellipsoids are displayed at
the 50% probability level.
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Scheme 7. Reactions of 1 with strongly donating ligands leads to substitution of THF for
either dimethoxyethane (8), pyridine (9), or Ph,PMe (10).
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Figure 10. Structure of Cr((o-C,H,CH,),O)(p-tol)(dimethoxyethane) (8), determined via
single-crystal XRD. H-atoms are not shown for clarity and thermal ellipsoids are displayed
at the 50% probability level.
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Figure 11. Structure of Cr((o-C,H,CH,),O)(p-tol)(pyridine), (9), determined via single-crystal
XRD. H-atoms and toluene solvent molecule are not shown for clarity and thermal
ellipsoids are displayed at the 50% probability level.

Figure 12. Structure of Ct((e-C;H,CH,),O)(p-tol)(Ph,PMe), (10), determined via single-
crystal XRD. H-atoms and toluene solvent molecule are not shown for clarity and thermal
ellipsoids are displayed at the 50% probability level.
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rationalized due to the relative trans-influence of Ph,PMe and pyridine compared to THF.
This suggests that the meridional coordination geometry of the bis(aryl)ether is actually less-
strained than the facial geometry. Steric reasons probably contribute to the trans-disposition
of the phosphine ligands in 10, but the pyridine ligands of 9 should not be sterically
prevented from binding in a cis-fashion.

Analysis of the decomposition of toluene solutions of 1 showed 4,4-dimethylbiphenyl
(vide supra) over time and cw X-band EPR spectroscopy showed the appearance of an axial
signal at ¢ = 2, or 3400 Gauss (Figure 13). Since Cr(II)-Cr(II) dimers (or intermediate
Cr(III)-Cr(I1I)) dimers would have integer spin, it is difficult to assign this signal to such
species without more detailed knowledge of the electronic structure. The possibility of a low-
spin (S = 1/2) Ct(IIl) intermediate has been considered, but such spin state is unlikely given
the ligands present on Cr."* There are many examples of five-coordinate quartet spin Cr(I1I)
species.”™" The axial g = 2 signal was reproduced by abstraction of pyridine from 9 using
B(C(F;); (Figure 14). Without adding B(C(F,),, this signal is not seen in the toluene solution
of 9. Ultimately, the g = 2 signal was correlated to ligand dissociation from Cr(III) and
possible dimer formation, yet not conclusively to any structure, so it has been simply
regarded as evidence of Cr(Ill) decomposition.

Synthesis of a Symmetrical Cr(III) Tris(aryl) Precatalyst. Elucidation of the
reactivity of the Cr activated species mentioned above was complicated by the fact that
protonation of complexes 1-4 was nonselective. That is, two possible cationic species
resulted since either the tolyl (or methyl) or bis(aryl)ether ligand could be protonated.
Nonetheless, such reactions were characterized in detail by EPR spectroscopy (see Chapter
5). To achieve a more tractable activation process, a completely symmetric chelating tris(aryl)

ligand was envisioned. Two desired species are shown in Figure 15. In analogy to the
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Figure 13. Comparison of EPR spectra of 1 and 2 in 2-MeTHF vs. toluene, where a signal at
g = 2 (or B = 3400 Gauss) shows up in the non-coordinating solvent.
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Figure 14. Comparison of g = 2 region of 1 in toluene with the reaction mixture of 9 +
B(CF;);, where a similar signal appears, presumably due to abstraction of pyridine from 9.
syntheses of 3 and 4, THF-bound precursors were targeted as intermediates.

In the case of the trisaryl(amine) version, several reactions of the corresponding
Grignard reagent were attempted with CrCl,(THF),. The reactions were not tractable; the
only isolated crystals whose structure was determined were those of a Cr(IV) trigonal
bipyramidal complex presumably derived from disproportionation of  Cr(III)
intermediates.”™'* The presence of an outer sphere cation (Li") cannot be excluded due to the
poor data quality; in that case, the oxidation state assignment of 11 would be Cr(III). It is
possible that the strong trans influence of the aryl ligands disfavors the six-coordinate
geometry expected of the Cr(III) precursor. The aryl ligands cannot be co-facial like they are
in complexes 1 and 3. However, we have observed two cases where aryl ligands coordinate
to Cr in a trans-fashion (9 and 10). The more likely explanation for the suspected instability

of the desired six-coordinate Cr product is that the preferred pyramidal (or tetrahedral)



33

Ph Ph

Ph| Ph_]
> P, N \P// ' \\\\©
pr—N el pr—N{__CCr
Ph/P Ph” | Si
l Ph \

Ph Me

Figure 15. Targeted symmetrical PNP-Cr(III) tris(aryl) species, utilizing amine- or silane-
based tethers.

Scheme 8. A Cr(IV) species (11) was isolated from the attempted synthesis of a Cr(III) bis-

THF complex.
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Figure 16. Solid-state structure of 11 determined from single-crystal XRD. The crystals did
not yield a high-quality data set, so thermal ellipsoids are not represented. H-atoms are
omitted for clarity. The halogen (orange) atom is modeled as a mixture of Cl/Br.
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geometry about the amine nitrogen is not possible.

The second targeted complex incorporated a symmetric tris(aryl) ligand based on a silyl-
backbone. This design was attractive since no neutral donor atoms are involved, the tris(aryl)
motif would be stabilized by the triptycene-like chelating geometry. To our knowledge, there
are no triptycene derivatives with transition metals at the vertices. We successfully employed
the synthetic strategy shown in Scheme 9 to form the appropriate tris-Grignard reagent in
situ, followed by reaction with CtCl,(THF), to form Cr((o-C;H,);SiMe)(THF), (13). Several
challenges in this route were apparent. Firstly, the synthesis of the tribromide 12 was low-
yielding due the use of thermally-sensitive orzho-bromophenyllithium and the relatively
sterically encumbered silyl chloride intermediates. Secondly, the activation of 12 to form the
tris-Grignard could not be achieved without LiCl additive, as has been noted for other aryl
bromides."” Unfortunately, the remaining LiCl is difficult to remove completely from the
mixtures containing 13. This has been exemplified by examples of LiCl cocrystallizing with
an analogous complex to 13 (shown in Appendix 4, Figure 7). Small amounts of LiCl-free 13
that were obtained could be used for reactions with *"PNP, from which green crystals of the
desired product, 14, could be grown. This is a rare example of a structurally-characterized Cr
tris(hydrocarbyl) species with the bidentate PNP-ligand bound. A comparison of bond
metrics between 14, 3 and 4, as well as 15, the "PNP analog of 3 (bulk isolation of 15 was
not achieved) is discussed in the next section.

Ultimately, the following issues with the synthesis of 14 precluded isolation in significant
amounts. It is suspected that traces of THF lead to a six-coordinate coproduct (brown in

color). Also, 14 seemed to be light-sensitive and/or thermally sensitive since atyl-aryl
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Scheme 9. Synthetic scheme for complex 13, by reaction of tris-Grignard derived from

tribromide 12, with CrClL,(THF),.

; BrMg MaB

~g gbr CrCl3(THF)3

Me Me\ S3Lcl
Mg 3 LiCl, THF:Et,0
THF, RT 1,4-dioxane RT

used in situ

Figure 17. Structure of Cr((0-C(H,),SiMe)(THF), (13), determined via single-crystal XRD.
The asymmetric unit lies on a 3-fold axis of symmetry that contains the Cr-Si vector. H-
atoms omitted for clarity and thermal ellipsoids are displayed at the 50% probability level.
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Scheme 10. Reaction of 13 with "PNP leads to five-coordinate 14, which is suspected to be
formed along with six-coordinate THF-bound species.
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Figure 18. Structure of ("PNP)Cr((o-CH,),SiMe) (14), determined via single-crystal XRD.
H-atoms and toluene solvent omitted for clarity and thermal ellipsoids are displayed at the

50% probability level.
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reductive elimination would occur in solution over time; the organic residue with m/z = 272
was resolved by GC/MS. These issues precluded a focus of study on 13 and 14, but 13 was
tested for ethylene oligomerization activity using "PNP as the ligand and HBAf', as the
activator, in conditions analogous to those for complexes 1-4 (Table 3). The productivity was
500 g/g Ct, and 1-octene selectivity was 15% (1-hexene selectivity was 74%). This was close
to the selectivity values for precursors 1 and 2 given in Table 3, where THF equivalents are
suspected to affect the selectivity (vide supra). Analysis of the aryl residues by GC/MS
following catalysis showed vinyl- (m/z = 300) and butenyl- (m/z = 328) triarylsilanes as the
major byproducts. This is consistent with the ethylene insertion initiation pathway discussed
above; notably, this scenario does not involve built-in ethereal oxygen donors that would
prohibit substitution of the alkene derived from the triarylsilane by ethylene. Therefore, no
branched hexenyl product is seen from this precatalyst. The C-C coupled reductive
elimination product (m/z = 272) was seen in minor amounts. Therefore, Ct(I) could also
form by a reductive elimination process.

Structural Comparison of PNP-Cr Multiaryl Complexes. Structurally-characterized
Cr-hydrocarbyl species ligated by PNP ligands are quite rare, so a close analysis of their bond
metrics is undertaken here. Of particular interest is complex 15, which is analogous to
compound 3, with PPNP bound instead of “PNP. It was not isolated in bulk amounts,
likely due to the propensity of ™PNP to dissociate. However, the XRD data provides a
direct comparison of the two PNP ligand types (Table 4). The average Cr-P bond distance
for the neutral, "PNP complexes is 2.6074 A (from complexes 14 and 15). The
corresponding average value for “PNP (from complexes 3 and 4) is 2.5305 A, a difference
of 0.077 A. This suggests, on average, tighter binding of “PNP than "PNP, in agreement

with the anecdotal experimental evidence. It is interesting that the average Cr-P distance in
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Table 4.
Php\h\:le\?/\g ’
‘Pr—N<P}"Cr<o_ME
Ph™|
Ph [ ',\/
Bond
Lengths (A) 4 3 15 14 from chap. 4
Cr-P1: 2.493(4) 2.591(2) 2.6437(9) 2.6354(7) 2.5088(4)
Cr-P2: 2.500(3) 2.538(3) 2.6027(9) 2.5476(6) 2.7501(5)
Cr-O1: 2.171(8) 2.154(6) 2.176(2) - 2.181(1)
Cr-O2: - - - - 2.108(1)
Cr-C1: 2.032(12) 2.087(9) 2.050(3) 2.068(2) 2.056(2)
Cr-C2: 2.062(12) 2.060(9) 2.087(3) 2.082(2) 2.072(2)
Cr-C3: 2.080(13) 2.069(8) 2.062(3) 2.041(1) -
Bond
Angles (°)
P1-Cr-P2 65.48(11) 65.22(8) 62.82(3) 63.84(2) 62.62(1)
C1-Ce-C2 105.9(5) 102.5(4) 90.3(1) 94.07(9) 98.65(06)
C1-Cr-C3 96.1(5) 97.0(3) 96.4(1) 95.34(8) -
C2-Cr-C3 96.2(5) 95.6(3) 97.9(1) 93.89(9) -

‘Metrics derived by averaging values

from both molecules in asymmetric unit.



Table 5.
OMe
R=p,, | .Ph
Me—N\P/Clr\F>h
Rz Pn
Bond R = 0-(OMe)CoH,

Lengths (A)

fromab ref. 7k

R = 0-(OMe)CqH,

fromP ref. 7k

R = 0-(OMe)CgH4

fromP ref. 7k

_p-tol

¢l phpN
Clu L wClu. 1 PR
Ph,R” 1 CI” | cl
\-PPh,  ClI

p-tol/

fromb ref. 4k
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/Pr
¢l PhpP-N
Clu L wClu | PR,
Ph,R” 1 CI” | cl
N-PPh;  Cl
ipY

from*b ref. 4k

Cr-P1: 2.638(1) 2.6608(8) 2.3855(7) 2.4947(4) 2.5052(5)
Cr-P2: 2.497(1) 2.4261(8) 2.5098(7) 2.4074(4) 2.4410(5)
Cr-O1: 2.286(3) - 2.156(2) - -
Cr-O2: - - - - -
Cr-C1: 2.097(4)° 2.058(3) - - -
Cr-C2: 2.078(4)° 2.035(3) - - -
Cr-C3: 2.051(4)° - - - -
Bond

Angles (°)

P1-Cr-P2 64.02(4) 64.89(2) 066.56(2) 66.62(1) 66.47(2)

C1-Cr-C2 98.67(2) 81.95(1) - - -

C1-Cr-C3 96.99(1) - - - -

C2-Cr-C3 93.46(1) - - - -

“Metrics derived by averaging values from both molecules in asymmetric unit. "Atoms
are renumbered from published versions. ‘C1 is #rans to P2, C2 is trans to P1, and C3 is trans

to O.
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Figure 19. Molecular structure of ("PNP)Cr((o-C;H,CH,),0)(p-tol) (15) with thermal
ellipsoids at the 50% probability level. H-atoms and toluene solvent are omitted for clarity.
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the cationic species (discussed in Chapter 4) is 2.6295 A, which is slightly longer than in
neutral 15. However, the steric environments are not identical, so the influence of the Cr
charge (cationic vs. neutral) on the Cr-P distance is not clear. The P-Cr-P bond angles are
less than 66° in all cases, highlighting the poor overlap of the diphosphines with the Cr d-
orbitals. These metrics are similar to those in the Cr complexes of the tridentate PNP ligands

(with an additional ether-donor) from Bercaw et. al., as well as CrCl; examples (Table 5).

Conclusion

In summary, the first example of Cr catalysis for ethylene tetramerization upon
stoichiometric activation was demonstrated. Access to appropriate Cr-tris(thydrocarbyl)
precursors is instrumental for activation via protonation. The use of chelating bis(aryl)ether
ligands affords organometallic Cr precursors that are suitably robust. The multidentate ligand
was designed to leave two metal coordination sites available for bidentate PNP binding.
Substitution of THF ligands for PNP affords complexes that are six-coordinate. Treatment
with [H(Et,0),][BAt",] leads to aryl or methyl ligand protonolysis. Subsequent addition of
ethylene results in the catalytic formation of 1-octene and 1-hexene with high activities and
low polymer production. Under the conditions investigated, activity and selectivity were
comparable to those observed using CrCl; precatalysts with large excesses of MMAO. These
catalyst features are important for industrial applications.

Further investigations yielded information about the diverse coordination chemistry of
the bis(aryl) ether ligand, either as a bridge between two Cr(Il) centers, or as a meridional
ligand. An alternative strategy to stabilizing a Cr tris(aryl) complex used a tris(aryl)silane
ligand. Ultimately, syntheses of new organochromium complexes in the +3 oxidation state

must account for possible reductive or bimolecular decomposition, as well as dimerization of
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intermediate halide species. The complexes reported in this chapter proved useful for more

detailed mechanistic (Chapter 3) and spectroscopic (Chapter 5) studies.

Experimental

General Considerations. All synthetic procedures containing chromium were
performed in a nitrogen-atmosphere glove box or in sealed containers under a stream of
nitrogen gas. All glassware was oven-dried and kept under active vacuum prior to use.
Diethyl ether, tetrahydrofuran (THF), toluene, and pentane solvents were purified by
sparging with nitrogen and then passing through a column of activated A2 alumina into
sealed containers, degassed under active vacuum and stored over activated molecular sieves
prior to use. C\D, (Cambridge Isotope Laboratories) and 1,4-dioxane were dried over
Na/benzophenone, vacuum distilled, and kept over activated molecular sieves ptior to use.
Chlorobenzene was distilled from CaH,, stored over activated molecular sieves for at least 24
hours, and filtered through activated alumina directly before use. Chlorobenzene-d; (from
Acros Organics) was degassed using three freeze-pump-thaw cycles and stored over
molecular sieves prior to use. M-MAO 3A was purchased from AkzoNobel as a 7% w/w Al
solution in heptane. Ethylene gas was purchased at polymer purity (99.9%) from Matheson,
and was dried by passage through two 11. Swagelok steel columns packed with 3A activated
molecular sieves and Mn(II) oxide on vermiculite.”” CrCl,(THF), was synthesized according
to the literature procedure, using CrCl, (anhydrous) purchased from Strem."” The synthesis
of "PNP, “PNP, and [H(Et,0),][BAt',] have been previously reported.”’ CrPh,(THF), and
bis(2-bromobenzyl)ether were synthesized according to the reported literature
procedures.””" Cr(p-tol)CL,(THF), was synthesized according to the literature procedure,”

and Cr(Me)CL,(THF); was synthesized according to a modification of this procedure using
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MeMgBr. NMR spectra were recorded on a Varian 300 MHz or 400 MHz Spectrometer.
Gas chromatography (GC) was performed on an Agilent 6890A instrument using a
DB-1 capillary column (10 m length, 0.10 mm diameter, 0.40 pm film) and a flame
ionization detector. Gas chromatography/mass spectrometry (GC-MS) was performed on
an Agilent 6890A instrument using a HP-5MS column (30 m length, 0.25 mm diameter, 0.50
um film) and an Agilent 5973N mass-selective EI detector.

Preparation of Mg(o-CH,CH,),0. A solution of bis(2-bromobenzyl)ether was
prepared in Et,0O (0.02 to 0.05 M). This was stirred in the presence of excess activated
magnesium turnings for 12 to 18 h, until a yellow solution formed and a quenched aliquot
indicated complete consumption of the starting material by GC/MS (pure dibenzylether).
Then, the solution was decanted from the Mg turnings, and the volume was doubled by
addition of THF. Subsequently, 1,4-dioxane (1 to 2 v/v%) was added, causing the
precipitation of white solids (magnesium bromide salts). The yellow solution of Mg(o-
CH,CH,),O was filtered, using a small amount of Et,O to rinse, and used directly in further
reactions.

Synthesis of Cr((o-C;H,CH,),0)(p-tol)(THF), (1). Bis(aryl)ether magnesium reagent
Mg(s-CH,CH,),O (5.38 mmol) was prepared in 150 mL 1:1 Et,O:THF, with 2 mL 14-
dioxane. This solution was added dropwise to a solution of Cr(p-tol)CL(THF), (2.32g, 5.38
mmol) dissolved in 60 mL 1:1 Et,O:THF, with 2 mL 1,4-dioxane over 30 min at -78°C. The
resulting green suspension was stirred at -78 °C for 1h, then warmed to 0 °C over 2 h. The
resulting dark red solution was allowed to warm to RT, stirring for 17 h. The dark red
solution was filtered from white precipitate, and reduced in vacuo to 12 mL. To this, 24 mL
pentane was added to precipitate bright red solids. These were dissolved in THF, from

which red crystals of 1 were grown at -35 °C over several days; the product was dried under
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vacuum after decanting the solvent (0.687 g, 26% yield). In CDg: p = 2.9(1) p; (average of
three measurements). In C;Dy + 100 THF: p, = 3.8 p; Anal. Caled. for C,H;CrO5: C,
72.03; H, 7.30; N, 0.00. Found: C, 71.63; H, 7.32; N, 0.01.

Synthesis of Cr((o-C;H,CH,),0)(Me)(THF),. (2) Bis(aryl)ether magnesium reagent
Mg(s-C;H,CH,),O (1.99 mmol) was prepared in 100 mL 1:1 Et,O:THF, with 1 mL 14-
dioxane. This solution was added dropwise over 15 min to a -78°C solution of
Cr(Me)CL(THF), (0.706 g, 1.99 mmol) dissolved in 40 mL 1:1 Et,O:THF, with 1.5 mL 1,4-
dioxane. The resulting red/brown solution was stitred for a further 1 h, then warmed to RT
over 15 h. The red solution was filtered from white solids, and reduced in vacuo to 12 mL.
To this, 24 mlL pentane was added to precipitate dark solids from the red solution. This
mixture was filtered, and the solids were discarded. Dark red crystals were obtained by
cooling the filtrate to -35 °C for two weeks, and were redissolved into THF for a second
recrystallization. Red crystals of 2 were grown at -35 °C by diffusion of pentane into the
THF filtrate; the product was obtained by decantation, and dried under vacuum (0.291 g,
36% yield). In C\Dg p,y = 2.1 py In CDg + 100 THF: p, = 3.9 u,; Anal. Caled. for
C,;H;,CrO;: C, 67.79; H, 7.67; N, 0.00. Found: C, 67.80; H, 8.00; N, 0.07.

Synthesis of (“PNP)Ct((0-C;H,CH,),0)(p-tol). (3) A solution of “PNP (0.096 g,
0.20 mmol) in 3 mIL C;H, was used to dissolve compound 1, which was a dry red crystalline
powder (0.098 g, 0.20 mmol). The resulting green solution was stirred for five minutes, then
lyophilized down to a dry orange/brown powder. The crude product was dissolved in 2 mL
toluene and layered with 12 ml pentane and cooled to -35°C for 8 days. Brown
microcrystalline 3 was obtained by decanting the supernatant, and the product was dried
under vacuum (0.077 g, 0.094 mmol, 47% yield). Single, brown crystals of 3 suitable for

XRD were grown by cooling a very dilute, green solution of crude 3 in pentane to 35°C (if
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the solution was too concentrated, the product was observed to precipitate out within
several minutes). In CDy: p; = 3.8 pp Anal. Caled. for C,,H,(CtNOP,: C, 76.64; H, 5.69; N,
1.72. Found: C, 76.26; H, 5.81; N, 1.33.

Synthesis of ("PNP)Cr((0-C,H,CH,),0)(Me). (4) A solution of “PNP (0.091 g, 0.19
mmol) in 2 mL CH, was used to dissolve compound 2, which was a dtry red/brown
crystalline powder (0.078 g, 0.19 mmol). The resulting brown solution was stirred for ten
minutes, then lyophilized down to a dry brown powder. The crude product was dissolved in
2 mL toluene and cooled to -35°C for 2 weeks. The dark brown crystals of 4 were obtained
by decantation and dried under vacuum (0.070 g, 0.095 mmol, 49% yield). The same
procedure was used to obtain single crystals of 4 suitable for XRD. In CDg: p, = 3.4
Anal. Caled. for C,H,,CrNOP,: C, 74.79; H, 5.73; N, 1.90. Found: C, 75.31; H, 6.09; N,
1.31.

Obtaining Crystals of CrCl((o-CH,CH,),0)(THF),, (6:‘THF) and [CrCl((o-
CH,CH,),O)(THF)],. ([6],) Bis(aryl)ether magnesium reagent Mg(o-C.H,CH,),O (0.20
mmol) was prepared in 10 mL 1:1 Et,O:THF, with 0.25 mL 1,4-dioxane. This was added
dropwise to a stirring suspension of CrCl;(THF); (0.075 g, 0.20 mmol) in 5 mLL. THF. After 1
day, the brown solution was filtered from white solids, then reduced to dryness 7 vacuo to
0.085 g. The brown solid was redissolved in THF (1 mL) then stored at -35°C with vapor
diffusion of hexanes. After 1 day, some colorless salts were visible. The supernatant was
decanted, then resubjected to the vapor diffusion. After two days, brown crystals were
obtained, and single crystal XRD revealed them to contain one equivalent each of 6-THF
(monomer) and [6], (u-Cl dimer, see Figure 8). Crystals of 6*THF could be obtained by a
similar synthetic procedure, and extracting the crude solids with a mixture of 3:1

pentane:THF and crystallizing the product from this mixture at -35°C. The solids obtained
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were redissolved in THF, then vapor diffusion of pentane in this solution at -35°C was used
to grow XRD-quality crystals of 6 THEF (see Figure 7). Due to the difficulty in separating
6:'THF and [6], and/or forming either one selectively, bulk synthesis and charactetization
was not successful.

Obtaining Crystals of [Cr,((o-C,H,CH,),0),(1,4-dioxane)],. (7) Bis(aryl)ether
magnesium reagent Mg(o-C;H,CH,),O (0.24 mmol) was prepared in 8 mL 1:1 Et,O:THF,
with 0.25 mL 1,4-dioxane. This was added dropwise to a stirring solution of Cr(p-
tol) CL,(THF); (0.104 g, 0.24 mmol) in 5 mL. THF that had been chilled to -35°C. After
stirring for 30 minutes at RT, the solution was reduced iz vacwo to 5 mL. To the
homogeneous dark red solution, 5 mL Et,0O and 0.25 mL 1,4-dioxane was added, causing
the precipitation of white solids. After 20 minutes, the suspension was cooled to -35°C over
two days, then the suspension was reduced iz vacuo to a dark orange residue. Hexanes (12
ml) was used to extract an orange solution from the brown solids, which were then rinsed
with Et,0 (1 mL). The brown Et,O solution was cooled to -35°C yielding some crystals of
7, the structure determined by XRD (see figure 9).

Separately, Mg(o-C,H,CH,),O (0.15 mmol) was prepared in 6 mL 1:1 Et,O:THF. This
was added dropwise to a stirring solution of CrCL(THF), (0.040 g, 0.15 mmol) in 8 mL 1:1
Et,O:THF, with 0.25 mL 1,4-dioxane. Upon completion of addition, the Cr suspension
converted to a dark green solution, and after 1 hr, white solids had started to precipitate.
After 3 hr, a brown solution was filtered from white solids, and was reduced to dryness
vacno. ‘This was extracted with 3 mL Et,0, and crystals of 7 were grown by cooling the
solution to -35°C (the unit cell determined from XRD matched the known structure).

Obtaining  Crystals of Ct((0-C{H,CH,),0)(p-tol)(dimethoxyethane). (8)

Bis(aryl)ether magnesium reagent Mg(s-C;H,CH,),O (0.22 mmol) was prepared in 4 mL
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Et,O, then added dropwise to a stirring solution of Cr(p-tol)CL(THF), (0.095 g, 0.22 mmol)
in THF (5 mL). After completion of addition, 0.25 mlL. 1,4-dioxane was added. The dark
suspension was then reduced 7z vacuo to an orange/brown residue. This was extracted with
Et,O (5 mL) to separate a dark orange solution from gray salts. The Et,O solution was
reduced to dryness 7z vacuo then triturated with additional Et,0 to obtain 40 mg of red solid
(crude 1). Single crystals of 8 suitable for XRD were grown by cooling a dimethoxyethane
solution of the residue to -35°C for several days.

Synthesis of Cr((o-C;H,CH,),0)(p-tol)(pyridine),. (9) To a solution of 1 (0.062 g,
0.13 mmol) in toluene (2 mL), pyridine (0.21 mL, 2.6 mmol) was added at RT. After several
minutes, some bright red precipitate crashed out. After stirring for 15 h, the suspension was
reduced to dryness 7z vacuo. The residue was redissolved in 2 mL toluene, then reduced to
dryness again. The residue was again redissolved in 2 mL toluene, then the solution filtered
from minimal solids and stored at -35°C for 1 day, yielding red crystals which were
recovered by decanting the supernatant and drying under vacuum: 0.052 g (0.10 mmol, 77%
yield).

Obtaining Crystals of Cr((0-C;H,CH,),0)(p-tol)(Ph,PMe),. (10) To a solution of 1
(0.017 g, 0.035 mmol) in toluene (1 mL), PPh,Me (0.007 g, 0.04 mmol) was added at RT.
After stirring for 30 min, the brown solution was reduced to dryness 7z vacuo. The residue
was partially dissolved in 1 mL toluene, then reduced to dryness again. The residue was again
redissolved in 2 mL toluene, then the solution filtered from minimal solids and stored at -
35°C for 1 day, with pentane in an outer vial to diffuse into the toluene solution. Small red
crystals of 10 were observed after several days. The structure was determined by XRD (see

tigure 12).
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Synthesis of CH,Si(o-BrtCH,);. (12) A stirring solution of 1,2-dibromobenzene (6.0
ml, 50 mmol) in 80 mL of 1:1 THF:Et,O was prepared in a three-neck flask, and cooled to -
115°C for 15 min using an ethanol slush bath. Over fifteen minutes, "Buli (20 mL in
hexanes, 50 mmol) was added using a dropping addition funnel; care was taken to avoid
quick addition, which would cause the temperature of the reaction to increase. The ethanol
slush bath was carefully maintained by addition of liquid nitrogen over this time. To the
resulting solution, neat MeSiCl; (1.95 mL, 16.6 mmol) was added via syringe over two
minutes, then the mixture was removed from the cooling bath, and allowed to warm to
room temperature. The solution became yellow, with precipitation of white solids as the
mixture warmed. After 2 hr, 8 g of silica was added to the flask to quench the reaction. This
mixture was reduced to dryness 7z vacno, then 80 mL benzene was used to extract the residue.
The benzene solution was subsequently filtered through a plug of silica. The filtrate was
reduced to 6 g of a sticky yellow oil by rotary evaporation. This residue was further purified
from numerous byproducts by silica gel column chromatography (eluent: 10% benzene in
hexanes, R; = 0.5) and the product fractions were reduced to colotless solids by rotary
evaporation. The product 12 could be obtained in 95% purity (A single impurity remained
detectable by '"H NMR and GC/MS) by recrystallization of these solids from ethyl acetate,
yielding colorless blocks (0.922 g, 1.80 mmol, 11 % yield). 'H NMR (399.8 MHz, 22°C,
CDy): 6740 (d, Jyy = 7.6 Hz, 3H), 7.37 (dd, J,;;; = 1.9 Hz, 7.3 Hz, 3H), 6.85 (t, J,;;; = 7.3
Hz, 3H), 6.78 (dt, J;; = 1.9 Hz, 7.6 Hz, 3H), 1.48 (s, 3H). "C NMR (100.5 MHz, 22°C,
CDy): 0139.6, 137.0, 133.5, 131.8, 131.4, 126.8, 2.0. EI/MS (m/z): 511.

Obtaining Crystals of Cr((o-C(H,);SiCH,)(THF),. (13) In 3 mL THF, CH,Si(o-
BrCH,); (12) (0.025 g, 0.049 mmol) was stirred over excess Mg turnings with 3 equiv. LiCl

until formation of the tris-Grignard (determined by GC/MS of a quenched aliquot). The
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solution was filtered from Mg bromide salts which had precipitated. Then, it was added
dropwise to a stirring suspension of CrCl,(THF); (0.018 g, 0.048 mmol) in 1 mIL THF at RT.
The resulting bright orange solution was reduced i vacuo to 2 mL, then 2 mL Et,O was
added, along with a few drops of 1,4-dioxane. After stirring for 45 min at RT, an orange
solution was filtered from grey Mg salts. The filtrate was reduced 7z vacno and triturated twice
with pentane to obtain orange solids (0.022 g). Single crystals of 13 suitable for XRD were
grown by vapor diffusion of pentane into a THF solution at -35°C.

Obtaining Crystals of ("PNP)Cr((0-C,H,),SiCH,). (14) A solution of "PNP (0.023
g, 0.54 mmol) in 2 mL. C(H,; was added to a vial containing crystals of 13 (0.029 g, 0.54
mmol). A brown supernatant formed over the crystals, which did not dissolve. About 0.5
ml THF was added to dissolve everything as a bright red solution. This was reduced to a
dry red residue under vacuum. The solid was then redissolved using 1 ml toluene, and
reduced 7 vacno to dryness. This process was repeated three times with toluene, then twice
with CH,, eventually yielding a brown solid (instead of red). Again, toluene was used to
dissolve the solid, and the solution reduced to dryness. It was triturated with pentane, then 1
mL toluene was added to the brown residue, at which point a green color was seen,
attributable to the desired product. After trituration with pentane twice more, some Et,O
was used to dissolve some of the green residue. Upon cooling, and slow vapor diffusion of
pentane into the Et,O solution over several days, green crystals of 14 were obtained as
blades. The structure was determined by XRD (see figure 18).

Representative Procedure for Oligomerization Catalysis via Stoichiometric
Activation of 1-4. A mixture of 1 (4.0 mg, 0.0080 mmol) and "PNP (3.8 mg, 0.0088 mmol)
were dissolved in 1.0 mL PhCI This was frozen in the glovebox cold well, and a 0.5 mL

PhCl solution of [H(Et,0),|[BAr',] (8.1 mg, 0.0080 mmol) was added dropwise to the
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thawing solution. After ~30 seconds, the brown solution was diluted to 7.5 mL, then added
to a prechilled Fischer-Porter reactor, causing the solution to freeze upon contacting the
glass. The reactor was sealed, taken out of the glovebox, and stirred for 5 min in a water bath
at 25 °C, then pressurized to 100 psig of ethylene, and stirred for 45 min at 25 °C. The
reactor was then vented, and 0.1 mL methanol was added to quench the reaction mixture.
The solution was used to dissolve 20 mg adamantane, filtered, and analyzed by GC/FID to
quantify the oligomers vs. adamantane. It was also analyzed by GC/MS to identify other
organic residues. Polymer was weighed on a tared glass fritted filter.

Representative Procedure for Oligomerization Catalysis using CrCl,(THF),; and
MMAO. A mixture of CrCL(THF), (0.0040 g, 0.0080 mmol) and ™PNP (3.8 mg, 0.0088
mmol) were dissolved in 6.15 mL PhCI. This was loaded into a glass Fischer-Porter reactor,
and sealed in the glovebox. The reactor was taken out of the glovebox, and purged with
ethylene at 30 psig for 60 seconds, during which time a solution of MMAO-3A (1.35 mL, 2.4
mmol) was added. The reactor was quickly sealed, and was pressurized to 100 psig of
ethylene, and stirred for 45 min at 25 °C. The reactor was then vented, and 10 mL. 1M HCI
was added to quench the reaction. To the mixture, 20 mg adamantane was added, and the
organic layer was separated, filtered, and analyzed by GC/FID to quantify the oligomers vs.

adamantane. Polymer was weighed on a tared glass fritted filter.
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Figure 20. Continuous wave (cw) EPR spectrum of compound 1. Temperature: 77K.
Microwave frequency: 9.4 GHz.
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Figure 21. Continuous wave (cw) EPR spectrum of compound 2. Temperature: 77K.
Microwave frequency: 9.4 GHz.
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Figure 22. Continuous wave (cw) EPR spectrum of compound 3. Temperature: 77K.
Microwave frequency: 9.4 GHz.
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Figure 23. Continuous wave (cw) EPR spectrum of compound 4. Temperature: 77K.
Microwave frequency: 9.4 GHz.
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Figure 24. Continuous wave (cw) EPR spectrum of compound 8. Temperature: 77K.

Microwave frequency: 9.4 GHz.
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Figure 25. Continuous wave (cw) EPR spectrum of compound 9. Temperature: 77K.

Microwave frequency: 9.4 GHz.
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"H NMR of 12 (C¢Ds):
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Figure 26. 'H and "C NMR spectra of compound 12 (C,Dy).
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X-Ray Crystallography and Crystallographic Tables. Suitable crystals of complexes
1, 2, 3, and 4 were mounted on a nylon loop using Paratone oil, then placed on a
diffractometer under a nitrogen stream. X-ray intensity data were collected on a Bruker
APEXII CCD area detector or a Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS
detector employing Mo-Ku radiation (A = 0.71073 A) or Cu-Ka radiation (A = 1.54178 A) at
a temperature of 100 K. All diffractometer manipulations, including data collection,
integration and scaling were carried out using the Bruker APEX3 software.” In APEX3,
intensity data were absorption-corrected using SADABS, and space groups were determined
on the basis of systematic absences and intensity statistics using XPREP. Using Olex2, the
structures were solved using ShelXT and refined to convergence by full-matrix least squares
minimization.”* All non-hydrogen atoms were refined using anisotropic displacement
parameters. Hydrogen atoms were placed in idealized positions and refined using a riding
model. For complex 2, the positional disorder of the carbon atoms for the aryl and THF
ligands in two of the three molecules in the asymmetric unit was modeled using the PART
instruction. Graphical representation of structures with 50% probability —thermal

ellipsoids were generated using Diamond 3 visualization software.”
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Compound 1 2 3 4
CCDC 1562429 1562430 1562431 1562432
Empirical CaoH35CrOs Ca3H31CrOs Cs7HssCrNOP; Cs65H5:CrNOP;
formula
Formula weight 483.57 407.48 886.98 876.94
Temperature/K 100.02 99.99 100.04 100.02
Crystal system monoclinic orthorhombic monoclinic monoclinic
Space group P2/¢ Pna2, P21 /n P2,
a/A 18.6763(14) 17.0687(6) 10.5738(7) 13.5452(5)
b/A 17.5939(12) 26.5488(10) 18.1251(13) 14.5414(6)
c/A 15.6720(11) 13.6540(6) 24.8864(17) 23.7385(10)
o/° 90 90 90 90
B/° 106.878(4) 90 101.934(5) 96.029(3)
v/° 90 90 90 90
Volume/A3 4927.8(6) 6187.4(4) 4666.4(6) 4649.8(3)
z 8 12 4 4
Oculeg/ cm? 1.304 1.312 1.263 1.253
u/mm’! 0.492 0.574 2.974 2,981
F(000) 2056 2604 1876 1848
Crvstal size/mms 039 X 0367 0.26 X 0.167 x 0.088 x 0.113 x 0.084 X 0.051x
) 0.366 0.095 0.139 0.026
- MoKa (A = MoKa (A = _ CuKa (A =
Radiation 0.71073) 0.71073) Cuko (b = 1.54178) 1.54178)
20 range for 2.278 to 75.66 4,900 to 64.998 6.06 to 148.95 6.562 to 140.966
data collection/
31 <h<31,-30 < 16 <h <15, -
’ 25<h<25-40< -13<h<13,-20<k ’
Index ranges k<29, -26<1< < <1< < <1< 17 <k=17,-28
s k<33,20<1<17  <22,26<1<30 <o
Reflections 194220 76731 43912 48372
collected
Indenendent 25298 20045 9268 16960
reflections [Rine = 0.0538, [Rine = 0.0744, [Rine = 0.2153, [Rine = 0.1637,
Rygma = 0.0379] Rejgma = 0.1018] Rejgma = 0.1812] Rejgma = 0.1980]
Data/restraints/
parameters 25298/0/597 20045/1/773 9268/0/503 16960/46,/1080
Goodness-of-
fit on F2 1.033 1.029 1.072 1.002
Flﬁﬂfﬁg‘g}]‘“ R, = 0.0452, R, = 0.0741, R, = 0.1299, R, = 0.0866,
wRy = 0.1171 wR = 00.1643 wR, = 0.2288 wR, = 0.1785
E ‘“?if (_;:i]exes Ry = 0.0734, Ry = 0.1525, R, = 0.2107, R, = 0.1598,
wRz = 0.1339 wRz = 0.1959 wRs = 0.2638 wR, = 0.2153
Largest diff. peak 1.781/-0.607 1.350/-0.800 0.59/-0.754 0.532/-0.664

/hole / e A3
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Compound 6-THF 6-THF/[6]2 7
Empirical formula C2H27CICrOs C22H24CICrOs C32H32CrO4
Formula weight 426.60 423.86 584.57
Temperature/K 99.94 100.03 100.0
Crystal system orthorhombic triclinic orthorhombic
Space group Prna2 P-1 Pea2,
a/A 17.052(3) 10.4591(13) 16.9878(0)
b/A 8.7786(12) 12.0117(15) 8.8091(3)
c/A 13.5468(19) 17.295(2) 18.0665(06)
o/° 90 95.218(4) 90
g/° 90 105.395(4) 90
v/° 90 96.170(3) 90
Volume/A3 2027.9(5) 2066.4(5) 2703.6(2)
Z 4 4 4
Qcaleg/ cm’ 1.397 1.362 1.436
p/mm-! 0.715 0.701 0.840
F(000) 895 884 1216

Crystal size/mm?3

Radiation

20 range for
data collection/®

Index ranges

Reflections
collected

Independent
reflections

Data/restraints/

parameters

Goodness-of-
fit on F2

Final R indexes

[1>=20 (1)

Final R indexes
[all data]

Largest diff. peak
/hole / e A3

MoK (A = 0.71073)

5.22 to 75.926

29<h<28,-14<k<14,

2251522

54548

10307
[Rie = 0.0729,
Rejgma = 0.0898]

10307/52/270

1.012

Ry = 0.0629,
wR; = 0.1324

R; = 0.1260,
wR, = 0.1516

1.186/-0.571

MoKua (A = 0.71073)

3.438 to 61.406

14<h<14,17<k <16,

24124

55208

11811
[Rine = 0.1027,
Rejgma = 0.1288]

11811/10/483

1.078

R; = 0.0887,
wR; = 0.1984

Ry = 0.1780,
wR, = 0.2373

1.408/-0.765

MoKe (A = 0.71073)

4.51 to 72.234

28<h=<28-14<
k<14,-29<1<29

210221

12378
[Rine = 0.1287,
Rijgma = 0.0588]

12378/1/343

1.113

R; =0.0463,
wR2 = 0.0971

R, = 0.0736,
wR, = 0.1094

0.817/-0.949
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Compound 8 9 10
Empirical formula CosH»9CrO3 C31H29CtN,O - C;Hg C47H45CrOP; - 2(C7Hsg)
Formula weight 429.48 589.69 923.03
Temperature/K 100.08 100.04 100.03
Crystal system monoclinic triclinic monoclinic
Space group P2/c P-1 C2/c
a/A 15.9090(9) 10.701(1) 16.124(3)
b/A 9.5449(6) 11.254(1) 12.648(3)
c/A 13.8641(8) 13.704(1) 24.184(5)
o/° 90 67.513(4) 90
g/° 94.435(2) 80.070(4) 93.162(7)
v/° 90 84.755(4) 90
Volume/A3 2099.0(2) 1501.4(3) 4924.6(2)
Z 4 2 4
Qaalcg/ cm? 1.359 1.304 1.245
p/mm-! 0.568 0.415 0.339
F(000) 908 622 1952

Crystal size/mm?

Radiation

20 range for
data collection/®

Index ranges

Reflections
collected

Independent
reflections

Data/restraints/

parameters

Goodness-of-
fit on F?2

Final R indexes

[1>=20 (1)

Final R indexes
[all data]

Largest diff. peak
/hole / e A3

0.45 % 0.29 X 0.216
MoKo (A = 0.71073)

5.136 to 72.626

26=h=26,-15<k =
15,-21<1<23

90893

10158
[Rine = 0.0613,
Rijgma = 0.0471]

10158/0/265

1.074

R; = 0.0500,
wRz = 0.1241

R: =0.0789,
wR2 = 0.1366

1.276/-0.665

MoKe (x = 0.71073)
5172 to 72.932

-17<h=<17,-16 <k <
18,-21 <1=<22

14351

14351
[Rint =,
Ruigma = 0.0703]

14351/0/382

1.102

Ri = 0.0873,
wRz = 0.2020

Ri = 0.1243,
wRz = 0.2178

2.564/-1.005

MoKa (A = 0.71073)
4376 to 66.266

24<h<24,-19<k<
18,-36 =1= 36

61312

8724
[Rine = 0.1132,
Rsig—ma = 00706]

8724/0/299

1.079

Ri = 0.0538,
wR2 = 0.0930

Ri = 0.1205,
wRz = 0.1395

0.576/-0.817
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Compound 13 14 15
Empirical formula C31H39CrO3Si CasHa2CeNP,Si - 3(C7Hg) CysH46CtNOP; - C7Hg
Formula weight 539.71 1027.23 858.93
Temperature/K 100.03 99.96 100.0
Crystal system trigonal triclinic monoclinic
Space group P31¢ P-1 P2i/n
a/A 12.7078(7) 10.5479(8) 13.0775(10)
b/A 12.7078(7) 13.5045(9) 21.5573(16)
c/A 12.2915(7) 21.6261(15) 15.8504(11)
o/° 90 76.278(2) 90
g/° 90 78.533(2) 93.237(3)
v/° 120 68.895(2) 90
Volume/A3 1579.1(2) 2769.9(3) 4461.3(6)
Z 2 2 4
Qaaleg/ cm? 1.135 1.232 1.279
p/mm-! 0.427 0.328 0.369
F(000) 574 1086 1812

Crystal size/mm?3

Radiation

20 range for
data collection/®

Index ranges

Reflections
collected

Independent
reflections

Data/restraints/

parameters

Goodness-of-
fit on F2

Final R indexes

[1>=20 (D]

Final R indexes
[all data]

Largest diff. peak
/hole / e A3

0.209 X 0.204 X 0.162
MoK (A = 0.71073)

5.168 to 72.606

21<h<21,21<k<
21,18 <1<18

93004

5119
[Rie = 0.0794,
Rejgma = 0.0322]

5119/1/135

1.062

R = 0.0480,
wR, = 0.1277

R; = 0.0641,
wR, = 0.1376

0.766/-0.623

0.29 X 0.07 X 0.04
MoK (. = 0.71073)

4.630 to 55.024

A3<h<13,17<k<
17, 28 <1< 28

126535

12739
[Rine = 0.0839,
Rujgma = 0.0511]

12739/66/684

1.039

R, = 0.0506,
wR, = 0.1017

R, = 0.0812,
wR, = 0.1123

0.586/-0.450

MoK (. = 0.71073)

4.362 to 61.064

-16 < h <18,-30 < k=<
29,-19=1=<22

120982

12639
[Rine = 0.1389,
Rujgma = 0.1206]

12639/0/545

1.078

R = 0.0785,
wR, = 0.1489

R; = 0.1575,
wRs = 0.1722

1.003/-0.817
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Abstract.

The selectivity-determining mechanistic steps of ethylene tetramerization and
trimerization are evaluated in light of isotopic labeling experiments. We offer a new
mechanistic proposal, based upon a shared chromacycloheptane intermediate rather than C-
C coupling of chromacyclopentanes or Cr speciation into independent trimerization and
tetramerization catalysts, that is consistent with the data, including observed upper limits on

1-octene selectivity.
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Introduction.

Despite  extensive  study  of  selective  ethylene  tetramerization  with
Ct(III)/diphosphinoamine (PNP) precatalysts activated by alkylaluminum species such as
modified methylaluminoxane (MMAO), no system has been reported to match the
selectivity of analogous ethylene trimerization catalysts.' The best performance is limited to
around 75% selectivity for 1-octene, even at high ethylene pressures.” With 1-hexene as the
major co-product, the origin of tetramerization vs. trimerization selectivity remains unclear,
and further insight is necessary for future catalyst design. A metallacyclic mechanism has
been established for both Cr-based trimerization’ and tetramerization® catalysts by analysis of
the products from a mixture of C,H, and C,D, gases. Catalyst design features such as ligand
sterics have been studied to address effects on selectivity,” but it has remained unclear which
mechanistic steps are affected. Specific mechanistic details determining 1-octene selectivity
have not been experimentally elucidated, but the options can be distilled into three classes:

A. Formation of both 1-hexene and 1-octene proceeds via a common
chromacycloheptane intermediate (Scheme 1, top); selectivity is governed by the relative
rates of ethylene insertion and 1-hexene elimination from that intermediate.

B. A dinuclear species formed from two chromacyclopentane intermediates leads to C-C
coupling and formation of 1-octene, whereas only 1-hexene is produced from a
chromacycloheptane species (Scheme 1, bottom left).’

C. Two distinct catalysts are formed, each being selective for either 1-hexene or 1-octene.
Opverall selectivity is determined by the speciation of Cr following activation via MMAO and
relative activities of the two catalysts (Scheme 1, bottom right).

Computational studies aimed at explaining ethylene tetramerization selectivity have

. 7 . . . .
focused on a class A mechanism;" however, no direct experimental evidence ruling out
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Scheme 1. Different mechanistic proposals explaining 1-octene selectivity relative to 1-
hexene are organized into three classes: A, B, or C.
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classes B or C has yet been put forward. Ligand design strategies directed towards the goal
of inducing Cr catalyst dimerization (class B) have been reported.”® Class C has not been
specifically addressed in the literature to our knowledge, but cannot be disregarded a priori
considering the complicated nature of typical activation methods’ and PNP ligand
architectures."

We have employed isotopic labelling mechanistic tests”* to gain new mechanistic insight
in this study. Previously, oligomerization of a mixture of C,H,/C,D, using a catalyst capable
of ethylene tetramerization was found to give differential incorporation of C,H, vs. C,D, in
1-hexene and 1-octene, indicating that the selectivity between 1-hexene and 1-octene is
subject to an isotope effect.’ The result was interpreted in terms of secondary KIEs in
chromacyclopentane formation, the presumed rate-determining step. Although a KIE on

ethylene oxidative coupling could lead to a difference in isotopic composition between 1-
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hexene and 1-octene, we suspected that secondary KIEs were not sufficient to explain the
magnitude of this effect. As the observation of this isotope effect may be relevant to the

selectivity issue, we felt a more detailed exploration was warranted.

Results and Discussion.

Co-oligomerization of C,H, and C,D, was carried out using two catalysts that lead to
substantial formation of both 1-octene and 1-hexene. One was generated by activation with
excess MMAO of a mixture of CrCl;(THF); and PNP ligand (Ph,P),N(i-Pr) (1); the other by
stoichiometric activation with acid of Cr(CH,)[(C,H,CH,),O][(Ph,P),N(p-tolyl)] (2, see

Figure 1). Oligomeric product isotopologues were quantified by GC/MS as in previous

studies (see Experimental Section for details).”*"'
CrCly(THF); +
Ph
CrCly(THF), Ph\\P HaC. T
/e P. PR;
oo od 8 y
M T Vil o | Me
'Pr Ph R = 0-(OCH3)CgH,
Activator: 300 MMAO-3A Activator: HBAr' Activator: 300 MMAO-3A
Solvent: PhCI Solvent: PhCl Solvent: PhCI
1 2 S1

Figure 1. Catalyst 1 is formed by the addition of 300 equiv. MMAO-3A to a mixture of
CtClL(THF), and ™PNP. Catalyst 2 is formed by protonolysis of a PNP-ligated Cr
tris(hydrocarbyl) precatalyst.'® Catalyst S1 was used as a 1-hexene selective control.

As previously reported, both oligomers show m/z values that are multiples of four for
the major isotopologues (112, 116, 120, 124, 128 for 1-octene; 84, 88, 92, 96 for 1-hexene),

consistent with a metallacyclic mechanism. Visual inspection of the MS data (shown in

Figure 2) reveals that the 1-octene fraction is enriched in deuterium relative to the 1-
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Figure 2. Isotopologue distributions of 1-hexene and 1-octene from catalyst 1 (top),

and catalyst 2 (middle), as well as the isotopologue distribution from trimerization-
selective S1 (bottom).
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hexene fraction. The MS data was modelled to determine the H:D ratio of each oligomer
(details in Experimental section) and found to be the same within experimental uncertainty
for both catalysts 1 and 2. The H:D ratio (X) is 1.1 for 1-hexene and 0.77 for 1-octene in
=11, X

catalysis using 1, and X = 0.78 with 2. These values correspond to overall

hexene octene

incorporation of 56-57% D in 1-octene and 48% D in 1-hexene, from a starting gas mixture
of (nominally) 50% D. Clearly, there is a preference for deuterons to incorporate in 1-octene
relative to 1-hexene. This suggests a normal KIE in a step leading to 1-hexene (or,
conceivably, an inverse KIE in a step leading to 1-octene formation; or even both)."” This is

consistent with the observation made by Overett and coworkers.* The X (2.5) and X

hexene octene

values (1.9) obtained by Overett and coworkers were much higher than their X, .. (=1.3),'

but we do not see such a discrepancy. Most reassuringly, the ratio of X to X in both

hexene octene

of our studies is similar (1.3 & 1.4), confirming the reproducibility of this observation.

In mechanisms of class A, selectivity between 1-hexene and 1-octene is determined by
the relative rates of a C-H bond cleaving step (either hydride-shift or 8-H elimination
followed by reductive elimination) leading to olefin elimination vs. ethylene insertion. The
former is expected to exhibit a normal H/D isotope effect, which would be consistent with
the experimental observations.™

In mechanisms of class B, selectivity is determined by relative rates of C-C coupling of
metallacyclopentanes or steps leading up to C-C coupling versus ethylene insertion. Neither
involves formation or cleavage of a C-H or Ct-H bond, and hence no primary H/D KIE is
expected. It is worth noting that selectivity in class B mechanisms could be affected by Cr
concentration, as one of the competing pathways involves coupling of two Cr species.
Selective ethylene tetramerization catalysts can be generated under quite dilute

1a,1b4

conditions; which may suggest such mechanisms are not operative, although it is
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conceivable that a dinuclear or multinuclear Cr species could be the active species for
catalysis via mechanism class A, as precatalysts are commonly Cr dinuclear species,” and
dimerization of Cr complexes is well established."”

In mechanisms of class C, selectivity is determined by catalyst speciation resulting from
precatalyst activation and/or subsequent initiation steps. Previous work using
methylaluminoxane activation has shown that an active trimerization catalyst species
comprises only a small fraction of the total Cr content.” A selectivity explanation based on
Class C would mean that two of these species (Y and Z) are separately responsible for 1-
hexene and 1-octene formation; but if that were the only factor, both product isotopologue
distributions should be equally representative of the starting gas mixtures, inconsistent with
our experimental data. Although secondary isotope effects may be operable (e.g. on ethylene
oxidative coupling) the magnitude of these effects would likely not be different between
species Y and Z. Having more than one active species remains conceivable; for example,
there could be one highly selective trimerization catalyst along with a second that produces a
mixture of trimers and tetramers via a class A mechanism. Such a scenario seems unlikely
since the same results are obtained from both 1 and 2, which are prepared by different
routes, but cannot be ruled out conclusively.

Scheme 2. A new mechanistic proposal (mechanism A1) in class A. This is consistent

with the isotope effect data and explains the limit to 1-octene selectivity in high-
pressure catalysis.
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Overall, the results of the oligometization of a mixture of C,H,/C,D, appear most
consistent with mechanisms in class A: those involving a common chromacycloheptane
intermediate along the path to form 1-hexene and 1-octene. As remarked above, several
theoretical studies have investigated Cr-based ethylene tetramerization catalysis assuming
mechanisms in class A,” but have not provided a commonly accepted explanation for why 1-
octene selectivity is limited to =75% even under increased ethylene pressures.™**™ Since the
1-octene:1-hexene ratio shows some dependence on ethylene pressure, achieving higher
selectivity is likely possible under certain conditions. But pressure increases have not resulted
in a commensurate shift in the 1-octene:1-hexene ratio.”*™ To rationalize this, we propose
the specific mechanism Al in Scheme 2, which includes two pathways for 1-hexene
formation: one via elimination from 4, the other via elimination from 5. McGuinness,
Britovsek and coworkers have considered the equilibrium between 4 and 5, but
computationally ruled out a two-step process (starting with hydride migration to the ethylene
ligand) leading to 1-hexene from 5.” In a subsequent computational study, direct 1-hexene
formation from 5 was discussed, but not incorporated into a general mechanistic proposal.”
According to mechanism Al, at high pressures of ethylene, [5] >> [4] and 1-hexene is
formed predominantly from 5 (assuming k, is not very much greater than k;). Then the
equation for the selectivity ratio, 1-octene:1-hexene (see Experimental section for
derivation), reduces to:

l-octene _ k3

= — 1

1-hexene ks ( )

which is independent of ethylene pressure. Thus this mechanism can account for the
experimentally observed (to date) limit to tetramerization selectivity.

Mechanisms in class A carry a further important and testable implication:

oligomerization of pure C,H, or C,D, in separate experiments should give different 1-
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octene:1-hexene ratios, and furthermore that difference should be quantitatively related to
the primary kinetic isotope effect on hydride shift (or 3-H elimination). Assuming saturation
in ethylene, as above, we get the following equation for the selectivity ratios with the two

isotopologous ethylenes:

1-octene(D)
kst 1-hexene(D)

- 1-octene(H) (2)

1-hexene(H)

Due to the use of isotopically-labelled gas, we could not utilize industrially-relevant high
pressures (450-600 psi), and saturation kinetics may not be operable; however, equation (2)
remains valid if mechanism Al is operable and KIE-4 = KIE-5, regardless of the relative
values of [4] and [5] (see Experimental section for derivations).

Mechanism Al and its Variants (A2, A3, and D): Variants of mechanism A1 (A2, A3,
and D) are discussed here with regard to their consistency with both a primary H/D KIE
and the typical 1-octene selectivity limits. Two of these are based on an alternative scenario
proposed by McGuinness, Britovsek, and coworkers,”™ wherein a second ethylene binds
reversibly to 3 forming species 7, as shown in Scheme 3. Subsequent migratory insertion of
the ethylene ligand in 7 leads to 5; 4 and 5 do not interconvert in those cases.

In mechanisms Al and A3, ethylene insertion in 3 is very rapid relative to additional
binding of ethylene (k; >> k). So, K, governs a fast pre-equilibrium between 4 and 5, such
that k,, k, >> ki, k,, k. In mechanisms A2 and D, ethylene insertion in 3 and 7 is slow
relative to ethylene coordination/dissociation (k;, ky << k,, k) and reactions from 4 and 5
are fast (k;, k,, ky >> k, k). In mechanisms Al and A2, the step leading to 1-hexene from 5
is included, whereas mechanisms A3 and D exclude that step. Mechanism D is not

technically a class A mechanism (hence its label) as we have defined it, since 1-hexene and 1-
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Scheme 3. Mechanism Al and its variations (A2, A3, and D). See Experimental section for

explicit outline of each individual proposed mechanism.
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octene are not both formed via a common chromacycloheptane intermediate; hence
selectivity in mechanism D is not expected to depend on a primary H/D KIE. Selectivities
in mechanisms A1, A2, and A3 all do rely on a primary H/D KIE. However, the value of
this KIE cannot be determined from our experiments if mechanism A2 is operable, and
saturation kinetics are not (the derivation is shown in the Experimental section). Therefore,
mechanisms Al, A2, and A3 are consistent with all our experimental data. Only for
mechanisms Al and A3 is equation (2) valid for all ethylene concentrations.

Ethylene oligomerization was performed in three separate trials using catalyst 2, at =100

psi C,H, or C,D, initial pressure, in a sealed thick-walled glass vessel. The 1-octene:1-hexene
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selectivity ratios for all three trials were averaged (Table 1); the ratio of those ratios is 2.4 £
0.3, which (based on the built-in assumptions) gives us the value of KIE-4 = KIE-5. If
consideration of cyclic C; coproducts is made, then the KIE may be as high as 3.0 = 0.3 (see
Experimental section for details). These values are consistent with a primary H/D isotope

effect, and are close to a reported value for ethylene trimerization (3.1 + 0.1),”

providing
strong further support for a class A mechanism. (Mechanisms in class A are discussed above
with regard to their consistency with both a primary H/D KIE and the typical 1-octene
selectivity limits.) This result is inconsistent with mechanisms in class B. While mechanisms
in class C are not ruled out per se (there could be an H/D isotope effect on catalyst
initiation or speciation), they are incompatible with the mixed-gas experiments (vide supra).
Finally, the notion that the most significant KIE (regardless of its magnitude) originates in
ethylene oxidative coupling is ruled out by the selectivity difference in the use of pure C,H,
vs. pure C,D,. Oxidative coupling leads to both 1-hexene and 1-octene in all mechanistic
proposals, so a KIE on that step would not lead to a difference in selectivity for C,H, vs.
C,D,.

Table 1. Results from oligomerization of pure C,H, or pure C,D, using catalyst 2.

Productivity 1-C 1-C, 1-octene:
(g/g Cr) (mol %) (mol %) 1-hexene
C,H, 180 = 10 42+ 3 43+ 3 1.0+ 0.1

CD, 16010 2841  69+1 24+02

Gas

Conclusion.
We have presented expetimental evidence for a primary H/D kinetic isotope effect on
the selectivity between 1-octene and 1-hexene in Cr-catalyzed ethylene oligomerization. Such

a KIE on product selectivity rules out several proposals for 1-octene formation: C-C
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coupling of chromacyclopentanes or speciation of Cr into separately selective
tetramerization and trimerization catalysts. Mechanisms displaying chromacycloheptanes as
common intermediates are supported by our isotopic labelling experiments, and involve H-

transfer at the branching point that determines selectivity.

Experimental.

General Considerations. All glassware was oven-dried and kept under active vacuum
prior to use. Chlorobenzene was distilled from CaH,, stored over activated molecular sieves
for at least 24 hours, and filtered through activated alumina directly before use. M-MAO 3A
was purchased from AkzoNobel as a 7% w/w Al solution in heptane. Ethylene-H, gas was
purchased from Sigma-Aldrich (99.99%) in a lecture bottle and immediately before use in
catalysis was thawed under static vacuum from its condensed state in a cooled trap using
high vacuum line techniques. Ethylene-D, gas was purchased from Cambridge Isotope
Laboratories (98%-D) in a lecture bottle, and stored in a glass storage bulb under partial
vacuum over dried, methylaluminoxane-treated silica (prepared using a similar procedure to
that described by Bercaw and coworkers'®) to remove traces of moisture. Immediately before
use in catalysis, the ethylene-D, was thawed under static vacuum from its condensed state
using high vacuum line techniques. CrCl;(THF); was synthesized according to the literature
procedure, using CrCl; (anhydrous) purchased from Strem."” The synthesis of "PNP,
PNPM* " [H(Et,O),][BAr',], and (“PNP)Cr((o-C,H,CH,),0)(Me) have been previously
reported.™™'*  Gas chromatography (GC) was performed on an Agilent 6890A
instrument using a DB-1 capillary column (10 m length, 0.10 mm diameter, 0.40 um

film) and a flame ionization detector. Gas chromatography/mass spectrometry (GC-MS)
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was performed on an Agilent 6890A instrument using a HP-5MS column (30 m length, 0.25
mm diameter, 0.50 pm film) and an Agilent 5973N mass-selective EI detector.

Oligomerization Catalysis Using 1:1 C,H:C,D,. For catalyst 1, a 1.2 mL mixture of
CrCl(THF), (1.6 mM concentration) and "PNP (1.7 mM concentration) in PhCl was added
to a thick-walled 8 mL glass Schlenk tube equipped with a stitbar in a nitrogen-filled
glovebox. The solution was frozen in the cold well, then a 0.32 mL solution of MMAO-3A
(300 equiv. Al relative to Cr) was layered on top. The Schlenk tube was sealed with a Kontes
pin, then taken to the high-vacuum line and degassed using three freeze-pump-thaw cycles,
resulting in an activated Cr solution with [Cr] = 1.3 mM.

For catalyst 2, a 1.0 mL solution of (“PNP)Cr((s-C;H,CH,),0)(Me) (1.9 mM
concentration) was prepared in a vial equipped with a stirbar in a nitrogen-filled glovebox.
This solution was frozen in the cold well, then a 0.5 mL solution of [H(Et,O),][BAr')] (1
equiv., 3.8 mM concentration) was added to the thawing solution. Upon warming to room
temperature, the mixture was transferred to a thick-walled 8 mL glass Schlenk tube, along
with the stitbar. The Schlenk tube was sealed with a Kontes pin, then taken to the high-
vacuum line and degassed using three freeze-pump-thaw cycles, resulting in an activated Cr
solution with [Ct] = 1.3 mM.

For catalyst S1 (known to be selective for trimerization only), a 1.2 ml mixture of
CrCl,(THF), (1.6 mM concentration) and PNP“Y* (1,7 mM concentration) in PhCl was
added to a thick-walled 8 mL glass Schlenk tube equipped with a stirbar in a nitrogen-filled
glovebox. The solution was frozen in the cold well, then a 0.32 mL solution of MMAO-3A
(300 equiv. Al/Cr) was layered on top. The Schlenk tube was sealed with a Kontes pin, then
taken to the high-vacuum line and degassed using three freeze-pump-thaw cycles, resulting

in an activated Cr solution with [Ct] = 1.3 mM.
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For catalysis using 1, 2, or S1, C,H, and C,D, gas were independently measured in a
calibrated glass bulb under partial vacuum, using high-vacuum line techniques. The gases
were then mixed in a separate bulb, then condensed into the glass Schlenk tube containing a
solution of the activated Cr species ([Cr] = 1.3 mM), and the tube was sealed with a Kontes
pin. Approximately 1100 total equivalents of ethylene were added to the tube in this manner.
After thawing the tube in a room temperature water bath, and allowing the solution to stir
for 5 minutes, the reaction was cooled to -78°C, to freeze the chlorobenzene solvent. The
tube was degassed using two freeze-pump-thaw cycles, then back-filled with argon. Next, the
solution was quenched using 0.1 mL methanol (for the reactions using MMAO activation,
acetone was used to dilute the suspension that formed upon quenching). A weighed amount
of adamantane dissolved in acetone was added to the resulting quenched solution (or
suspension, for catalysis with MMAO), which was filtered and analyzed by GC/FID to
quantify the oligomers vs. adamantane. An appropriately diluted solution was analyzed by
GC/MS to quantify the isotopologues of 1-hexene and 1-octene which were produced.
Isotopologues of each oligomer co-eluted on the GC with only slightly shifted retention
times. Therefore, quantitation of each isotopologue was achieved by recording the
abundance of the parent ions detected by the MS analyzer across the full breadth of the
signal in the GC trace. Figure 2 shows the isotopologue distributions for 1-hexene and 1-
octene from catalysis using 1, 2, and S1.

MS Experimental and Modelled Data from the Mixed Gas Experiments. The
experimental isotopologue abundances for each fraction (1-hexene or 1-octene) are modelled
according to the procedure outlined by Overett and coworkers. The ratios of C,H,:C,D, (or
simply H:D) incorporated into each fraction, “X”, can be determined thereby, and are given

in Table 2. Figure 2 shows the experimental data, the best-fit model, and the X = 1 model
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(for comparison) for fractions of products obtained from catalysts 1, 2, and S1. It is notable

that X from S1 is not 1.0, but 0.92. This could be a result of error in the individual

1-hexene
measurement of C,H, & C,D, gases or due to a secondary isotope effect on ethylene
binding, oxidative coupling, or migratory insertion, whereby deuterated olefins react faster
than non-deuterated olefins. If such a secondary isotope effect is operating, it could affect
our calculated results, but the qualitative conclusions would remain valid, as both fractions

(1-hexene and 1-octene) should be influenced similarly by such a KIE regardless of which

class of mechanisms is considered.

Table 2. H:D isotope ratios in the products from catalysts 1, 2, and S1

Catalyst Xpexene X petene
1 1.1 0.77
2 1.1 0.78
S1 0.92 -

Oligomerization Catalysis Using Pure C,H, or Pure C,D,. A solution of catalyst 2
(|Ct] = 1.3 mM) was prepared and degassed in the Schlenk tube as described in the sections
above. The same batch of activated Cr solution was divided for use in separate experiments
using C,H, and C,D,, to control for variability in the precatalyst activation process. Ethylene
gas (approximately 1100 equivalents relative to Cr) was condensed into each Schlenk tube
using high vacuum line techniques. The Schlenk tubes were sealed, and the frozen mixtures
were thawed in a room temperature water bath for one minute. Then, the solutions were
cooled to -78°C, to freeze the chlorobenzene solvent. The tubes were degassed using two
freeze-pump-thaw cycles, then back-filled with argon. Next, the solutions were quenched
using 0.1 mL methanol. Weighed amounts of adamantane were dissolved in acetone and

were added to the resulting quenched solutions, which were filtered and analyzed by
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GC/FID to quantify the oligomers vs. adamantane. Results are shown in Table 3; it can be
seen that reproducibility in terms of overall activity (as measured by the total weight of

products per weight of Cr) and product distribution is quite good.

Table 3. Oligomeric products from C,H, and C,D, using catalyst 2

Yield I mol% mol% mol% 1l-octene:
Entty  Gas 1)) g/g Cr CH,in 1-hexene 1-octene cyclic C; 1-hexene
products

1 C,H, 0.017 160 290 41% 44% 15% 1.07
2 C,H, 0.020 190 350 40% 45% 15% 1.13
3 C,H, 0.018 180 340 46% 39% 15% 0.85
Average 0.018 180 330 42% 43% 15% 1.02
Std Dev 0.001 10 30 3% 3% 0% 0.12
4 C,D, 0.018 170 320 30% 67% 2.5% 2.23
5 C,D, 0.015 160 290 27% 70% 2.9% 2.59
6 C,D, 0.014 140 260 28% 69% 2.3% 2.46
Average 0.016 160 290 28% 69% 2.6% 243
Std Dev 0.002 10 30 1% 1% 0.2% 0.15
Ratio 2.39
Error 0.32

Scheme 4. Mechanism Al, which is operable when metallacycle expansion from 3 is rapid
relative to further ethylene binding (distinguishing this from Mechanisms A2 or D). Also, 1-
hexene is formed from both 4 and 5 (distinguishing this from Mechanism A3).
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Scheme 5. Mechanism A2, which is operable when metallacycle expansion from 3 or 7 is
slow relative to further ethylene binding/dissociation. Reactivity from 4 or 5 (via 1-hexene
elimination or metallacycle expansion) is rapid relative to ethylene binding or dissociation
(distinguishing this from mechanisms Al or A3). Also, 1-hexene is formed from both 4 and
5 (distinguishing this from Mechanism D).
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Scheme 6. Mechanism A3, which is operable when metallacycle expansion from 3 is rapid
relative to further ethylene binding (distinguishing this from Mechanisms A2 or D). Also, 1-
hexene is not formed from 5 (distinguishing this from Mechanism Al).
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Scheme 7. Mechanism D, which is operable when metallacycle expansion from 3 or 7 is
slow relative to further ethylene binding/dissociation. Reactivity from 4 or 5 (via 1-hexene
elimination or metallacycle expansion) is rapid relative to ethylene binding or dissociation
(distinguishing this from mechanisms Al or A3). Also, 1-hexene is not formed from 5

(distinguishing this from Mechanism A2).
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Analysis of Mechanisms Al, A2, A3, and D.

For Mechanism A1, the selectivity for 1-octene (relative to 1-hexene) is given according to:

kyk3|4][CoH.
rate (1-octene) = % (1)
-2
kyksl|4][CoH.
rate (1-hexene) = k, [4] + % )
-2
kak3[CoHyl
rate (1-octene) k_o 3
rate (1—hexene) Ky + kai[C2H4-] )
-2
. . . koks|CoH,
If under saturation kinetics, % >> k,, then:
-2
kak3[CaHyl
rate (1—octene) _ k_o _ ﬁ (4)
rate (1-hexene) kaks[CoHal ks

k—2
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Using equation 4 (under the saturation kinetics approximation), and assuming no isotope

effect on metallacycle expansion (k;) it can easily be seen that:

1—octene(D)

rate 1—octene (D)

1-hexene(D)

rate 1—hexene (D)

1-octene(H) ~—

rate 1—octene (H)

1—hexene(H)

rate 1-hexene (H)

k3p
_ kSD _ ksH
LY )
ksH

®)

If saturation kinetics are not operable, the derivation is as follows. Assuming no isotope

effect on metallacycle expansion (ks = kjp), ethylene binding or dissociation (K, = K,,), or

ethylene concentration ([C,D,] = [C,H,]), the relative ratios of 1-octene to 1-hexene from C,

D, and C,H, give the following relation, using equation 3:

1-octene(D)
_— kapy+
1-hexene(D) __

k2Hk5H[C2H4]

k_>H

1-octene(H) ~—

kapksplCaD4]

1—hexene(H) kap+ k_2p
Which, when KIE-4 = KIE-5:
kag _ ksy
~4H _ °S5H 7
kip  ksp @

©)

And because [C,D,] = [C,H,], K,;; = K,,, by expanding equation 6 and inserting rearranged

equation 7:

1-octene(D)

Kk (k4H+ sz[CzH4])

1-hexene(D) __ 5 ksy k_opg _ ksu
1—octene(H) — k4D kzD[C2D4] - k
1—hexene(H) kSD(k5D+ k_2p ) sb

®)

For Mechanism A2, the selectivity for 1-octene (relative to 1-hexene) is given according to:

k7kgk3[3][C2H4]
rate (1-octene) = 2224
k_7(k3+ ks)
k7kgks[3][CaH,]
rate (1-hexene) =  kq [3] + 22222
k_7(k3+ ks)
k7kgk3[CaHy]
rate (1—octene) k_7(k3+ ksg)
rate (1—hexene) . 4 Kzksks[C2H4]
T k—7(kz+ks)
. . . k7kgks[CaHy)
If under saturation kinetics, ———2-% >> k  then:

k_7(k3+ ks)

)

(10)

(11)
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k7kgk3[CoHy]

rate (1—octene) _  k_,(k3+ ks) _ k_3 (1 2)
rate (1—hexene)  k7kskslCaH4l ks
k—7(k3+ks)

So, under the saturation kinetics approximation, equation 12 can be used to derive equation
5, as was done for the analysis of mechanism Al.

If saturation kinetics are not operable, and assuming no isotope effect on metallacycle
expansion (ks = kyp kg = kgp), ethylene binding or dissociation (K, = K;p5), or ethylene
concentration (|[C,D,] = [C,H,]), the relative ratios of 1-octene to 1-hexene from C,D, and

C,H, give the following relation, using equation 11:

1-octene(D) rate 1—octene (D) Kok kgpk7HksH[C2Hal

+ kigksy + =20 ——
1-hexene(D) __ rate 1-hexene (D) __ 1H"3H 1H"5H k_7y4 13
1-octene(H) ~—  ratel-octene(H) K Kamt Kimken + kgpk7pksplCaD4l ( )
1—hexene(H) rate 1-hexene (H) 1D#3D™ *1DR5D k_7p

So, in mechanism A2, the H/D KIE of the step leading to elimination of 1-hexene can only
be obtained 7/ [7] >> [3] that is, in the case of saturation kinetics.

For Mechanism A3, the selectivity for 1-octene (relative to 1-hexene) is given according to:

rate (1-octene) = w (14)
-2
rate (1-hexene) = ky, [4] (15)
te (1-octene) kak3[CaHyl
rate (1—octene) k_p
rate (1-hexene) N ks <1 6)
So,
rate (1—octene) _ kpk3[CyH,]
rate (1-hexene) B k_sky4 (1 7)

And, the relative ratios of 1-octene to 1-hexene from C,D, and C,H, give the following

relation:
1-octene(D) rate 1—-octene (D) k kopk3plC2D4]
1-hexene(D) __ rate1-hexene (D) __ k_2p 18
1-octene(H) ~ ratel-octene(H) — kopgkaylCaHyl ( )

ksp

1—-hexene(H) rate 1-hexene (H) k_oy
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And, if there is no isotope effect on ethylene binding or dissociation, metallacycle expansion,

or on ethylene concentration K, = K,,, k;; = kyp, and [C,D,] = [C,H,]:

1-octene(D)
1-hexene(D) __ kag
1-octene(H) — kap (19)
1-hexene(H)

For Mechanism D, the selectivity for 1-octene (relative to 1-hexene) is given according to:

rate (I-octeng) =  2X22lCeM] 20)
-7
rate (1-hexene) =  kq [3] (21)
te (1-octene) kykg[CaHyl
rate (1—octene) __ k_7
rate (1-hexene) B k4 <22)

The selectivity in mechanism D is not governed by any step exhibiting a primary H/D KIE.

Considering 1-Hexene Formation From B-H Elimination v. Hydride Shift (Or
Both). Heretofore we have simplified the analysis by not considering the formation of cyclic
C’s. However, it can be seen from Table S2 that there is a significant isotope effect on the
production of these two species (methylcyclopentane and methylenecyclopentane). Previous
proposals have invoked B-H elimination from chromacycloheptanes (like 5) as leading to
these products (see Scheme 8). Of course, 1-hexene may be derived from this pathway,
instead of from hydride shift. Or, 1-hexene may be derived from both. To account for cyclic
C, production, both k, and k;, must be appreciable. The pertinent scenarios, and their effect
on the KIE measurement, are outlined below:

Case 1: kg is negligible but k;, is appreciable (1-hexene is only derived from a 3-H
elimination):

1-octene(D)
1—hexene(D)+cyclics(D) __  kom __

T—octene(H) = —ng = 3.0x0.3 (23)
1-hexene(H)+cyclics(H)
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Case 2: ki, is negligible but k; is appreciable (1-hexene is only derived from a hydride

shift; this is the simplification used in the preceding sections):

1-octene(D)
1—hexene(D) __ ksg __

1-octene(H) E =24103 (24)
1-hexene(H)

Case 3: neither k; nor k;; is negligible (1-hexene is derived from both pathways):

1-octene(D)
1-hexene(D)+cyclics(D) __ ksp+ koy _

1-octene(H) - ksp+ kop =3.0 i 0.3 (25)
1-hexene(H)+cyclics(H)




Scheme 8. Pathways to form the cyclic C; products should start with 3-H elimination
(governed by k,). 1-Hexene may or may not be derived from this pathway.

p— H
P e
H ks Cr/\C/H ks /
HM - l - . C\I"
/C —_—
H A hydride shift H H l-iC
1-hexene 5 6
B-H elim. | kg l ke
;!
H-C H
N >I/\/\/\(
”\ M H
Cr\H H H
1-octene
k1o
K14
H
H
“\Cr H>|/\/\(
[ H H
H
1-hexene
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Mechanisms in Class B.

Scheme 9. Example mechanisms in class B, wherein 1-octene selectivity (relative to 1-
hexene) is determined by the relative rate of C-C coupling versus ethylene insertion.
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Abstract.

We have introduced a new class of stable organometallic Cr reagents (compounds 1-4)
that are readily prepared, yet reactive enough to serve as precursors. They were used for
ethylene tetramerization catalysis following stoichiometric activation by in situ protonation.
This study highlights the importance of balancing stability with reactivity in generating an
organometallic precursor that is useful in catalysis. Moreover, precursor 4 allowed for the
isolation and crystallographic characterization of a room-temperature stable cationic species,
(PNP)CrR," R = ¢-C;H,(CH,),OMe, PNP = PrN(PPh,),). This complex (5) may be used as
a single component precatalyst, without any alkylaluminum reagents. This result provides an
unprecedented level of insight into the kind of structures that must be produced from more

complicated activation processes.
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Introduction.

Chromium catalysis has not yet experienced a renaissance quite like other first row
transition metals." Recent development of low-valent Cr catalysis in organic methodology
has renewed interest in reactive Cr c-aryl complexes.” The necessity for suitable and well-
defined organometallic precursors has been appreciated in the context of iron and nickel
catalysis.” Anionic (e.g., aryl, B-diketiminate, or cyclopentadienyl) ligands have proven useful
entries for Cr chemistry." However, the selection of chromium hydrocarbyl precursors is
very limited (vide infra), which may hinder new methodology development.

Chromium has been uniquely demonstrated to serve as a catalyst for ethylene
tetramerization, although a completely selective catalyst has remained elusive.” Significant
efforts have identified ligands® and cocatalysts’ to support ethylene tetramerization, but the
pool of Cr precursors has remained small (Figure 1a). These are typically Cr(III) or Cr(II)
salts:  Cr(acac),,’ Cr(ethylhexanoate),, CrClL,(THF),,"" and CrCL(THF), (acac =
acetylacetonate, THF = tetrahydrofuran)."" To generate a catalytically active species in situ,
these precursors are typically mixed with alkylaluminum cocatalysts such as modified
methylaluminoxane (MMAO) in the presence of an auxiliary ligand. The need for harsh
activation processes, in terms of high excess and reactivity of Al additives, has impeded
rational improvements to catalysis. More problematically, the paramagnetism of relevant Cr
intermediates has limited insight into their structure.'

Currently, there are few Cr precatalysts that can be activated by milder methods (or that
are self-activating). In several studies for ethylene trimerization' and in our recent report for
ethylene tetramerization,'* catalysis was achieved without excess of alkyl aluminum reagents.

These and related studies have relied on the isolation of Cr multiaryl or multialkyl



Figure 1. (a) Typical Cr
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a) Typical Cr precursors or precatalysts
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Scheme 1. (a) Activation of CrCly-based precatalysts with MMAO, leading to a reduced
active species, (b) activation of Cr(I) carbonyl precatalysts with AIR,, also leading to a
reduced active species, (c) stoichiometric activation by protonation, and (d) a single-
component (PNP)CrR," precatalyst.
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complexes.” The scarcity of examples of “prealkylated” Cr precursors is likely related to the
instability of CrPh,(THF), and its derivatives.”™"*'® The precursor CtBn,(THF), (Bn =

15¢

benzyl) has been reported but is also highly unstable. ™ To stabilize Cr—aryl or Cr—alkyl

species, chelating ligands have been used in rare cases (see examples in Figure 1b).'*"

However, this strategy has only recently been implemented in chromium catalysis.'*'"
Herein, we report the synthesis of a series of Cr(III) tris(aryl) complexes stabilized by the
binding of pendant ethers (Figure 1c). We demonstrate the stability of these complexes,
attributable to this chelate effect. Furthermore, these complexes are investigated as
precatalysts for ethylene tetramerization following activation with a Bronsted acid in the
presence of a diphosphinoamine (PNP) supporting ligand (i.e., stoichiometric activation).
Previous studies have suggested that a cationic Cr(III) complex is the product of
stoichiometric activation, which is followed by initiation via ethylene insertion, H-transfer,
and reductive elimination to generate a Cr(I) active species.”™”™"* The same type of active
species is presumed following activation by alkylaluminum reagents (Scheme 1a), although
the involvement of Cr(II) species has not been experimentally ruled out.” Although
precursor Cr(I) cations may be stabilized by carbonyl ligands, such complexes still require
activation by alkylaluminum reagents (Scheme 1b)."" Our previous report detailed the first
example of activation by protonation (Scheme 1c)."* To our knowledge, no cationic Cr(I1)
species has yet been isolated and shown to be a viable single-component precatalyst for
ethylene tetramerization. Therefore, the identity of the activated Cr species has never been
directly established. We demonstrate that by first developing a route to robust but still
reactive Cr tris-(hydrocarbyl) precursors, an activated complex, (PNP)CrR,’, can be isolated

and crystallographically characterized (Scheme 1d).
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Results and Discussion.

Synthesis of Cr Tris(aryl) Complexes (1—4) Stabilized by Ether Chelation. A
general procedure for the synthesis of complexes 1-4 was developed (Scheme 2). An
amount of 3 equiv. of each aryl bromide was converted to the corresponding aryl Grignard
reagent by stirring over Mg turnings. The Grignard solutions were used directly in the
arylation of CrCl;(THF),. After filtering away Mg salts, the Cr products could be obtained,
typically by precipitation (see Experimental Section for specific workup procedures). In
contrast, isolation of the methyl ether-stabilized Cr complex with a single methylene linker in
the chelate (R = Me, n= 1) was not successful. The obtained solid residue was completely
insoluble in THF or DCM, suggesting that the desired product converted to oligomeric or
polymeric forms, possibly due to association of Mg salts. Additionally, although the desired
methyl ether-stabilized Cr complex with three methylene linkers in the chelate (R = Me, n=
3) appeared to have been generated in situ, it decomposed in solution at room temperature:
the aryl—atyl reductive elimination product was observed by GC/MS in quenched aliquots
of this reaction. These changes in reactivity highlight the importance of the chelate ring size
and ether substituents in the stabilization of the Cr tris(aryl) complexes.

Structural Characterization of Complexes 1—4. Single crystals were obtained of
complexes 1, 2, 3, and 4, allowing for structural determination by XRD (Figure 2). Among
this series, some structural diversity was observed. For 1 and 4, XRD confirmed the
expected geometry of the products as six-coordinate Cr complexes, where each aryl ligand
was bidentate due its chelating ether functionality. Complex 2 was determined to be a five-
coordinate, square pyramidal complex, where one of the three ether donors was not
coordinated to Cr. For 3, a dimeric structure was revealed by XRD, wherein one of the three

aryl ligands bridges two Cr centers, binding through the aryl donor to one Cr center, and the



Scheme 2. General synthetic scheme for complexes 1-4.
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Figure 2. From left to right, solid-state structures of compounds 1, 2, 3 and 4. Thermal
ellipsoids are displayed at the 50% probability level. Solvent molecules and hydrogen atoms

are omitted for clarity.

Table 1. Selected bond lengths and angles for compounds 1-5.

Bond Lengths (A)

Bond Angles (°)

Compound Cr-01 Cr-02 Cr-03 Cr-C1 Cr-C2 Cr-C3 01-Cr-C1 02-Cr-C2 03-Cr-C3
1 2.152(2) 2.176(2) 2.139(2) 2.038(2) 2.040(3) 2.039(3) 79.69(9) 79.81(9) 79.68(9)
2 2.1529(8)  2.1893(7) n/a 2.050(1) 2.037(1) 2.067(1) 86.41(4) 90.67(3) n/a®
3 2.230(2) 2.293(2) 2.138(1) 2.032(2) 2.034(2) 2.040(2) 64.81(7) 63.63(7) 93.41(7)°
4 2.2059(9)  2.1963(8)  2.1844(8) 2.104(1) 2.081(1) 2.079(1) 88.75(4) 88.05(4) 88.32(4)
5 2.181(1) 2.108(1) nla 2.056(2) 2.072(2) n/a 90.39(6) 88.02(6) nla
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ether donor to the other. Under different crystallization conditions (using THF instead of
DCM), different crystals were obtained; the XRD analysis revealed a six-coordinate,
monomeric Cr center (3"). In 3', one of the ether donors has dissociated from Cr, and a
THF ligand was bound in its place. Clearly, the chelate forming a four-membered ring (in 3)
is less favored than the five- and six-membered ring examples (in 1, 2, and 4). An ether
donor in 3 prefers either to dissociate in preference to THF or to bridge to another metal
center. Nevertheless, the four-membered chelate stabilizes the aryl ligand against reductive
elimination relative to the example with the seven-membered ring.

Although there were notable differences in the structural arrangement about Cr based on
chelate ring size and ether substitution, there are not drastic differences in the bond metrics
among the series. However, it can be seen that 4 exhibits the longest Cr—C bonds, by at least
0.03 A on average (Table 1). This is likely due to it having the largest chelate ring size of the
six-coordinate Cr examples. Complex 4 also exhibits relatively long Cr—O bonds, at least
0.02 A longer than in 1 and 2. However, 3 exhibits the longest Cr—O bonds (excluding the
oxygen from the bridging ligand) by 0.06 A on average. The strained four-membered chelate
ring decreases the ability of the ether moiety to bind to Cr. Its propensity to dissociate
and/or bind to a different Cr center is further evidence of this. Finally, the O—Cr—C angle
(the “bite angle” of the arylether ligands) is close to 90° for 2 and 4, where a six-membered
chelate ring is present. Expectedly, a corresponding decrease in the bite angle is seen as the
chelate ring size decreases to five (80° in 1) or four (64° in 3).

Stability of Complexes 1—4. For use as catalytic or synthetic precursors, Cr multiaryl
complexes should exhibit stability in noncoordinating solvents. The commonly used
CrPh,(THF), is isolable from its synthesis by recrystallization from THF, but its instability in

16a

less-coordinating solvents (e.g., diethyl ether or toluene) is well-documented. ™ For example,
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within seconds of adding diethyl ether or toluene to CrPh,(THF),, conversion to brown
precipitate is observed, in the absence of excess amounts of a coordinating ligand such as
THF. The decomposition pathway involves reductive elimination to generate biphenyl.'"
For comparison, the stability of complexes 1-4 was tested in dried, degassed toluene
solution (4 mM) in sealed cuvettes. Over 24 h at room temperature, no changes to the
UV /vis absorption spectra were observed for complexes 1, 2, and 4; quenched aliquots
analyzed by GC/MS showed no decomposition by aryl—aryl reductive elimination over this
time. Compound 3 decomposed slowly over 24 h in toluene at room temperature (a 23%
decrease in absorption at 534 nm); dark precipitate was observed from the red solution (A:
444 nm, 534 nm); reductive elimination was observed by GC/MS. Unsurprisingly, these
compounds were not stable in solution upon exposure to air. Clearly, the presence of ether
chelation in ring sizes of five or six stabilized the Cr-aryl motif dramatically. With a chelate
ring size of four (in complex 3) or with a combination of chelated and nonchelated aryl
ligands (as noted in our previous report),”* a lesser degree of stabilization is imposed,
although these examples are still more robust than CrPh,(THF),.

Catalytic Utility of Cr Tris(aryl) Complexes 1—4. The utility of the Cr complexes
reported herein as precursors in catalysis was investigated in the context of selective ethylene
tetramerization. Due to structural similarities to previously reported Cr multiaryl complexes,
we expected these to be successfully activated by protonation with HBAY', in the presence of
a PNP ligand."”"*!* Using this process, all complexes investigated led to some productivity
in the absence of alkylaluminum activators; however, 4 was particularly active (see Table 2).
We propose that the differences in productivity are related to the initiation rates (leading to a
reduced Cr active species). All of these Cr tristhydrocarbyl) precursors are expected to

generate, upon protonation in the presence of PNP ligands, cationic (PNP)Cr-bis(aryl)
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species capable of catalysis. The difference in performance is likely related to how the
initiation rate is affected by the chelate ring size and substituent on the ether donor.
Complex 4 has relatively long Cr—C and Cr—O bonds compared to the other precursors
(vide supra), a possible explanation for faster initiation. Importantly, we found that a known
Cr tris(aryl) precursor (6, Cr(o-(Et,NCH,)-C,H,),)" stabilized by pendant amines was not a
viable precatalyst. No oligomers were observed following stoichiometric activation of 6.
Likely, the amine donor chelates too strongly to Cr, preventing catalyst formation in terms
of efficient protonation, coordination by PNP, or subsequent initiation steps. This difference
in behavior highlights the necessary balance between stability and reactivity in these Cr
precursors. While stability is desirable in a versatile precursor, sufficient reactivity is still
necessary for catalytic utility. The ether chelates employed here satisty both requirements.
Synthesis and Structural Characterization of 5. The ability of ligands relevant to
catalysis to displace the chelating donors in 1—4 was investigated, but no evidence of a
reaction was observed at room temperature, even with bis(diphenylphosphino)benzene
(tracked by EPR or UV/vis spectroscopy). Nevertheless, PNP must bind to Cr after the
protonolysis of an aryl group in order to generate active catalysts as demonstrated in Table 2.
Therefore, the isolation of the cationic complex was targeted. Addition of [H(OEt,),|[BAt,]
(Ar'= 3,5-(CF,),-C,H,) to a mixture of (Pr)N(PPh,), ("PNP) and 4 results in a color change
from orange to green. The product was isolated as a green powder and was proposed to
have the formulation of [("PNP)Cr(s-(CH,O(CH,),)-C,H,),|[BAr',] (5, Figure 3). This
corresponds to protonation of one aryl ligand (releasing 2-methoxyethylbenzene) and
binding of ™PNP to Cr. This solid could be used directly in catalysis simply by dissolving it
in chlorobenzene and adding ethylene (vide infra). This product (5) was not readily amenable

to crystallization due to its propensity to form oils. However, suitable single crystals of 5
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Table 2. Comparison of ethylene oligomerization catalysis using Cr complexes 1-6. No alkyl
aluminum activators were used in these trials (entries 1-6). A comparison is made with
MMAO-activated CrCly(THF); (entry 7).

Entry Cr Source? Izg;‘;u;? Elrt)y PE b« Ce© 1-Csc Cio-Cisc Ol/rol 16(% 1:10;;:2::({
1 1 12 0 42 58 0 94 1.1
2 2 62 0 42 58 0 91 1.1
3 3 34 0 72 26 2 98 0.28
4 4 1500 0 48 45 7 92 0.77
5 5 3400 <1 47 38 15 93 0.64
6 6 0 0 - - - - -
7¢ CtCl3(THE)3 5200 <1 43 41 16 0.89 0.80

Reaction vessel: glass Fisher-Porter bottle. [Ct] = 1 mM, Solvent: 7.5 mL PhCI. Pressure: 100 psig C2Hy4. Temperature:
25°C. Reaction time: 45 min. *Complexes 1- 4, & 6 were activated with 1.0 equiv. HBAr'y in the presence of 1.1 equiv.
PrPPNP. b PE = polyethylene. ¢ Wt% (total). 4 Molar ratio. ¢ Result from ref. 14: 300 equivalents of MMAO were added in the
presence of 1.1 equiv. P"PNP; other conditions are the same.

Me Ar'
Ph B F4
Ph

.

\
. \ ©
PIPNP, HBAr', ~p., |
4 — ipr—n7 e

N

CHyCl, Ph/P/ \O—Me
/
Ph

Figure 3. Top: Synthesis of complex 5. Bottom: Solid-state structure of complex 5.
Thermal ellipsoids are displayed at the 50% probability level. Solvent of crystallization
(CH,Cl,), BAr', anion, and hydrogen atoms omitted for clarity.
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were obtained from DCM. The expected structure was confirmed by XRD: six-coordinate,
cationic Cr with two arylether ligands and one PNP ligand bound (Figure 3).

The stability of compound 5 in toluene was checked to evaluate that it is practically
useful. No changes to the UV /vis absorption spectra wetre observed in toluene solution for
at least 24 h at room temperature, which is very notable given the scarcity of Cr-hydrocarbyl
cationic species.'”’

Indeed, compound 5 is a particularly uncommon example of an isolated Cr-hydrocarbyl
cation in the context of ethylene oligomerization catalysis. Although related cationic

d,”™"™" to our knowledge they

complexes have in some cases been structurally characterize
are not catalytically active without alkylaluminum-based cocatalysts. None of the referenced
examples maintain salient features present in 5, which is free of halide or carbonyl ligands,
has a single PNP ligand, and has a noncoordinating anion. Because of these features,
compound 5 is poised to generate the catalytically active species simply upon addition of
ethylene.

Use of Pre-“Activated” Cr Complex 5 in Catalysis. We found that 5 was a single-
component precatalyst for ethylene tetramerization. Following dissolution of 5 in
chlorobenzene, addition of ethylene in a high-pressure reaction vessel led to formation of 1-
hexene and 1-octene, similar to catalytic trials following stoichiometric activation of 4 (see
Table 2, entry 5). Remarkably, the catalytic productivity and 1-octene selectivity are
comparable to when CrCl;(THF); is activated with 300 equiv of MMAO (Table 2, entry 7).
The direct utility of 5 is advantageous since no weighing or premixing of multiple
components is necessary prior to loading the reactor. In a traditional activation scheme, the

PNP ligand, Cr precursor, and MMAO solution must all be meticulously prepared and

combined. It has been reported that MMAO-activation leads to Cr species that are unstable
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and in which multiple species are detectable by UV /vis and EPR spectroscopy.'* Because 5
is reasonably stable at room temperature, these complications regarding catalyst preparation
and activation have been completely removed. Fundamentally, this catalytic result also
bolsters the assertion that a cationic (PNP)Cr dialkyl complex is the relevant product of

traditional MMAO-activation leading to the Cr active species.

Conclusion.

A high degree of stability is imparted to the Cr tris(aryl) motif by the addition of pendant
ether donors. However, these precursors (1—4) remain reactive enough for catalytic use in
ethylene tetramerization. Differences in stability and reactivity were observed among the
series of ether-stabilized Cr precursors. In particular, one example (4) not only led to higher
productivity in ethylene tetramerization catalysis but also was a useful synthon for a cationic
Cr complex (5). This example (5) is the first single-component precatalyst for ethylene
tetramerization and is a rare example of a structurally characterized Cr o-aryl cationic species.
Complex 5 exemplifies structural features required for an “activated” Cr species, eliminating
speculation as to the role of MMAO as an activator in typical catalytic processes. Compound
5 represents a unique example of a well-defined and structurally characterized (PNP)CtR,"
activated species, typically produced from MMAO-activation of CrX;-based (X = Cl or acac)
precatalysts. Analogous methodologies are expected to be fruitful for other Cr catalytic

systems, using the precursors reported here.



106

Experimental.

General Information. All synthetic procedures containing chromium were performed
in a nitrogen-atmosphere glove box or in sealed containers under a stream of nitrogen gas.
All glassware was oven-dried and kept under active vacuum prior to use. Diethyl ether,
tetrahydrofuran (THF), toluene, dichloromethane (DCM), hexanes, and pentane solvents
were purified by sparging with nitrogen and then passing through a column of activated A2
alumina into sealed containers, degassed under active vacuum, and stored over activated
molecular sieves prior to use. 1,4-Dioxane was dried over Na/benzophenone, vacuum
distilled, and kept over activated molecular sieves prior to use. Chlorobenzene was distilled
from CaH,, stored over activated molecular sieves for at least 24 hours, and filtered through
activated alumina directly before use. CD,Cl, (Cambridge Isotope Laboratories) was distilled
from CaH, and kept over activated molecular sieves prior to use. M-MAO 3A was
purchased from AkzoNobel as a 7% w/w Al solution in heptane. Ethylene gas was
purchased at polymer purity (99.9%) from Matheson, and was dried by passage through two
11, Swagelok steel columns packed with 3A activated molecular sieves and Mn(II) oxide on
vermiculite.”” CrCl(THF), was synthesized according to the literature procedure, using CrCl,
(anhydrous) purchased from Strem.'” The synthesis of "PNP, and [H(Et,0),|[BAr'] have
been previously reported.”” 2-Bromoanisole was purchased from Sigma-Aldrich and
distilled before use. The other ether-based aryl bromides were synthesized by methylation or
benzylation of the corresponding alcohols, according to the literature procedures,” and dried
under vacuum before use. N-(2-bromobenzyl)-N-ethylethanamine was synthesized as
reported.” Paramagnetic susceptibility values (i) were determined by NMR (Evans’
method).”® Evans’ method was performed by dissolving the compound in CD,Cl, solvent

(with added protio solvent as the reference). The NMR tube contained a capillary insert with
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blank CD,CL:CH,CI, of the same composition inside. NMR spectra were recorded on a
Varian 300 MHz or 400 MHz Spectrometer. UV/Vis spectra were obtained on a Varian
Cary Bio 50 spectrophotometer. EPR spectra were obtained by freezing 1:1
toluene:dichloromethane solutions of [Cr] = 4 mM, using a Bruker EMX spectrometer.
Elemental analysis was performed using a PerkinElmer 2400 Series II CHN Elemental
Analyzer. Gas chromatography (GC) was performed on an Agilent 6890A instrument using
a DB-1 capillary column (10 m length, 0.10 mm diameter, 0.40 um film) and a flame
ionization detector. Gas chromatography/mass spectrometry (GC-MS) was performed on an
Agilent 6890A instrument using a HP-5MS column (30 m length, 0.25 mm diameter, 0.50
um film) and an Agilent 5973N mass-selective EI detector.

Cr(o-(CH,CH,OCH,)-CH,); (). A soluton of 1-((benzyloxy)methyl)-2-
bromobenzene (0.930 g, 3.36 mmol) in 20 mLL THF was stirred over excess activated Mg
turnings at room temperature. After several hours, Grignard formation was complete. The
solution was filtered through glass wool, away from excess Mg. It was added dropwise over
ten minutes to a thawing 20 mL THF suspension of CrCl;(THF); (0.420 g, 1.12 mmol). The
resulting brown, homogeneous solution was warmed to RT over 90 minutes, then diluted to
80 mL with Et,0. Next, 0.8 mL. 1,4-dioxane was added; the solution continued to stir at RT
for 20 h. The resulting brown solution was filtered through Celite, away from pale, yellow
solids. These solids were rinsed into a separate flask using 20 mL. DCM, to obtain a yellow-
orange solution from insoluble, gray solids. This filtrate was reduced zz vacuo to a yellow
powder (0.265 g, 0.411 mmol, 37% yield). ). Yellow single crystals suitable for XRD were
grown by cooling a diethylether solution of 1 to -40°C for several days. p.; = 4.0(2) py
(average of three measurements). 'H NMR (400 MHz, CD,CL,) & (ppm): 26.6 (br), 11.7 (br),

7.6 (br), 7.3 (br). UV-vis [THF; A, nm (5, M cm™]: 244 (3.9 x 10%), 314 (1.1 x 10%),388 (3.6 x
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107,458 (3.4 x 10%). Anal. Calcd. for C,,H,,CrO;: C, 78.36; H, 6.11; N, 0.0. Found: C, 78.18;
H, 6.14; N, 0.0.

Cr(o-(CiH,CH,O(CH,),)-CH)); (2). A solution of 1-((benzyloxy)ethyl)-2-
bromobenzene (1.81 g, 6.22 mmol) in 10 mL. THF was stirred over excess activated Mg
turnings at room temperature. After several hours, Grignard formation was complete. The
solution was filtered through glass wool, away from excess Mg, and diluted to 25 mlL with
THEF. The solution was added dropwise over ten minutes to a thawing 10 mL THF
suspension of CrCl,(THF),; (0.778 g, 2.08 mmol). The resulting green, homogeneous
solution was warmed to RT over 2 hours, then diluted to 70 mL with Et,O. Next, 1.2 mL
1,4-dioxane was added; the solution continued to stir at RT for 24 h. The resulting green
solution was filtered through Celite, away from white solids. This filtrate was reduced iz vacuo
to a green sticky residue, which was redissolved in 5 mL toluene. This toluene solution was
stirred vigorously, and 25 mL pentane was added to precipitate reddish powder amongst a
sticky, dark green residue. The red powder was collected, and the green residue was
redissolved in toluene, and pentane was added in like fashion to precipitate more red
powder. These two fractions were combined to give 750 mg of red power, redissolved in 20
mL toluene to give a green solution, and rinsed from white solids (presumably magnesium
salts). This green solution was reduced 7 vacuo to a green powder (0.613 g, 0.895 mmol, 43%
yield). Green single crystals were grown by slow concentration of a toluene solution of 2
under vacuum. p . = 3.9 pu. 'H NMR (400 MHz, CD,CL) & (ppm): 25.1 (br), 14.9 (br), 7.5
(br), 7.3 (br), 2.4 (s), -17.0 (br). UV-vis [THF; A, nm (¢, M ecm™)]: 259 (1.9 x 10%), 359 (6.1 x
107), 404 (2.9 x 107, 481 (1.5 x 10%. Anal. Calcd. for C,;H,CrO,: C, 78.81; H, 6.61; N, 0.0.

Found: C, 79.03; H, 6.70; N, 0.0.
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Cr(0-(CH,0)-CH,); (3). A solution of 2-bromoanisole (1.863 g, 9.96 mmol) in 20 mL
THF was stirred over excess activated Mg turnings at room temperature. After several hours,
Grignard formation was complete. The solution was filtered through glass wool, away from
excess Mg. It was added dropwise over five minutes to a thawing 30 mL THF suspension of
CrCL(THF); (1.244 g, 3.32 mmol). A homogeneous, dark red solution resulted after warming
to RT over three hours. The solution was diluted to 100 mlL. with Et,O, and 3 mlL 1,4-
dioxane was added, causing formation of some precipitate. After stirring at RT for 14 hours,
a red solution was filtered from light solids using Celite. The filtrate was reduced 7 vacuo to
red, flaky solids, which were redissolved in 10 mLL DCM. The red solution was filtered
through glass wool from minimal grey solids, layered with 10 mL hexanes, and stored for 6
days at -40°C. Then, the cold supernatant was decanted from ~50 mg red solids, and
reduced 7 vacuo to 12 ml., causing additional precipitation. This suspension was stored at -
40°C for another day. The supernatant was then decanted from red solids, which were dried
in vacno (0.748 g). Satisfactory elemental analysis could not be obtained, possibly due to
remaining magnesium salts. Single crystals suitable for XRD could be obtained by vapor
diffusion of pentane into a DCM solution at -40°C.

Cr(0-(CH,0(CH,),)-CH,); (4). A solution of 1-bromo-2-(2-methoxyethyl)benzene
(1.356 g, 6.31 mmol) in 20 mL. THF was stirred over excess activated Mg turnings at room
temperature. After several hours, Grignard formation was complete. The solution was
filtered through glass wool, away from excess Mg. It was added dropwise over fifteen
minutes to a thawing 30 mL. THF suspension of CrClL(THF), (0.791 g, 2.11 mmol). The
resulting dark red, homogeneous solution was warmed to RT over three hours, then diluted
to 100 mL with Et,0. Next, 1.2 mL 1,4-dioxane was added, resulting in a suspension of red

solids, which was stirred at RT for 20 h. The resulting suspension was filtered, collecting red
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solids on a Celite filter cake. These solids were rinsed into a separate flask using 40 mL
DCM. This red DCM solution was reduced 7 vacuo to yield the product as a red powder
(0.192 g, 0.419 mmol, 20% yield). Single crystals suitable for XRD were grown by vapor
diffusion of pentane into a THF solution of 4 at -40°C. p . = 3.8 p;. 'H NMR (400 MHz,
CD,CL) & (ppm): 23.2 (br), 17.4 (br), -14.9 (br). UV-vis [THF; %, nm (¢, M em™)]: 256 (2.7
x 10%, 371 (9.9 x 10%), 416 (5.0 x 10%), 602 (1.5 x 10%. Anal. Calcd. for C,,H,,CrO;: C, 70.88;
H, 7.27; N, 0.0. Found: C, 70.63; H, 7.37; N, 0.19.

[(""PNP)Cr(0-(CH,;0(CH,),)-CH,), ][BAr')] (5). A solution of 4 (0.145 g, 0.317
mmol) and "PNP (0.135 g, 0.316 mmol) was prepared in 4 mL. DCM. To the room
temperature orange solution, a 4 mL. DCM solution of HBAr', (0.320 g, 0.316 mmol) was
added dropwise over five minutes. Upon completion of addition, a dark green solution was
obtained. After 20 min, the solution was reduced to a sticky green solid under vacuum; the
dry residue was further dried under vacuum for several hours. The residue was dissolved in
minimal DCM (=1 mL). Hexanes was added in portions to the thick, vigorously stirring
solution, causing some oiling, then eventual precipitation of dry green solids. These green
solids were isolated by decanting the supernatant and reducing further under vacuum to
complete dryness (0.480 g, 0.298 mmol 94% yield). Single crystals suitable for XRD were
grown in =1 day by slow evaporation of a DCM solution into hexamethyldisiloxane
(HMDSO) at room temperature. g = 3.6 g 'H NMR (400 MHz, CD,CL) § (ppm): 28.4
(br), 25.6 (br), 12.7 (b1), 9.7 (b1), 7.8 (s, aryl-H on BAr'), 7.6 (s, aryl-H on BAr')), 6.9 (br), 2.9
(br), 0.2 (br), -0.6 (br), -9.3 (br), -17.6 (br). "F NMR (376 MHz, CD,Cl,) § (ppm): -62.7 (3).
*'P NMR (162 MHz, CD,CL) & (ppm): silent. UV-vis [DCM; A, nm (¢, M cm™)]: 619 (2.3 x
10%). Anal. Calced. for C,,H,BCrF, NO,P,: C, 57.34; H, 3.81; N, 0.87. Found: C, 57.36; H,

3.99; N, 0.92.
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Cr(o-(Et,NCH,)-C;H,), (6). This has been described previously,”” and is related to the
dimethylamino-substituted version.'”™'"’* Our synthesis is as follows: N-(2-bromobenzyl)-N-
ethylethanamine (0.288 g, 1.20 mmol) in 4 mL THF was stirred over excess activated Mg
turnings at room temperature. After several hours, Grignard formation was complete. The
solution was filtered through glass wool, away from excess Mg. It was added dropwise over a
few minutes to a thawing 4 mL THF suspension of CrCl,(THF); (0.149 g, 0.398 mmol). The
resulting dark solution was warmed to RT over two hours, then diluted to 16 mL with Et,O.
Next, 0.5 mL 1,4-dioxane was added, resulting in the precipitation of white solids. After
stirring for 18 hr, the dark solution was filtered through Celite, and the filtrate reduced 7#
vacuo to obtain red crystals amongst a sticky brown residue. This mixture was rinsed with
minimal hexanes, then Et,0O, decanting the brown washes from the red crystals. Anal. Caled.
for C,,H;,CrN;: C, 73.57; H, 8.98; N, 7.80. Found: C, 73.52; H, 9.18; N, 7.70.

Oligomerization Catalysis. Complexes 1-4 and 6 were activated as follows: the Cr
complex (8.0 umol) and "PNP (8.8 umol) were dissolved in 1.0 mL PhCl in a 20 mL vial in
the glovebox. To the stirring, room temperature solution, HBAt', (8.0 umol) dissolved in 0.5
mL PhCl was added dropwise over one minute. For most examples, a color change rapidly
occurred. Quickly, the solution was diluted to 7.5 mL by addition of PhCl, and then
transferred to a glass Fisher-Porter bottle equipped with a stir bar (for experiments at 100
psi). The reactor was sealed, and taken out of the glovebox to the high-pressure setup, and
placed in a water bath at 25 °C. The gas line was evacuated, then backfilled with ethylene
gas. The line was pressurized to 100 psig with ethylene, and then opened to the reactor. The
pressurized solution was stirred for 45 min. After this time, the reactor was vented, and 0.1

ml methanol was added to quench the mixture. Adamantane was added to the solution as a
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reference compound, which was then filtered and analyzed by GC/FID to quantify the
oligomers. Polymer was weighed on a tared glass fritted filter.

For catalysis using 5, it was weighed in the glovebox (14.5 mg, 9.0 umol), then dissolved
in 7.5 mL PhCl. This solution was transferred to the reactor and pressurized as described
above.

X-Ray Crystallography and Crystallographic Tables. Suitable crystals of complexes
1, 2, 3, 3', 4, and 5 were mounted on a nylon loop using Paratone oil, then placed on a
diffractometer under a nitrogen stream. X-ray intensity data were collected on a Bruker
APEXII CCD area detector or a Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS
detector employing Mo-Ka radiation (A = 0.71073 A) or Cu-Ku radiation (A = 1.54178 A) at
a temperature of 100 K. All diffractometer manipulations, including data collection,
integration and scaling were carried out using the Bruker APEX3 software” In APEX3,
intensity data were absorption-corrected using SADABS, and space groups were determined
on the basis of systematic absences and intensity statistics using XPREP. Using Olex2, the
structures were solved using ShelXT and refined to convergence by full-matrix least squares
minimization.” All non-hydrogen atoms were refined using anisotropic displacement
parameters. Hydrogen atoms were placed in idealized positions and refined using a riding
model. In complex 3, solvent disorder from a combination of 3.4 CH,Cl, and/or pentane
molecules (42 electrons each) was treated by SQUEEZE/PLATON. Crystals of complex 3'
were obtained by the same route as complex 3, but THF was the solvent of crystallization,
rather than CH,Cl,; the molecular structure is shown in Figure 4. In complex 3', the disorder
in the ethereal ligand bound to Cr was modeled as a mixture of THF and 1,4-dioxane using
the PART instruction (1,4-dioxane was also used in the synthetic protocol) and C-C bond

distance constraints and restraints. For complex 5, the disorder in five of the eight CF,
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groups of the BAr', anion was modeled using the PART instruction and bond distance and
anisotropic displacement parameter restraints. In complex 5, the CH,CI, solvent disorder
was modeled using the EQIV instruction, placing half of a molecule of CH,Cl, in the
asymmetric unit. Graphical representations of structures with 50% probability thermal

ellipsoids were generated using Diamond 3 visualization software.”
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Compound 1 2

CCDC 1895679 1895680
Empirical formula CaoH39CrO4 CusHasCrO4
Formula weight 643.73 685.81
Temperature/K 99.97 99.99
Crystal system triclinic monoclinic
Space group P-1 P2,/c

alA 10.7286(4) 11.5802(10)
b/A 11.7519(4) 15.8845(12)
c/A 15.0753(5) 20.0281(17)

a/° 95.481(2) 90

B/° 102.260(2) 103.123(3)

v/° 115.318(2) 90
Volume/A? 1641.19(11) 3587.9(5)

Z 2 4
Peacglem? 1.303 1.270
wmm™ 3.170 0.359

F(000) 678 1452

Crystal size/mm? 0.166 x 0.14 x 0.086 0.314 x 0.245 x 0.22
Radiation CuKa (A =1.54178) MoKa (A =0.71073)

20 range for data collection/°
Index ranges
Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [I>=2c (1)]

Final R indexes [all data]

Largest diff. peak/hole / e A

6.14 t0 136.72
-12<h<12,-14<k <
14,-18<1<18
44667

6047 [Riy = 0.0679,
Ryigms = 0.0454]

6047/0/415

1.041

Rl = 00493, WR2 =
0.0983

R; =0.0685, wR;, =
0.1061

0.300/-0.472

4.902 to 72.626

-19<h<19,-26 <k <
26,-33<1<33
210362

17385 [Riy = 0.0701,
Raigma = 0.0305]

17385/0/442

1.059

Rl = 00409, WR2 =
0.1106

R; =0.0594, wR; =
0.1225

0.703/-0.619




Compound 3 3!

CCDC 1895681 1895682
Empirical formula Cy1H»1CrO4 Co5H29CrO4 55
Formula weight 373.38 454.80
Temperature/K 100.0 100.05
Crystal system triclinic monoclinic
Space group P-1 Cc

alA 12.0150(16) 20.0935(10)
b/A 12.4851(16) 11.1921(6)

c/A 15.1703(19) 10.9889(5)

a/° 75.513(5) 90

B/° 87.541(5) 116.859(2)

v/° 80.203(5) 90
Volume/A? 2171.2(5) 2204.68(19)

Z 4 4
Peacg/em’ 1.142 1.370
wmm™ 0.540 0.551

F(000) 780 959

Crystal size/mm? 0.252 x 0.179 x 0.125  0.406 x 0.168 x 0.108
Radiation MoKa (A =0.71073) MoKa (A =0.71073)

20 range for data collection/°
Index ranges
Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=2c (1)]
Final R indexes [all data]

Largest diff. peak/hole / e A

4.42 t0 66.342

-17<h<18,-19<k <
19,-23<1<22
102156

14945 [Riy = 0.0687,
Raigms = 0.0569]

14945/0/457

1.039

R; =0.0610, wR; =
0.1147

R; =0.0897, wR; =
0.1247

0.696/-0.613

6.650 to 72.734
-33<h<33,-18<k<
18,-18<1<18
60629

10655 [Riy = 0.0585,
Raigma = 0.0405]

10655/10/320

1.028

R; =0.0310, wR; =
0.0730

R; =0.0366, wR; =
0.0750

0.667/-0.493
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Compound 4 5

CCDC 1895683 1895684

Empirical formula C,7H33CrO; C+75Hg,BCICrF,4NO,P,

Formula weight 457.53 1655.48

Temperature/K 100.09 100.01

Crystal system monoclinic triclinic

Space group P2./n P-1

alA 8.3974(4) 12.9268(7)

b/A 22.6187(10) 16.7595(10)

c/A 12.1007(5) 18.9950(9)

a/° 90 104.445(2)

B/° 92.754(2) 96.510(2)

v/° 90 107.746(2)

Volume/A? 2295.73(18) 3714.6(4)

z 4 2

Peacg/em’ 1.324 1.48

wmm™ 0.524 0.341

F(000) 972 1684

Crystal size/mm? 0.198 x 0.143 x 0.133 0.2x0.15x0.1

Radiation MoKa (A=0.71073)  MoKa (A = 0.71073)

20 range for data collection/° 5.778 t0 72.716 4.526 to 67.496

Index ranges -13<h<13,-37<k< -20<h<20,-26<k<
37,-19<1<20 25,-29<1<29

Reflections collected 87691 199425

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=2c (1)]
Final R indexes [all data]

Largest diff. peak/hole / e A

11083 [Ri = 0.0548,
Raigms = 0.0363]

11083/0/283

1.065

Rl = 00444, WR2 =
0.0987

R; =0.0631, wR; =
0.1056

1.357/-0.488

29673 [Rix = 0.0508,
Raigma = 0.0379]

29673/369/1135

1.100

R; =0.0621, wR, =
0.1413

R; =0.0808, wR; =
0.1500

1.197/-2.170
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Figure 4. Solid-state structure of complex 3', which is obtained by following the synthetic
protocol for 3, yet growing crystals in THF. The coordinated ethereal ligand is modeled as a
mixture of THF/1,4-dioxane (1,4-dioxane is used in the synthesis of 3/3").
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'H NMR (CD,CL):

5

50 40 30 20 10 0 -10 -20 -30 -40
Figure 5. Paramagnetic 'H NMR spectra. Each sample is prepared in CD,Cl, with [Cr] =

100 mM.
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Figure 6. Continuous wave (cw) EPR spectrum of compound 1. Temperature: 77K.
Microwave frequency: 9.4 GHz. Microwave power: 6.4 mW. Modulation frequency: 100

kHz. Modulation amplitude: 4.0 G.
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Figure 7. Continuous wave (cw) EPR spectrum of compound 2. Temperature: 77K.
Microwave frequency: 9.4 GHz. Microwave power: 6.4 mW. Modulation frequency: 100

kHz. Modulation amplitude: 4.0 G.
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Figure 8. Continuous wave (cw) EPR spectrum of compound 3. Temperature: 77K.
Microwave frequency: 9.4 GHz. Microwave power: 6.4 mW. Modulation frequency: 100

kHz. Modulation amplitude: 4.0 G.
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Figure 9. Continuous wave (cw) EPR spectrum of compound 4. Temperature: 77K.
Microwave frequency: 9.4 GHz. Microwave power: 6.4 mW. Modulation frequency: 100
kHz. Modulation amplitude: 4.0 G.
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compound 5, toluene:DCM, 77K
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Figure 10. Continuous wave (cw) EPR spectrum of compound 5. Temperature: 77K.
Microwave frequency: 9.4 GHz. Microwave power: 6.4 mW. Modulation frequency: 100
kHz. Modulation amplitude: 4.0 G.
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Structural Determination of Cr-Hydrocarbyl Species via Pulse EPR in the

Study of Ethylene Tetramerization Catalysis
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Abstract.

A chromium-methyl precatalyst for ethylene tetramerization (1-h;) has been investigated
by CW- and pulse EPR spectroscopies. Using a synthesized Cr-CD; (1-d;) isotopologue, the
presence of this methyl ligand was confirmed to remain bound to Cr in solution, by
detection of “H couplings in X-band hyperfine sublevel correlation (HYSCORE)
spectroscopy. Furthermore, the product of Cr-CD; protonolysis maintained spectroscopic
features in HYSCORE attributable to this CD; group. Additionally, the pulse EPR
characterization of an S = 1/2 Cr(I) species generated from this precatalyst during catalytic
reaction with ethylene is reported. This is the first direct observation of hydrocarbyl ligands

on Cr using pulse EPR methods.
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Introduction.

The development of catalysis using first-row metals is very desirable from a cost and
sustainability perspective. The associated challenge is that mechanistic and synthetic studies
required to develop these catalysts are often complicated by the paramagnetism of first-row
metal complexes.' Nuclear magnetic resonance (NMR) spectroscopy is much less suited for
the structural elucidation of paramagnetic species than diamagnetic ones due to the
significant broadening induced by the paramagnetic metal center.” Electron paramagnetic
resonance (EPR) spectroscopy, as commonly employed in a continuous wave (CW) setup,
also does not provide a high degree of information regarding chemical structure.” To
develop open-shell catalysts based on first-row metals, pulse EPR must become more widely
applied in synthetic chemistry.*

Chromium catalysts are used in the selective production of «-olefins (1-hexene and 1-
octene) by ethylene oligomerization.” To study the chromium catalyst speciation in a variety
of oligomerization systems, EPR spectroscopic methods have been employed.® Conclusions
from these studies have been based primarily on the spectroscopic signature of spin-active
species observed 7 situ following both precatalyst activation or reactions with ethylene.

All of these studies implemented large excesses of alkyl aluminum activators, as is
typically required for all ethylene tetramerization catalysis, until a recent report from our
group (work described in Chapter 2). These activation processes complicate the
interpretation of spectroscopic results due to the dynamism of Cr speciation in situ.*
Furthermore, the EPR methods employed on these systems in the past have largely been
limited to continuous wave (CW) spectroscopy, which provides little information regarding

the specific coordination sphere of Crt, as these spectra are typically dominated by the zero
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field splitting (zfs) interaction between the 3 unpaired electrons in Cr(Ill) species, or
inhomogeneous broadening in Cr(I) species.

Herein, we apply pulse EPR techniques to the 7 situ characterization of Cr precatalysts
activated by protonation. Using hyperfine sublevel correlation spectroscopy (HYSCORE),
the direct detection of an isotopically-labelled Cr-methyl (Cr-CD;) moiety is achieved by
measurement of deuterium hyperfine couplings to the paramagnetic Cr(III) center.
Deuterium hyperfine features associated with this CD, moiety are retained in the product of
activation via protonation, indicating that this ligand remains bound upon activation for
ethylene oligomerization. This provides structural information of an activated precatalyst for
ethylene tetramerization. This method was also applied to a freeze-quenched sample
following addition of ethylene. To our knowledge, these are the first measurements of
deuterium HYSCORE spectroscopy performed on any synthetic organometallic chromium

species.

Results and Discussion.

Chromium-PNP  bis(aryl)ether complex 1 (i.e. 1-h;) was previously structurally
characterized via single-crystal X-ray diffraction (XRD) and demonstrated to be a competent
precatalyst for ethylene tetramerization following activation by protonation (Chapter 2). The
frozen solution CW EPR spectrum for 1 is displayed in Figure 1. The spectrum is
characteristic of a high-spin Cr(IIl) center (S = 3/2). Because of its instability, the
protonated product (2 and/or 3) could not be isolated as a solid for structural
characterization. Chapter 4 highlighted the importance of coordinative saturation to stabilize
a PNP Cr(III) diaryl cationic species (4 in Figure 1). Precatalyst 1 has the advantage over 4 in

that its protonation leads to a cationic species that reacts readily with ethylene at low



131

pressures (= 1 atm). Presumably due to slow initiation (attributable to the coordinative
saturation), the UV /Vis or EPR spectra of 4 do not change upon exposure to 1 atm C,H, at
room temperature (RT). At higher pressures of C,H, (100 psi), catalysis is achieved using 4 at
RT; it is likely that a more substantial fraction of 4 initiates under those conditions (Chapter
4 and Appendix 2). Because of the relatively fast initiation, 1 was used successfully in a
mechanistic study of catalysis using C,D, gas (Chapter 3). Therefore, the coordinatively-
unsaturated protonation products of 1 were suited for spectroscopic studies of catalysis using
EPR. The final advantage of the precatalyst 1 is that the methyl ligand provides a handle for

isotopic labelling (CD;) for detection via pulse EPR experiments.

Scheme 1. Protonation of 1-h; (or isotopically-labelled 1-ds) is expected to lead to a mixture
of 2-h; (or 2-d;) and 3.

Ph Ph :
BA :
Ph\L,, | @ Pl R A, LS

) HBAr", “Pu, / Ph_l
p t0| N / \ p tOI N /C\ . \PII,,Cr.n\\
Ph/\ g /\ e ProEis /\
Ph PR bp \ o
H
1-h, R = CH, 2-hs, R = CHs 3
1-d3, R = CD, 2-d;, R = CD,

Figure 1. Single-component catalyst (discussed in Chapter 4).
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Preparation of an Isotopically-Labelled Cr(III) Methyl Cationic Species. In order
to provide specific structural details about the precatalyst 1 (1-h; from hereon) and its
activation product, the deuterium isotopologue was made: 1-d;. The frozen solution cw EPR
spectrum of 1-d; is nearly identical to that of 1-h; (Figure 21 in Experimental section). The
broadness of the spectra due to the zero-field splitting interaction is expected to preclude
any resolution of hyperfine coupling to H or D on the methyl ligand. The C-H and C-D
stretches of the methyl ligands in 1-h; and 1-d; were resolved using ATR-IR (see Figure 18
and 19 in Experimental section), corroborating the presence of the isotopically labelled
ligand.”

Selection of Pulse EPR Spectroscopic Techniques for the Detection of Cr(IIT) S =
3/2 Complexes. Since deuterium nuclei have spin I = 1, they can induce deep modulation
of the spin echo decay in pulse EPR, termed electron spin echo envelope modulation
(ESEEM). ESEEM has been used to a significant extent in the characterization of biological
and bioinorganic samples containing deuterated moieties (typically D,O ligands on
metallocofactors).” ESEEM and its related two dimensional variant hyperfine sublevel
correlation (HYSCORE) spectroscopy are advantageous for the detection of proximal nuclei
to spin centers that exhibit relatively short-lived excited spin-state lifetimes. HYSCORE
provides additional utility in compatrison to the 1D ESEEM technique in that features arising
from hyperfine couplings to different nuclei which are coupled to the same electron spin can
be differentiated by the magnitude of their coupling relative to their characteristic nuclear
Larmour frequency (see Experimental section for more details). For this reason, HYSCORE
spectroscopy was utilized in the characterization of the series of complexes within the

current study. The Cr(III) compounds studied herein exhibit spin lattice relaxation times that
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are quite short (T, < 2 ps), generally attributable to their high spin state (§=3/2), making
detection of nuclear hyperfine couplings by pulse electron nuclear double resonance
(ENDOR) challenging. Despite this, in some cases, detection of *'P hyperfine couplings
from the PNP ligand which are too large to be detected by HYSCORE was achieved via X-
band Davies ENDOR (see Experimental section). This was only possible at the lowest
temperatures we could obtain using a helium flow cryostat. We note that pulse ENDOR has
rarely been used to study high spin (S > 1/2) organometallic species.

EPR Analysis of 1 and its Protonation Product. With 1-h,; and 1-d, in hand, a
comparison of the spectral features of these complexes with their protonation products was
possible. The preparation of activated precatalysts was performed as described in Chapter 2,
using HBAft', in chlorobenzene solvent. We discovered that the addition of
methylcyclohexane (MeCy) gave a higher-quality glass upon freezing the solutions. However,
for solubility reasons, pure chlorobenzene was used if necessary. Good solubility and high
quality glasses could also be obtained using toluene:Et,O or toluene:CH,Cl,, although such
solvents were not appropriate for the spectroscopy under catalytic conditions.

The X-band CW spectrum of complex 1 can be simulated as an S = 3/2 species
exhibiting a relatively small axial zero-field splitting (ZFS) D = 0.64 cm” and a Gaussian
distribution of thombic terms (E) centered at E/D = 0.06 with a full width at half-maximum
(FWHM) of 0.08 (see Figure 2).

The small degree of rhombicity in this complex (E/D can vary between 0 and 0.33, i.e. a
Z¥S which is fully axial to rhombic, respectively) is consistent with this Cr(III) center
possessing a ligand field symmetry of approximate octahedral symmetry in solution. The
degree of rhombicity in the ZFS interaction can be quite sensitive to small changes in

molecular geometry, thus the broad distribution of E/D values necessaty to simulate the



134

Data
— Sim.

i L i i

0 100 200 300 400 500 600
Magnetic Field (mT)

Figure 2. X-band CW-EPR spectrum of 1-h; Acquisition parameters: temperature = 5 K;
MW frequency = 9.637 GHz; MW power = 2 mW; modulation amplitude = 0.4 mT;
conversion time = 41 ms. Simulation patameters: S = 3/2; ¢ = 1.997; D = 0.64 cm-1; E/D
= 0.06, FWHM of Gaussian distribution of E/D = 0.084.
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Figure 3. X-band CW-EPR spectrum of 2-h;. Asterisk near 360 mT indicates a feature
arising from a small amount of S = "2 contaminant signal, likely a Cr(I) decomposition
product formed upon protonation of 1-h,. Acquisition parameters: temperature = 5 K; MW
frequency = 9.371 GHz; MW power = 2 mW; modulation amplitude = 0.4 mT; conversion
time = 41 ms. Simulation parameters: § = 3/2; ¢ = 1.970; D = 0.50 cm-1; E/D = 0.18,
FWHM E/D distribution = 0.09.
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Figure 4. X-band HYSCORE of natural abundance 1-h; and 1-d; acquired at 336.8 mT (g =
2.001). Top panels show the experimental data, bottom panels show experimental data
plotted as grey contours, with simulations of methyl 'H or *H hyperfine coupling classes H,
and H, are simulated in red and blue, respectively. Light red dotted lines represent
HYSCORE blind spots as a result of the tau value used. Acquisition parameters: temperature
= 6.8 K; microwave frequency = 9.433 GHz; MW pulse length (n/2, 1) = 8 ns, 16 ns; 1 = 70
ns (1-hy), 140 ns (1-dy); t; = t, = 100 ns; At, = At, = 106 ns; shot repetition time (stt) = 1 ms).
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Figure 5. X-band HYSCORE of 2-h; and 2-d; acquired at 338.0 mT (g = 1.991). Top
panels show the experimental data, bottom panels show experimental data plotted as grey
contours, with simulation of methyl 'H and *H hyperfine couplings simulated in red. Light
red dotted lines represent HYSCORE blind spots as a result of the tau value used. Acquisition
parameters: temperature = 0.8 K; microwave frequency = 9.433 GHz; MW pulse length
(n/2, 1) = 8 s, 16 ns; T = 138 ns, t;, = t, = 100 ns; At, = At, = 16 ns; shot repetition time
(srt) = 1 ms).
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spectrum likely indicates some degree of variability of the ligand geometry in solution.

Following protonation of 1-h;, a new § = 3/2 CW EPR spectrum (see Figure 3) is
observed which is distinct from that of the starting material (see Figure 2) which can be
simulated with an axial zero field splitting term D = 0.50 cm”, but 2 much higher degree of
rhombicity, with the center of a Gaussian distribution of E/D at 0.18 with a (FWHM) of
0.09.

The higher degree of rhombicity in the zero field splitting interaction for this Cr(III)
center is consistent with a lowering of the ligand symmetry from octahedral, as would be
expected upon the loss of one of the aryl ligands upon protonation.

To substantiate the assignment of structure 2 as a product of stoichiometric activation of
1-h;, HYSCORE spectroscopy was performed on 1-h; and 1-d;, as well as the products of
protonation of these two isotopologues. Comparison of the HYSCORE spectra of 1-h; and
1-d; (see Figure 4) reveals correlation ridges arising from hyperfine coupling to two distinct
classes of 'H nuclei simulated with two equivalent A(lHa) = [1, 7, 11] MHz, and a single
larger coupling with A('H)= [8, 9, 17] MHz. These couplings correspond to the °H
correlation ridges evident in the HYSCORE spectrum of 1-d; that are well simulated by
scaling the 'H hyperfine tensor by the proportion of the 'H/’H gyromagnetic ratios (y'H/y
’H = 6.514).

Notably, *H features are also observed in HYSCORE spectra of the products of
protonation of 1-d; (Figure 5) substantiating the structural assignments of these products as
2-h; and 2-d,;. Comparison of the HYSCORE spectra of 2-h; and 2-d; reveals correlation
ridges arising from hyperfine coupling to a single class of 'H simulated with A('H) = [-2.5, -
2.5, 10] MHz, which correspond to *H correlation ridges evident in the HYSCORE

spectrum of 2-d, that, again, are well simulated by scaling the "H hyperfine tensor by the
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proportion of the 'H/?H gyromagnetic ratios (y'H/y*H = 6.514). Observation of deuterium
HYSCORE features in the product of 1-d; protonation confirms that 2-d, is present in
substantial concentrations (relative to 3). It is reasonable that aryl protonolysis is kinetically
favourable to methyl protonolysis. This cationic Cr(III) species likely undergoes further
initiation steps to generate more reduced Cr capable of oxidative coupling of ethylene in a
catalytic process. However, understanding the speciation of well-defined Cr precatalysts is a
prerequisite to a more complete understanding of catalyst structure.

EPR on Freeze-Quenched Chromium Catalytic Mixture Derived from 1-h;. After
successfully detecting ’H nuclei in organometallic Cr species by HYSCORE spectroscopy,
we employed HYSCORE for the 7z situ characterization of Cr species following addition of

ethylene gas.

—Data
— Sim.
5-h
5-d
310 320 330 340 350 360

Magnetic Field (mT)

Figure 6. X-band CW-EPR spectra of 5-h and 5-d. Acquisition parameters: temperature =
77 K; MW frequency = 9.372 GHz; MW power = 6.4 mW; modulation amplitude = 0.4 mT;
conversion time = 164 ms. Simulation parameters: S = 1/2; g = [2.030, 2.006, 1.987]; AC'P))
= [105, 86, 86] MHz; A(C'P,) = [83, 84, 95] MHz; HStrain(5-h) = [80, 60, 30] MHz;
HStrain(5-d) = [50, 30, 15] MHz.
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Figure 7. X-band HYSCORE of 5-h and 5-d acquired at 336.6 mT (g = 1.998). Top panels
show the experimental data, bottom panels show experimental data plotted as grey contours,
with simulation of two distinct classes of 'H and *H hyperfine coupling classes H, and H,
simulated in red and blue, respectively. Acquisition parameters: temperature = 30 K;
microwave frequency = 9.415 GHz; MW pulse length (n/2, ) = 8 ns, 16 ns; 1 = 212 ns, t, =
t, = 100 ns; At, = At, = 16 ns; shot repetition time (srt) = 1 ms).



140

Following the mixing of 2-h; with ~100 equiv. C,H, in a flame-sealed quartz EPR tube, a
color change in the solution from green-brown to orange was observed upon warming to
RT. The poor solubility of the Cr complexes led to oily precipitation from the solution upon
prolonged standing at -78 °C (using MeCy:PhClI). Therefore, pure PhCI was used, and the
frozen samples were warmed directly to room temperature. Via CW EPR, a new, low-spin
Cr species (5) was apparent (presumably Cr(I)). The remainder of the EPR-active material
was unreacted 2-h,.

In a separate experiment, this new species (5) was successfully formed in a Schlenk tube
and the reaction mixture was analyzed by GC/MS to confirm the formation of 1-hexene (5
equiv.). An additional aliquot was analyzed by EPR to confirm the presence of 5. The
remaining mixture that included 5 was transferred to a high-pressure reactor for ethylene
tetramerization catalysis at 100 psi.

Only 8 equiv. of 1-hexene was detected afterwards, which is very similar to the 5 equiv.
detected beforehand. These experiments suggest that 5 is formed during, or as a result of,
catalyst initiation and turnover. However, 5 itself is not an intermediate in the catalytic cycle,
since it was not competent in the high-pressure ethylene oligomerization reaction. These
experiments do not rule out an EPR-silent active species remaining in the mixture
concomitant with formation of 5, and then decomposing prior to high-pressure catalysis.

EPR Analysis of 5-h and 5-d. Utllizing natural abundance C,H, and isotopically
enriched C,D,, 5 was formed in flame-sealed quartz EPR tubes by the same procedure. The
X-band CW-EPR spectra of these reaction samples exhibit relatively narrow spectra centered
at g = 2, consistent with S = 1/2 paramagnetic species, likely representing Cr(I) species as

opposed to Cr(III) (see Figure 06).
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Via X-band HYSCORE (Figure 7), two distinct classes of C,H,-derived
proton/deuterium hyperfine couplings were detected (A('H,) = [29, 16, 16] MHz and A('H,)
= [16, 4, 4] MHz. This is consistent with the assignment of 5 as a Cr species with alkene or
alkyl ligands derived from the ethylene gas (i.e. 5-d). Despite this, the previously discussed
experiment demonstrates that 5 is not an intermediate in the catalytic cycle.

Due to the significantly greater 'H hyperfine couplings in 5 compared to the methyl
species 1 and 2, we assign 5 as the adduct of an alkene; either ethylene or 1-hexene would be
reasonable. Notably, Theopold and coworkers observed a dinuclear Cr(I) species with a
bridging ethylene as the product following ethylene trimerization catalysis."” Paramagnetic
Cr(I) alkene species are rare, but we have evaluated one literature example (6, shown in the
Experimental section) which has a conjugated diene bound to Cr(I)." HYSCORE
spectroscopy of 6 reveals smaller 'H hyperfine couplings than 5, possibly due to
delocalization of the spin density across the diene motif (see the Experimental section). We
do not think this evidence rules out a Cr(I)/Cr(IIl) cycle, although therein a Cr(I) ethylene
(or 1-hexene species) with PNP bound would be expected to be catalytically active. It is
possible that endogenous or adventitious Lewis basic moieties have saturated the
coordination sphere of Cr, rendering Cr(I) unreactive.

EPR on Freeze-Quenched Chromium Catalytic Mixture Derived from MMAO-
Activation of CtCL(THF),/PNP. Although the stoichiometric activation mode provides
potential practical advantages for catalysis, activation of Cr precatalysts with modified
methylaluminoxane (MMAO) is still performed predominantly in both academic and
industrial research. Therefore, a comparison was made between the spectral features
observed for stoichiometrically-activated precatalyst 1-h; and CrCly-based precatalysts

activated using MMAO.
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The activation of CrCl,(THF),/PNP mixtures with an excess of MMAO is often used to
generate a catalyst /z sizu. Despite our focus on a more well-defined activation method, we
sought to compare the spectroscopic features of complexes derived from 1 with those of the
MMAO-activated system. The MMAO-activated mixture was a green color that turned blue
after 5 minutes at room temperature (as a result of degassing the EPR tube by freeze-pump-
thaw cycles). Ethylene was condensed onto the frozen solution, and the mixture was warmed
to room temperature, before freeze-quenching as in the other experiments. The resulting
ESE EPR showed identical spectra between experiments using C,H, and C,D, gas. In the
latter case, ESEEM analysis showed no effect of deuterium modulation. Therefore, the
EPR-active material following ethylene addition to MMAO-activated precatalysts does not
derive hydrocarbyl ligands from ethylene.

Comments on EPR Investigation of Cr Catalysis. In X-ray absorption studies, Cr(II)
species have been observed,"'? but Cr(Il) would not be detected by the techniques
employed here. Whereas 2 is a suitable precatalyst for reactions with ethylene under ambient
conditions, its limited solubility in methylcyclohexane is problematic, as mentioned
previously. We note that other EPR studies have leveraged specialized equipment to allow
for studies at elevated ethylene pressures.”! Future 7z situ spectroscopic studies will have to
balance the experimental constraints of the chosen spectroscopic technique with the known
optimal reaction parameters of ethylene oligomerization catalysis (e.g. high ethylene

pressures, high temperatures, and high dilution in methylcyclohexane).
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Conclusion.

We have established the presence of a methyl ligand on a reactive Cr(IIl) intermediate
using isotopic labelling in combination with pulse EPR. This demonstrates the utility of
pulse EPR in elucidating structural features of high-spin paramagnetic species of high
relevance to organometallic catalysis. The methodology reported herein was applied to the 7
sitn analysis of catalytic ethylene oligomerization.

We have derived structural information from pulse EPR on the freeze-quenched
solutions of the catalytic mixture, following addition of ethylene. The observed Cr species
was determined to be incompetent for catalysis. The conclusion is that catalytically active
species in this system are either a) present in concentrations too low to detect, b) in
oxidation states or spin states unsuitable for EPR detection or ¢) consumed on the timescale
of the experiment (1 min).

This study highlights the applicability of well-defined Cr complexes in EPR spectroscopic
investigations. More broadly, these methods may be applied to study transformations of

paramagnetic metal-hydrocarbyl species in a variety of contexts.

Experimental.

Materials. All synthetic procedures containing chromium were performed in a nitrogen-
atmosphere glove box. All glassware was oven-dried and kept under active vacuum prior to
use. Diethyl ether, tetrahydrofuran (THF), toluene, and pentane solvents were purified by
sparging with nitrogen and then passing through a column of activated A2 alumina into
sealed containers, degassed under active vacuum, and stored over activated molecular sieves

prior to use. 1,4-Dioxane was dried over Na/benzophenone, vacuum distilled, and kept over
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activated molecular sieves prior to use. Chlorobenzene was distilled from CaH,, stored over
activated molecular sieves for at least 24 hours, and filtered through activated alumina
directly before use. Chlorobenzene-d; (from Acros Organics) was degassed using three
freeze-pump-thaw cycles and stored over molecular sieves prior to use. M-MAO 3A was
purchased from AkzoNobel as a 7% w/w Al solution in heptane. Ethylene gas (for high-
pressure oligomerization trial) was purchased at polymer purity (99.9%) from Matheson, and
was dried by passage through two 11 Swagelok steel columns packed with 3A activated
molecular sieves and Mn(Il) oxide on vermiculite."” Ethylene-H, gas (for EPR sample
preparation) was purchased from Sigma-Aldrich (99.99%) in a lecture bottle and immediately
before use in catalysis was thawed under static vacuum from its condensed state in a cooled
trap using high vacuum line techniques. Ethylene-D, gas was purchased from Cambridge
Isotope Laboratories (98%-D) in a lecture bottle, and stored in a glass storage bulb under
partial vacuum over dried, methylaluminoxane-treated silica (prepared using a similar
procedure to that described by Bercaw and coworkers'®) to remove traces of moisture.
Immediately before use in catalysis, the ethylene-D, was thawed under static vacuum from
its condensed state using high vacuum line techniques. CrCl;(THF); was synthesized
according to the literature procedure, using CrCl, (anhydrous) purchased from Strem." The
synthesis of “PNP, and [H(Et,0),][BAr'] have been previously reported.'®

Instrumentation. Gas chromatography (GC) was performed on an Agilent 6890A
instrument using a DB-1 capillary column (10 m length, 0.10 mm diameter, 0.40 pm film)
and a flame ionization detector.

Continuous wave X-band EPR spectra were obtained on a Bruker EMX spectrometer
using  solutions  prepared as  frozen glasses in  chlorobenzene or 1:1

chlorobenzene/methylcylohexene. Pulse EPR spectroscopy: All pulse X-band (9.4-9.7) EPR,
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electron nuclear double resonance (ENDOR), and hyperfine sublevel correlation
spectroscopy (HYSCORE) experiments were acquired using a Bruker ELEXSYS E580 pulse
EPR spectrometer. X-band ENDOR experiments were performed using a Bruker MD-4 X-
band ENDOR resonator, and X-band HYSCORE experiments were performed using a
Bruker MS-5 resonator. For experiments conducted at temperatures above 5 K, temperature
control was achieved using an ER 4118HV-CF5-L Flexline Cryogen-Free VT cryostat
manufactured by ColdEdge equipped with an Oxford Instruments Mercury I'TC temperature
controller. For experiments conducted below 5 K, an Oxford Cryogenic CF-935 helium flow
cryostat and a Mercury I'TC temperature controller was utilized with liquid helium.

Pulse EPR Spectroscopy. Pulse X-band ENDOR was acquired using the Davies pulse
sequence (Tt — Trg — Tirg — Trp — /2 — T — T — echo), where Tgp is the delay between
mw pulses and RF pulses, Tigg is the length of the RF pulse and the RF frequency is
randomly sampled during each pulse sequence.

X-band HYSCORE spectra were acquired using the 4-pulse sequence (/2 —T—
/2 —t; — T —t,— /2 — echo), where T is a fixed delay, while t; and t, are independently
incremented by At; and At,, respectively. The time domain data was baseline-corrected
(third-order polynomial) to eliminate the exponential decay in the echo intensity, apodized
with a Hamming window function, zero-filled to eight-fold points, and fast Fourier-
transformed to yield the 2-dimensional frequency domain. For “H-'H difference spectra, the
time domain of the HYSCORE spectrum of the 'H sample was subtracted from that of the
’H sample, and the same data processing procedure detailed above was used to generate the
frequency spectrum.

In general, the ENDOR spectrum for a given nucleus with spin 1= %2 (‘H, *'P) coupled

to the S = 2 electron spin exhibits a doublet at frequencies
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=+ vN| 1)

Where vy is the nuclear Larmor frequency and A is the hyperfine coupling. For nuclei
with I =1 (*H), an additonal splitting of the v manifolds is produced by the nuclear

quadrupole interaction (P)

3P(2m; — 1) @)
2

Vim = |Vn T

In HYSCORE spectra, these signals manifest as cross-peaks or ridges in the 2-D
frequency spectrum which are generally symmetric about the diagonal of a given quadrant.
This technique allows hyperfine levels corresponding to the same electron-nuclear
submanifold to be differentiated, as well as separating features from hyperfine couplings in
the weak-coupling regime (JA| < 2|v| ) in the (+,+) quadrant from those in the strong
coupling regime (|A| > 2|v{|) in the (—,+) quadrant. The (—,—) and (+,—) quadrants of
these frequency spectra are symmetric to the (+,+) and (—,+) quadrants, thus typically only
two of the quadrants are typically displayed in literature.

For systems with appreciable hyperfine anisotropy in frozen solutions or solids,
HYSCORE spectra typically do not exhibit sharp cross peaks, but show ridges that represent
the sum of cross peaks from selected orientations within the excitation bandwidth of the
MW pulses at the magnetic field position at which the spectrum is collected. The length and
curvature of these correlation ridges can allow for the separation and estimation of the
magnitude of the isotropic and dipolar components of the hyperfine tensor, as shown in Fig.

8.
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Figure 8. 2) HYSCORE powder patterns for an § = 1/2, I = 1/2 spin system with an
isotropic hypetfine tensor A. b) HYSCORE powder patterns for an § = 1/2, I = 1/2 spin
system with an isotropic hyperfine tensor which contains isotropic (ajse) and dipolar (T)
contributions. Blue correlation ridges represent the strong coupling case; red correlation
ridges represent the weak coupling case.

EPR Simulations. Simulations of all CW and pulse EPR data were achieved using the
EasySpin simulation toolbox (release 5.2.25) with Matlab 2019a using the following
Hamiltonian:

H = upBogS + uygnBol + hS-A-T+hi-P-T+hS-D-S 3
In this expression, the first term corresponds to the electron Zeeman interaction term where

ug is the Bohr magneton, g is the electron spin g-value matrix with principle components g

= 2. &, &, and S is the electron spin operator; the second term corresponds to the nuclear
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Zeeman interaction term where Wy is the nuclear magneton, gy is the characteristic nuclear
g-value for each nucleus (e.g. 'H, ’H ,'P) and I is the nuclear spin operator; the third term

corresponds to the electron-nuclear hyperfine term, where A is the hyperfine coupling tensor

A

with principle components 4 = [A L,

- A_.J]; and for nuclei with [ = 1, the third term
corresponds to the nuclear quadrupole (NQI) term which arises from the interaction of the
nuclear quadrupole moment with the local electric field gradient (EFG) at the nucleus, where

P is the quadrupole coupling tensor. In the principle axis system (PAS), P is traceless and

parametrized by the quadrupole coupling constant €2Qq/h and the asymmetry parameter 1

such that:
Pex 0 0 2 —(1-n) 0 0
e“Qq/h
P=(0 Ay O =Wq_/1)< 0 —(1+n) 0) @
0 0 P, 0 0 2

2 Pyxx—P
where = }? 4= 2121 = 1)P,and n = P—yy. The asymmetry parameter may have values

between 0 and 1, with 0 corresponding to an electric field gradient with axial symmetry and 1
corresponding to a fully thombic EFG. For spin systems with more than one unpaired
electron (S > 1/2), the final term represents the zero-field splitting interaction (ZFS)
between these electrons, where D is the ZFS coupling tensor. In the principle axis system
(PAS), D is also diagonal and traceless, and is parametrized by the axial (D) and rhombic (E)

terms such that:

1
= 0 —§D—E 0 (5)
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Conventionally, the three principal axes ate labelled such that |D,| > |Dy| > |D,|, and E/D
is always positive and can vary between 0 and 1/3, with E/D = 0 corresponding to a zero-
field splitting interaction of purely axial symmetry and E/D = 1/3 cortresponding to a fully

rhombic ZFS.
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Figure 9. X-band Davies ENDOR of 1 acquired at 347 mT (g = 2.005) with simulation of
’p hyperfine coupling overlaid in red. Acquisition parameters: temperature = 3.6 K; MW
frequency = 9.737 GHz; MW pulse length (n/2, ) = 8 ns, 16 ns; © = 260 ns; RF pulse
length = 15 us; Ty = 2 ps; shot repetition time = 1 ms. Simulation parameters: S = 3/2; S =
3/2; 2 =1.997, D = 0.64 cm-1; E/D = 0.06; AC'P,) = AC'P,) = [44, 44, 44] MHz.
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Figure 10. X-band Davies ENDOR of 2 acquired at 350 mT (g = 1.987). Acquisition
parameters: temperature = 3.6 I; MW frequency = 9.736 GHz; MW pulse length (n/2, n) =
8 ns, 16 ns; T = 260 ns; RF pulse length = 15 us; Ty = 2 ps; shot repetition time = 1 ms.
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Figure 11. X-band Davies ENDOR of 5 acquired at 346 mT (g = 2.008) with simulation of
*'P hyperfine couplings overlaid in red. Acquisition parameters: temperature = 3.6 K; MW
frequency = 9.737 GHz; MW pulse length (n/2, 1) = 8 ns, 16 ns; © = 260 ns; RF pulse
length = 15 us; Ty = 2 ps; shot repetition time = 5 ms. Simulation parameters: S = 1/2; ¢ =
[2.030, 2.006, 1.987]; AC'P,) = [105, 86, 86]; A('P,) = [83, 84, 95].
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Figure 12. X-band HYSCORE of 1-h; (top panel), 1-d; (middle panel) acquired at 336.8 mT
(g = 2.001), and the 'H-’H difference spectrum (bottom panel). Acquisition parameters:
temperature = 6.8 K; microwave frequency = 9.433 GHz; MW pulse length (n/2, n) = 8 ns,
16 ns; 1 = 140 ns, t; = t, = 100 ns; At, = At, = 16 ns; shot repetition time (srt) = 1 ms).
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Figure 13. X-band HYSCORE of 2-h, (top panel), 2-d, (middle panel) acquired at 338.0 mT
(g = 2.080), and the 'H-’H difference spectrum (bottom panel). Acquisition parameters:
temperature = 6.8 K; microwave frequency = 9.433 GHz; MW pulse length (n/2, n) = 8 ns,
16 ns; = 140 ns, t; = t, = 100 ns; At, = At, = 16 ns; shot repetition time (srt) = 1 ms).
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Figure 14. X-band HYSCORE of 5-h (top panel), 5-d (middle panel) acquired at 336.8 mT
(g = 2.001), and the 'H-’H difference spectrum (bottom panel). Acquisition parameters:
temperature = 20 K; microwave frequency = 9.433 GHz; MW pulse length (n/2, n) = 8 ns,
16 ns; 1 = 140 ns, t; = t, = 100 ns; At, = At, = 16 ns; shot repetition time (srt) = 1 ms).
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Synthetic Protocols.

Cr((0-C¢H,CH,),0)(CD,)(THF),. (A-d;) We have previously reported the unlabeled
version of this complex; the synthesis has been modified according to the following
description. To a Schlenk tube containing Et,0O (20 mL) and a slight excess of Mg turnings
(60 mg, 2.5 mmol), CD;I (0.150 mL, 2.4 mmol) was added under N, counterflow via syringe.
After several hours of stirring, most of the Mg was visibly consumed, and the solution was
later filtered in a glovebox using glass wool, to obtain the CD;Mgl solution. This solution
was quickly added dropwise to a thawing suspension of CrCl,(THF); (0.902 g, 2.4 mmol) in a
mixture of 30 mLL THF, 10 mL Et,O, and 1 mL 1,4-dioxane. As the suspension warmed
over the course of 1 h, a bright green suspension was formed. The product,
Cr(CD,)CL(THF),, was not isolated since this often leads to reduced yields following
recrystallization. Separately, the bis(aryl)ether magnesium reagent Mg(o-C.H,CH,),O (2.4
mmol) was prepared in 80 mL 1:1 Et,O:THF, with 1 mL 1,4-dioxane, according to the
previously reported procedure. The solution of Mg(o-C.H,CH,),O was added dropwise over
10 min to the thawing suspension of Cr(CD;)CL(THF),, which had been refrozen after
stitring at RT for 4 h. An orange/brown solution with a pale precipitate formed after
warming to room temperature. After 20 h, the solution was dark red, and was filtered from
gray solids using Celite. The filtrate was reduced under vacuum to a red, dry solid. This solid
was redissolved in THF (10 mL) and the solution was concentrated under vacuum to 5 ml..
To this, pentane (5 mL) was added, causing some red precipitate to form. This precipitate
was collected by filtration, and redissolved in THF (5 mL). From this solution, red crystals of
Cr((-C{H,CH,),0)(CD,)(THF), were grown at -35 °C over two weeks (0.33 g, 0.80 mmol,
33% yield). Anal. Caled. for C,;H,,D,CrO;: C, 67.29; H, 7.61; N, 0.00. Found: C, 67.34; H,

7.56; N, 0.00.
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Synthesis of (“'PNP)Cr((o-C;H,CH,),0)(CD;). (1-d;) We have previously reported
the unlabeled version of this complex. A solution of “PNP (0.089 g, 0.19 mmol) in C;H, (2
ml) was used to dissolve Cr((o-CH,CH,),0)(CD,)(THF), (0.077 g, 0.19 mmol). The
resulting brown solution was stirred for five minutes, then lyophilized down to a dry brown
powder. The solid was redissolved in C;H, (1 mL) and lyophilized again. The product (1-d;)
was obtained in quantitative yield as a brown powder (0.139 g, 0.19 mmol). Anal. Calcd. for

C,.H,,D,CtNOP,: C, 74.48; H, 5.71; N, 1.89. Found: C, 74.78; H, 5.85; N, 1.78.

Ph

Ph
C\ CH3 C\ CD3 CH3 CD3
OI, .|I !, “‘
/ / p-tol- N / p-tol- N /
\ N \ \
O PH \ PH \ Y
A-h, A-d, 1-h, 1-d;

Figure 15. Molecular structures of A-h,, A-d;, 1-h,, and 1-d,.

Preparation of EPR Samples

Preparation of EPR Samples of 2-h; (or 2-d;). In a 20 mL vial in the glovebox,
equipped with a stirbar, compound 1 (7.0 mg) was dissolved in 0.25 mL PhCL. This solution
was frozen in the glovebox cold well, then allowed to thaw while a solution of HBAr', (9.6
mg) dissolved in 0.25 ml. PhCl was added dropwise quickly (less than a minute). The
resulting solution was then taken up in a syringe, and 0.1 mL transferred to a separate vial.
This solution was diluted with 0.5 mL PhCl, to bring the volume to 0.6 mL, and [Ct] = 3
mM. Approximately 0.1 mL of this was transferred to an EPR tube (quartz glass, 4 mm o.d.),

removed from the glovebox, and frozen in liquid nitrogen. To obtain a better-quality frozen
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glass, dilution was performed with methylcyclohexene (rather than PhCl) so that the solvent
composition was 4:1 methylcyclohexane:PhCl. However, this mixture was not ideal since
solubility of the Cr complex(es) was poor. Ultimately, a high-quality frozen glass from a
homogeneous solution was obtained by adding an Et,O solution of HBAt', to a thawing
toluene solution of the Cr compound. This resulted in a solvent composition of 1:1
toluene:Et,O; this mixture was ideal for characterization of the protonated Cr species (2-h,
and 2-d;), but was not used for reactions with ethylene.

Preparation of EPR Samples in the Presence of Ethylene. The sample of 2-h; in
PhCl described in the previous paragraph was transferred to an EPR tube (quartz glass, 4
mm o.d.) with a 14/20 ground glass joint affixed. This was connected to a 180° joint with a
Teflon Kontes-pin using the 14/20 ground glass connection. This sealed apparatus was
removed from the glovebox and attached to a high-vacuum line (< 1 mTorr) where the
solution was degassed using 3 freeze-pump-thaw cycles. Into the degassed EPR tube, C,H,
(or C,D,) was condensed from a calibrated gas bulb (17 mmHg, 36.7 mL). The tube was
then sealed by closing the Kontes pin, and the sample kept in liquid nitrogen (the ethylene
was frozen atop the PhCI solution at the bottom of the EPR tube). The apparatus was
removed from the high vacuum line, then the EPR tube was flame-sealed to achieve a neat
closure, in order to fit into the narrow spectrometer probe. The frozen sample was carefully
warmed to the thawing point of the PhCl solution, then placed in a room-temperature water
bath. It was quickly inverted several times to mix the solution. After a total of 1 minute at
room temperature, the sample was frozen again in liquid nitrogen for the EPR

measurements.
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Figure 16. Photograph of the 180° joint with a Teflon Kontes-pin that connected the EPR

tube (at the bottom) to the high-vacuum line (at the top).
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Figure 17. Infrared spectra for A-d; and A-h; (solid powders).
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Figure 18. Infrared spectra for 1-d; and 1-h, (solid powders).
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Figure 19. Difference infrared spectra (A-h; minus A-d; in pink azd 1-h; minus 1-d; in

green) highlighting the three C-H and/or C-D vibrations in each molecule.

Bond Vibrations for Methyl
Ligands on Cr Complexes

C-H C-D
(cm™) (cm™)
A-d, 2180,
-- 2087,
2039
A-h, 2904,
2857,
2785
1-d, 2175,
-- 2094,
2043
1-h, 2918,
2869,
2791

Table 1. Bond vibrations (C-H or C-D) in A-h,, A-d;, 1-h;, and 1-d; determined from the IR
spectroscopy.
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CW EPR Spectra.
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Figure 20. Comparison of CW EPR spectra of A-d; and A-h,.
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Figure 21. Comparison of CW EPR spectra of 1-d; and 1-h;.
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Figure 22. Comparison of CW EPR spectra of 2-d; and 2-h,.
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Figure 23. Complex 6 used as a reference compound.
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Figure 24. CW EPR spectrum of complex 6 in 2Me-THF.
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Figure 25. X-band HYSCORE of 6. Acquisition parameters: temperature = 40 K;
microwave frequency = 9.723 GHz; MW pulse length (n/2, 1) = 40 ns, 80 ns; 1 = 136 ns, t,
=t, = 100 ns; At, = At, = 16 ns; shot repetition time (srt) = 2 ms.

12 AC'P,)
L2 ACTP,)
|—v—-—| 2x %PV,
—— 2x Py,

1 1 1 1 1 1 1 1 1

10 20 30 40 50 60 70 80 90 100
Radio Frequency (MHz)

Figure 26. X-band Davies ENDOR of 6. Acquisition parameters: temperature = 40 K; MW
frequency = 9.723 GHz; MW pulse length (n/2, n) = 40 ns, 80 ns; © = 282 ns; RF pulse
length = 15 ps; Ty = 2 ps; shot repetition time = 5 ms.
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Appendix 1

Chromium Complexes of Bidentate Aryl Amines and Tridentate Aryl Diamines
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Abstract.

A monoanionic NCN (amine-aryl-amine) pincer ligand supported Cr(III) and Cr(II)
complexes. Reduction to Cr(I) complexes was attempted but successful isolation of the
product(s) was not achieved. A bidentate (aryl-amine) version was also used, but was likely
too sterically open to prevent dimerization of Cr intermediates. The NCN Cr(I1I) complex
was derivatized with pendant allyl groups to evaluate the potential for Cr-alkene interactions

in a well-defined system. Alkene insertion into the Cr-aryl bond was determined to occur.



167

Introduction.

Given the evidence surrounding a catalyst initiation pathway leading to a Cr(I) species, a
strategy was devised to generate a well-defined Cr model complex. In particular, a isolable
Cr(I) complex was targeted for spectroscopic benchmarking purposes, and in order to test
for reactivity with ethylene. Further, it was theorized that catalyst initiation (from Cr(III) to
Cr(I)) could have an inverse dependence on ethylene concentration leading to low
concentrations of the Cr active species under typical tetramerization conditions (i.e. high
ethylene pressures). More specifically, as shown in Scheme 1, the intermediate (2) that
undergoes 3-H elimination may be in equilibrium with a coordinatively-saturated Cr species
(3). If 2] 1s low due to high [C,H,], then the rate of 3-H elimination is diminished. The

implication of this hypothesis is that an appropriate Cr(I) precatalyst (if isolable) would not

Scheme 1. Proposed initiation mechanism from a Cr(III) precatalyst bound to ethylene (1),
followed by subsequent insertion, then 3-H elimination, and finally reductive elimination, to
give Cr(I) species (5) which is suspected to lead to the active species following substitution
for ethylenes in a Cr(I)/Cr(III) cycle.

Ph R _|+ Ph\ R _R\+ P"{ R H_|+

- Ph-
Phsb,, | R to,j’h/P/,, D
ptoI~N /qr\H p- N P/Qr \P/ :\ |
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have an initiation rate inversely dependent on ethylene concentration, and overall catalytic
productivity could be increased as a result.

In several studies, Cr(I) precatalysts have been used for ethylene tetramerization, but
they were saturated with carbonyl ligands and require alkyl-aluminum activators, so are not
suitable for this direction.' There are relatively few examples of Cr(I) complexes that are not
stabilized by strong donors like CO or Cp ligands.” Most relevant to the targeted structures
are the Cr(I) monoaryl complexes from the Power lab, which are notable for their tendency
to dimerize (and form Cr-Cr quintuple bonds).” In fact, only when the bulk of the aryl ligand
is further increased can monomeric Cr(I) complexes be isolated." The Cr(I) precatalysts
needed to test the initiation hypothesis would be at least three-coordinate. Additional
coordinating donors could be employed, if necessary, to achieve stable structures. To this
end, several mono-, bi-, and tridentate aryl ligands were used towards reduced Cr(I) species.
Ligation of the various Cr intermediates with a diphosphine (in this case,
bis(diphenylphosphino)benzene (dppbz)) was attempted. Although not as optimal as the
aminodiphosphines (PNP), dppbz has been reported to support ethylene tetramerization
catalysis.” Importantly, it was expected to be more robust than PNP for these synthetic
studies.

Some Cr(II) and Cr(III) complexes were isolated using the parent NCN pincer, but
reductions to Cr(I) were not successful. The initiation hypothesis was not testable due to
lack of suitable Cr(I) precatalysts. An interesting alkene insertion was observed from the

allyl-derivatized NCN pincer complex.
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Results and Discussion.

Attempted Reductions of Monoaryl Cr Species. Initial attempts to use bulky
monoaryl Grignards without chelating groups (2,6-diisopropylphenyl, mesityl, or 2-biphenyl)
to isolate Cr(III) precursors were not promising. Although Cr(mesityl)CL,(THF); was
synthesized (structure shown in Appendix 4, Figure 11), reactions with dppbz and/or further
reduction led only to the isolation of Cr(II) species (see Appendix 4, Figure 13). A chelating
aryl Grignard could be used to isolate a monoaryl, Cr(III) bis-THF precursor (6). Subsequent
metalation with dppbz was also successful, yielding 7. Reductions of complex 7 were not

tractable, however.

Scheme 2. Synthetic procedure allowing for structural characterization of compound 7.

h
CI Et2 | CI Et
hQ
dppbz P, I/N

/ | \6 toluene /l

\ Cl
Ph Ph
6 7

Figure 1. Molecular structure of (dppbz)CrCL((Et,NCH,)C.H,) (7)
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Synthesis of Cr(III) and Cr(II) Complexes of an NCN Pincer Ligand. Expecting
that greater support of the Cr-aryl motif was necessary to stabilize the +1 oxidation state, an
NCN pincer motif was used. Successful isolation of Cr(Ill) dichloride (8) and bis(triflate)
(9-THF) complexes was achieved. These could be reduced to the Cr(II) analogs (10 and 11)
using sodium napthalenide or cobaltocene, respectively. Substitution for dppbz was targeted;
it was hypothesized that an amine pincer arm might dissociate (or triflates, in the case of 9
and 11). Since a monomer-dimer equilibrium was noticeable for 11 (dimeric blue crystals
dissolve to give pink solution), it seemed likely that a six coordinate Cr(II) diphosphine
complex would be formed. However, for neither of 8-11 was there an observable reaction
with dppbz. The Cr(Il) examples were tracked by P NMR, and 'H NMR; the Cr(III)

examples were tracked by ’'P NMR and cw EPR.
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Figure 2. Stacked cw EPR spectra from top to bottom: 7 in toluene, “PNP + 6 in toluene,

PPNP + 6 in toluene, 6 in THF:2MeTHF, and 6 in toluene.
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Scheme 3. Synthetic route to NCN pincer complexes of Cr.

Et,N cl
CrCl3(THF - NaC4oH
MgBr 3(THF)3 EtzN,_’\ . 10Hg
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N
+ 1,4-dioxane Et,

NEt,

8
2 AgOTf

¢ THF
OTf
EtoN ’\@ CoCp,
w —_—
toluene
OTf Etz

9-THF

Figure 3. Molecular structure of CrCL((Et,NCH,),CH;) (8) with thermal ellipsoids at the
50% probability level. H-atoms are omitted for clarity.



173

Figure 4. Molecular structure of Cr(OTf),((Et,NCH,),CH.)(THF) (9-THF) with thermal
ellipsoids at the 50% probability level. H-atoms are omitted for clarity.

Figure 5. Molecular structure of [Ct(OTY)((Et,NCH,),C H,)], ([11],) with thermal ellipsoids
at the 50% probability level. H-atoms are omitted for clarity.
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Figure 6. Stacked cw EPR spectra from top to bottom: 8- THF in THF:2MeTHF, 8- THF

in toluene, and 8 in toluene.
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Figure 7. Stacked cw EPR spectra from top to bottom: 9°THF in THF:2MeTHF, and
9-THF in toluene.
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Figure 8. Stacked cw EPR spectra from top to bottom: 14 (proposed alkene insertion
species), 13- THF + 14 mixture, 13-THF, and 8- THF.
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Reactions of an Allyl-Substituted NCN Cr Pincer Complex. Noting the
isomerization between five- and six-coordinate Cr(III) species (8 and 8- THF in Figure 0), a
Cr-alkene intermediate was targeted by modifying the NCN pincer with pendant alkenes,
designed to bind to the open coordination site. Using an NCN pincer with allyl substituents
on the amine arms, rather than ethyl substituents, the analog of 8 was generated by the same
synthetic route. In THF solution, the EPR spectrum was nearly identical to 8-THF,
substantiating the structural assignment as a six-coordinate species (Figure 8). Similatly to the
conversion 8- THF to 8, 13-THF converts to a new species (14). However, this conversion
occurs in THF, rather than as a result of removing the solvent. Therefore, 14 has possibly
undergone alkene insertion into the Cr-aryl bond. Quenched aliquots of 14 reveal an organic
residue by GC/MS with a different retention time than the atyl residue from quenched
aliquots of the corresponding Grignard formed from 12. This is indirect evidence for 14
being an inserted species. However, single-crystals of 14 were not grown, only microcrystals
were obtained.

Reductions of 13-THF were attempted using KC; and Na(Hg) but no crystals were
isolated from the reaction mixture. Single crystals were obtained following the reaction of 14
with Na(Hg) (2 equiv. of sodium); the XRD structure showed a Cr(II) species bound to #wo
NCN ligands, each exhibiting an alkene inserted into the Cr-aryl bond (see Figure 16 in
Appendix 4). Such a product obviously was derived by ligand scrambling. Solely from this
result, it is not clear at what stage the alkene insertion occurred, but clearly this side reactivity
is problematic under reductive conditions (or even at the Cr(III) oxidation state, as
discussed).

It was apparent that 14 already exhibited alkene insertion from the 'H NMR of the

quenched aryl residue. It reveals a highly asymmetric structure, with seven distinct non-
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allylic, non-methyl aliphatic 'H resonances between 2.4 and 4.0 ppm, which is expected from
the structure shown in Figure 9. The doublet at 1.3 ppm corresponds to the methyl group on
the ring. The allylic protons resonate at 3.1 ppm, where the signals integrate to a total of six.
The alkene proton resonances are also present (5.1 to 6.0 ppm) integrating to nine.

Additional evidence corroborating the structural assignment of 14 is the similarity
between its cw EPR spectrum (in THF:2MeTHF) and the spectrum for 6 (in
THF:2MeTHF), which are shown in Figure 8 and Figure 2, respectively. Thus, both are
expected to exhibit a six-coordinate geometry about Cr(III), with two THF ligands, two
chlorides, and a bidentate arylamine (in 6) or bidentate alkylamine (in 14).

The final evidence for the structure of 14 was the structure determination via XRD of
crystals grown from dimethoxyethane (dme). The structure of 15 was identical to that
assigned to 14, except dme replaced the two THF ligands (Figure 10).

Noting that 14 does not have the second pincer “arm” bound, the analogous complex
was sought from precursors without this extra functionality. Notably, the EPR spectrum of
16 was similar to 14 and 6. However, GC/MS analysis of quenched aryl residues from 16
indicated a mixture of arylamine species, likely due to regioselectivity issues in the insertion
(or degradation of 16). Therefore, the preformation of the tridentate “pincer” motif 13 likely

leads to cleaner conversion to 14.

Scheme 4. Synthetic route to NCN pincer complex of Cr with pendant alkenes.
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Figure 9. 'H NMR (CDCl,) of the organic residue derived from quenching 14 with
methanol.

Figure 10. Molecular structure of dme adduct 15 (derived from 14) with thermal ellipsoids at
the 50% probability level. H-atoms are omitted for clarity.
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Scheme 5. Synthetic route to alkene-inserted species from a bidentate aryl-amine proligand.
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Conclusion.

Building on the early examples of stabilized Cr-aryl complexes using chelating donors
(primarily ethers) shown in Chapters 1-5, bidentate and tridentate aryl ligands with chelating
amines were investigated. Although no Cr(I) complexes were isolated from these precursors,

an interesting alkene insertion product was synthesized.
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Experimental.

General methods are identical to those described in the chapters of this thesis. 2-bromo-
1,3-bis(bromomethyl)benzene and 1-bromo-2,6-bis((diethylamino)methyl)benzene were
synthesized according to the published procedures.’

Synthesis of CrCL((Et,NCH,),C,H,)(THF) (8-THF). A 4 mL. THF solution of 1-
bromo-2,6-bis((diethylamino)methyl)benzene (0.263 g, 0.804 mmol) was stirred over excess
Mg turnings until Grignard formation was complete (as determined by GC/MS). This was
filtered from the Mg, then added dropwise over two minutes to a thawing suspension of
CrClL(THF); in 8 mL. THF. The reaction mixture was diluted to 16 mL using THF, then
stirred at RT for 16 hours. The green solution was reduced 7z vacuo to approximately 6 mL,
then 6 mL Et,O and 0.25 ml. 1,4-dioxane were added. This was stirred at RT for 20 hours,
then a dark green solution was filtered from white solids using Celite. The filtrate was
reduced to dryness, then redissolved in 2 mL THF. After storing at -35°C for 2 days, some
green powder was visible. The supernatant was decanted into a clean vial, and stored further
at -35°C for 3 days, yielding green crystalline blocks. Solid 8- THF was isolated by decanting
the supernatant and drying the crystals zz vacuo briefly (0.229 g, 0.684 mmol, 85% yield).
Yellow/red dichroic crystals of 8 suitable for XRD could be grown by vapor diffusion of
hexanes into an Et,O solution of 8 (which forms by pumping the THF off of 8- THF).

Synthesis of Cr(OTY),((Et,NCH,),C.H,)(THF) (9-THF). A 6 mL toluene solution
of 8- THF (0.068 g, 0.15 mmol) was pumped to dryness 7 vacuo, and triturated with pentane
to obtain 0.059 g of a red-violet residue (8). This was redissolved in THF (1 mL) then
AgOTT (0.083 g, 0.032 mmol) was added in 2 mL. THF. The green solution was stirred at
RT, and after 10 min, filtered from pale solids (mostly AgCl). The filtrate was reduced

vacno to approximately 2 mL. This solution was stored at -35°C for 3 days, during which time
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blue-green blocks had crystallized. These were isolated by decanting the supernatant, and
dried under vacuum (0.057 g, 0.085 mmol, 55% yield). The molecular structure was
determined by XRD of a suitable crystal grown by this procedure.

In Situ Formation of CrCI((Et,NCH,),CH;) (10). To a 1 mL THF solution of
8-THF (0.020 g, 0.045 mmol) stirring at RT, a 4 mL THF solution of sodium napthalenide
(1 equiv.) was added. This caused a color change in solution from green to blue, then finally
purple.

Synthesis of [Cr(OTY)((Et,NCH,),C;H,)], ([11],). To a stirring 3 mL toluene solution
of 9°THF (0.014 g, 0.021 mmol), a 1 mL toluene solution of cobaltocene (0.004 g, 0.02
mmol) was added dropwise. The blue-green solution changed color to red-orange. After five
minutes, a pink solution was filtered from yellow-green solids. The pink solution was
reduced 7 vacuo to dryness, causing a color change to violet-blue, corresponding to the
dimer, [11], (0.005 g, 0.006 mmol, 30% yield). Single crystals of [11], suitable for XRD were
grown by vapor diffusion of pentane into a toluene solution.

Synthesis of 1-bromo-2,6-bis((diallylamino)methyl)benzene (12). Freshly distilled
diallylamine (4.3 g, 44 mmol) was added to a Schlenk flask under N, flow. A solution of 2-
bromo-1,3-bis(bromomethyl)benzene (1.80 g, 5.25 mmol) in dry C;H, (20 mL) was added to
the flask. The colorless solution was stirred vigorously at RT. After 1 hr, colotless precipitate
was observed. After 44 hr, 1.8 g NaOH dissolved in H,O (50 mL) was added. The organic
layer was collected, and the aqueous layer was extracted with 3 x 50 mL Et,O. The combined
organics were rinsed with 50 mL H,O, and then dried over MgSO,, filtered, and reduced
under vacuum to 1.8 g of pale yellow oil. This was distilled using a Kugelrohr apparatus
(110-115°C, 50-100 mTorr) to collect the product as a colotless oil (1.76 g, 4.69 mmol, 89%

yield). "H NMR (399.8 MHz, 23°C, C,D): 6 7.58 (d, J,y = 7.5 Hz, 2H, aryl-F), 7.16 (t, J;u
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= 7.5 Hz, 1H, aryl-H), 5.83 (ddt, J,,, = 17.1, 10.2, 6.2 Hz, 4H, CH,CHCH,), 5.12 (dd, J;,
=17.1, 1.9 Hz, 4H, CH,CH-C(H)H), 5.01 (dd, J,;;;; = 10.2, 1.9 Hz, 4H, CH,CH-CH(H)),
3.76 (s, 4H, aryl-CH,-N(allyl)), 3.04 (d, ], = 6.2 Hz, 8H, NCH,CHCH,). "C NMR (100.5
MHz, 23°C, C,Dy): 6 139.9, 136.3, 129.1, 127.2, 126.4, 117.2, 58.2, 57.1. EI/MS (m/z): 376.

Synthesis of CrCl,(((allyl),NCH,),CH;) (14). In 3 mL. THF, X (0.254 g, 0.677 mmol)
was stirred over excess Mg turnings for several hours. Once Grignard formation was
complete, as determined by as GC/MS of a quenched aliquot, the solution was filtered
through glass wool, away from leftover Mg. To a thawing suspension of C+Cl;(THF); (0.257
g, 0.686 mmol) in 3 mL THF, the Grignard solution was added over two minutes. The
resulting green solution was diluted to 10 mL using THF. After 1 h at RT, the solution was
reduced 7 vacuo to 3 ml, then 3 mL Et,0O and 0.25 ml. 1,4-dioxane was added. This caused
rapid precipitation of white solids. After 2 h, the green solution was filtered from the white
solids. The filtrate was reduced 7 vacuo to yield a yellow-brown solid (0.255 g, 0.589 mmol,
87% yield).

Synthesis of CrCly((allyl),NCH,)CH,) (16). In 2 ml. THF, 1-bromo-2-
((diallylamino)methyl)benzene (0.148 g, 0.556 mmol) was stirred over excess Mg turnings for
several hours. Once Grignard formation was complete, as determined by as GC/MS of a
quenched aliquot, the solution was filtered through glass wool, away from leftover Mg. To a
thawing suspension of CrCl,(THF), (0.210 g, 0.560 mmol) in 3 mL THF, the Grignard
solution was added over two minutes, and the resulting solution warmed to RT, after adding
5 mL Et,O and 0.1 mL 1,4-dioxane. After 90 minutes, a brown solution was filtered away
from Mg salts. The filtrate was reduced 7z vacuo to 2 mL, then filtered away from more salts.
The filtrated was reduced to dryness, and 2 mL toluene was used to rinse the yellow product,

which was dried under vacuum (0.036 g).
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NMR Spectra.
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H NMR (CDCl,):
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Compound 7 8
Empitical formula C‘“H4°Clzgfgl(°é6'Hl(;)06(C7Hg) ' C1sHyCLCEN,
Formula weight 865.76 370.29
Temperature/K 100.0 100.0
Crystal system monoclinic orthorhombic
Space group P2i/c Phea
a/A 13.1536(4) 16.7878(8)
b/A 25.8833(7) 10.3585(5)
c/A 13.1325(4) 20.2071(10)
o/° 90 90
B/° 90.2970(10) 90
v/° 90 90
Volume/A3 4471.0(2) 3513.9(3)
Z 4 8
Qcalcg/ cm? 1.286 1.400
p/mm-! 4.147 0.951
F(000) 1815 1560

Crystal size/mm?3

Radiation

20 range for
data collection/°

Index ranges

Reflections
collected

Independent
reflections

Data/restraints/

parameters

Goodness-of-
fit on F2

Final R indexes

[1>=20 (D]

Final R indexes
[all data]

Largest diff. peak
/hole / e A3

0.13 X 0.08 x 0.07
CuKa (A = 1.54178)
6.720 to 158.578

-165h<16,-32<k<32,-16=1
<16

84808

9445
[Rine = 0.0372,
Rijgma = 0.0205]

9445/3/581

1.055

R = 0.0536,
wR, = 0.0552

R; = 0.1331,
wR, = 0.1341

0.882/-0.629

0217 % 0.123 x 0.103
MoKa (A = 0.71073)

4.706 to 72.714

27<h=<27,-17<k<17,-33<1
<33

107601

8507
[Rine = 0.0512,
Rjgma = 0.0302]

8507/0/194

1.078

R = 0.0381,
wR, = 0.0562

Ry = 0.0760,
wR, = 0.0814

0.611/-0.674




Compound 9-THF [11]2
Empirical formula CoxH35CtFeN20O7S;, C34Hs54Cr2FsN4O6S
Formula weight 669.64 896.93
Temperature/K 100.01 99.97
Crystal system monoclinic monoclinic
Space group P2i/n P2i/c
a/A 9.9599(5) 12.2477(6)
b/A 22.4453(10) 17.3621(8)
c/A 13.0487(06) 9.6451(4)
o/° 90 90
g/° 104.183(2) 98.743(2)
v/° 90 90
Volume/A3 2828.2(2) 2027.16(16)
z 4 2
Qcaleg/ cm? 1.573 1.469
p/mm-! 0.636 0.713
F(000) 1388 936
Crystal size/mm? 0.27 x 0.21 x 0.21 0.489 x 0.229 %X 0.194
Radiation MoKoa (A = 0.71073) MoKa (A = 0.71073)
20 range for 4.980 to 94.286 5.774 to0 91.432

data collection/®

20<h<20,45<k<46,26<1< 24<h<24 34<k<34 19

Index ranges 2% <1<19
Reflections 224606 197527
collected
Indenendent 25792 17296
o ﬂgctions [Rine = 0.0444, [Rine = 0.0440,
Rejgma = 0.0251] Rejgma = 0.0194]
Data/restraints/
parameters 25792/0/365 17296/0/248
Goodness-of-
fit on F2 1.058 1.038
Fmaifzmdfxes R = 0.0364, R, = 0.0291,
[I>=20 (D] wR» = 0.0517 wR» = 0.0375
Fmﬁ[‘lf dmtd]exes R, = 0.0837, R, = 0.0727,
aldata wR, = 0.0895 wR, = 0.0765
Largest diff. peak 0.796/-0.790 1.099/-0.822

/hole / e A3
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Appendix 2

Soluble Cr Species for Ethylene Tetramerization in Methylcyclohexane, and

High-Pressure Catalytic Trials of a Single-Component Precatalyst
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Abstract.

A study of the effect of solvent on catalytic ethylene tetramerization was peformed using
two approaches. Firstly, a methylcyclohexane-soluble precatalyst and proton sources were
used to generate a cationic activated species soluble in methylcyclohexane. However, it was
determined that chlorobenzene was necessary for catalytic activity. Secondly, a variety of
conditions were tested using the single-component precatalyst from Chapter 4. This showed
that high 1-octene selectivity could be achieved at high ethylene pressures. However, the role

of solvent was not fully deduced.
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Introduction.

Since the well-defined chromium complexes reported in this thesis proved useful for the
fundamental studies highlighted therein, they were evaluated under industrially-relevant
catalytic conditions (solvent and pressure). Non-coordinating solvents must be used due to
the electrophilicity of the Cr active species, as well as the likelihood of PNP displacement
(e.g. by THF). Common solvents like toluene have been implicated in decomposition
pathways 2z formation of Cr(I)-arene complexes.! One useful alkane solvent is
methylcyclohexane (MeCy).” For our studies, methylcyclohexane was too nonpolar to
dissolve the cationic Cr complexes (and some of the neutral ones). Therefore, chlorobenzene
(PhCl) was used, which is reportedly less likely to facilitate decomposition to Cr(I)-arene
species compared to toluene.” Because of the preference by industrial researchers for MeCy,
generating aliphatic-soluble versions of the Cr precatalysts was a goal of this work.
Furthermore, MeCy coincidentally provides a very high-quality frozen glass, which is ideal
for characterization of EPR solutions. This meant that spectroscopic and catalytic properties
of a MeCy-soluble catalyst could be easily correlated, and compared to those in PhCl (see
Chapter 5). To this end, a PNP ligand and a proton source each with long alkyl chains were
synthesized in order to make a protonated species that could be dissolved in pure MeCy.
Reactions showed that a soluble species was formed in MeCy, but catalytic activity was not

achieved unless PhCl or toluene were used.

Results and Discussion.
The commercially-available 4-(#-decyl)-aniline was successfully used to make the analog
to “'PNP. Now there is a long alkyl chain on the back of the ligand, instead of just a tolyl

group. This approach was seen as complementary to other solubilizing PNP ligands, which
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usually have substituents on the phosphine-aryl groups. The soluble PNP 1 (or *'PNP) was
reacted with Cr((o-C;H,CH,),0)(Me)(THF), (2) to produce the analogous solublizing PNP-
ligated Cr precursor ("PNP)Cr((o-C;H,CH,),0)(Me) (3). In contrast to the original, “PNP-
ligated species (4) which was discussed in Chapter 2, 3 was found to be soluble in
methylcyclohexane (MeCy). However, protonations with HBAf', could not be performed
directly in pure MeCy, since HBAr', is not soluble. What is remarkable about industrial
activation processes in MeCy is that very insoluble Cr precursors are used (e.g. CrCl,(THF),
or Cr(acac);), but methylaluminoxane activation leads to a soluble species. So, activation and
subsequent catalytic trials were performed with 3 using a variety of alkyl aluminum reagents
(300 equiv.). All four examples (MMAO-3A, AlMe;, AlBu, and AlMe,Cl) gave a
homogeneous solution when mixed with 3 in pure MeCy, but only MMAO-3A gave catalytic

activity (see Table 1).

Scheme 1. Synthesis of soluble PNP ligand 1 (“PNP) and the corresponding Cr
tris(hydrocarbyl) precatalyst 3.

Ph

\ CHs
2 PPh,CI, 9 NE FPhy 2 Ph~p,, |
2%l 3 N\ C H N/ ,Cr‘”\
> PPh, > CqoHas \P/\
DCM 7\ o~
Ph L
C1oH21

1, S9PNP 3

To achieve stoichiometric activation leading to catalysis in pure MeCy, suitable proton
sources were sought. Two of these were utilized, one having a long alkyl chain on the proton
source (5), the other having a long alkyl chain on both the proton source and the
counteranion (6). A MeCy solution of 5 was added to a MeCy solution of 3. Unfortunately,

the resulting Cr product was insoluble and oiled out of solution. This highlighted the
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necessity of using a soluble counteranion, which was achieved by making a perfluorinated
borate monoanion derived from undecylimidazolate. A highly aliphatic amine was used as
the proton source in conjunction with this anion (6). Therefore, all components of the
targeted catalyst activation were equipped with long alkyl chains (# of carbons > 10): the
precatalyst, the proton source, and the counteranion. Indeed, protonation of 3 with 6 in pure
MeCy gave a soluble species. However, pressurization with ethylene did not lead to catalytic
production of oligomers, and precipitation was eventually observed from the solution. Tests
of the 3/6 combination in other solvents showed that catalysis could be achieved in PhCl,
although with very low productivity (see Table 2). In PhCl, 3 was successfully combined with
HBAY',. In PhCl and toluene, 4 was successfully combined with 6 in separate experiments.
The conclusion is that the particular combination of the soluble precatalyst (3) and acid (6)
was undesirable, even in PhCl. It could be that pure MeCy does not support efficient charge
separation (but could only be tested for the 3/6 combination) and detrimental hydrophobic
interactions occur (within the components of the Cr activated species) when PhCl is used for

3/6. These reactions were performed in sealed tubes, leading to lower 1-octene selectivities

R F
@ H\@/Me
Proton source 5: (F B N\/\/\/\/\/\/\/\/\/\/\/\/\/\/\\//\/
4

FF

Proton source 6: /\/\/\/\/\/\/\/\/\%/H
A NG N N N N P g V 1
(CeFs5)3B_

N \ B(CgF
K/Ne (C6Fs)3

Figure 1. Soluble proton sources used in this study.



Table 1. Catalytic trials for ethylene oligomerization using 3 and

activators.
Entr Activator Productivity 1-hexene 1-octene
’ (g/g Cr) (wt %) (wt %)
1 300 MMAO-3A 720 21 76
2 300 AlMe, <3 - -
3 300 Al(Bu), 7 - -
4 300 AlMe,Cl 8 - -
5 1 equiv. of 5 - - -

Reaction vessel: glass Fisher-Porter bottle. [Ct] = 1 mM, Solvent: 7.5 mL PhCl. Pressure: 100 psig CoHy. Temperature:

25°C. Reaction time: 45 min.
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alkyl aluminum-based

Table 2. Catalytic trials for ethylene oligomerization using 3 or less-soluble 4. Catalyst
activation was performed by protonation using HBAf', or 6.

Entry . Ct/ Solvent Productivity Productivity I-hexene  1-octene
H" source (/g Cr)  (equiv. CCH)  (wt %) (wt %)
1 3/6 PhCl 11 20 45 47
2 3/6 MeCy - - - -
3 3/HBAfY, PhCl 370 690 46 40
4 4/HBAY, PhCl 553 1025 51 28
5 4/6 PhCl 180 330 41 49
6 4/6 toluene 22 40 78 22
7 4/6 benzene - - - -
8 4/6 Et,0O -- - - -

Reaction vessel: thick-walled, narrow glass Schlenk tube. [Cr] = 1 mM, Solvent: 7.5 mL PhCl. Initial pressure: =100 psig
CaHy. Temperature: 25°C. Reaction time: 45 min.
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than other trials reported in this thesis, especially when gas consumption was high (esp.
Table 2, entry 4).

Attention was turned to evaluation of the effect of higher pressure, with the goal of
achieving higher 1-octene selectivity and overall productivity. For this part of the study, the
single-component catalyst highlighted in Chapter 4 was used (compound 7 in this appendix).
Most catalytic trials (including in other chapters of this thesis) were run in glass reactors with
a pressure rating of approximately 200 psig. To allow for even higher pressures, a steel
reactor was used, lined with a glass insert, and equipped with a stirbar. Results of these
catalytic trials are given in Table 3. Entries 1-3 indicate the effect of pressure increase from
100 to 600 psi. Notably, 1-octene selectivity increased (from 30% to 49%), but overall
productivity did not change significantly. Although the results at 300 psi and 600 psi were
similar, the remaining trials were conducted at the higher pressure. The effect of solvent was
studied across a variety of the trials: fluorobenzene, and 4:1 mixtures of methylcyclohexane
with various halogenated solvents were compared to chlorobenzene. There were no obvious
trends, the likely combined effect of ethylene solubility and catalyst solubility differences
make the analysis difficult.’ In fluorobenzene, the catalyst concentration was varied (by
changing the solvent volume). As shown in entries 4-6, higher concentration led to higher
productivity, but lower 1-octene selectivity. The presence of trace solvent impurities could
explain this result; entry 7 indicates no productivity at lower concentration in PhCl:MeCy
solvent. The effect of temperature (0°C to 60°C) is shown in entries 8-10. It was found that
1-octene selectivity is higher at 25°C than 60°, attributable to the greater solubility of
ethylene.” No productivity was seen at 0°C. The addition of alkyl aluminum reagents (Al'Bu,

or MMAO) led to increased polymer production (entries 11-12).
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Very high 1-octene selectivity was achieved by selecting the right solvent composition at
600 psi and 25°C. Fluorobenzene (entries 4 and 5), 4:1 MeCy:PhCl (entry 9), and 4:1
MeCy:difluorobenzene (entry 14) all gave =79% 1-octene selectivity. Interestingly, 4:1
MeCy:fluorobenzene (entry 13) gave a low 1-octene selectivity (25%) despite the good
selectivity in pure fluorobenzene. Again, this highlights the difficulty of disentangling the
effects of gas/catalyst solubility and solvent impurity, not to mention the effects of solvent
on catalyst intiation, propagation, or decomposition. Ultimately, most of the catalytic trials
led to relatively low productivities (< 2000 g/g Cr). It was suspected that lower chromium
concentrations are important to avoid bimolecular decomposition pathways, but adventitious
impurities (either in the solvent or the ethylene gas) shut down catalysis at those low
concentrations (entry 4 and 7).

Because of the hypothesized competing effects of catalyst concentration (system
impurities vs. bimolecular decomposition pathway), a scrubbing agent designed to scavenge
system impurities was used. Although alkyl aluminum reagents are clearly not required to
generate active ethylene tetramerization catalysts, they were targeted purely for their role as
scavengers. Certain alkyl aluminums (AIBu, or MMAO) were already shown to be
deleterious (Table 3, entries 11-12). Other studies successfully employed bulky ethyl
aluminum bis(aryloxide) 8 for scavenging purposes.’ The results of catalytic trials using 8 are
given in Table 4. Higher productivities are obtained, suggestive of a benefit of using a
scavenger. Notably, the Cr concentrations were lower even than those used in the previous
trial. Despite this promise, the relatively high polyethylene production dissuaded further

investigation.
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EtAI(BHT), (8)

Figure 2. Bulky aluminum aryloxide compound, used as a scavenger.

Table 3. Catalytic trials for ethylene oligomerization using 7.

By Con sowen (Pl addine PROsien s T e o
1 100 PhCl 1.2 - 1000 0 58 30
2 300 PhCl 1.2 - 1400 2.4 45 45
3 600 PhCI 1.2 - 1300 4.2 42 49
4 600 PhF 0.4 - 250 n.d. =13 ~84
5 600 PhF 1.2 - 560 3.0 9 82
6 600 PhIF 3.6 - 1300 n.d. =27 =065
7 600 PhCl:MeCy© 0.4 - - - - -
8 600 PhCl:MeCy© 1.2 - - - - -
9 600 PhCl:MeCy© 1.2 - 700 6.3 8 79

10P 600 PhCl:MeCy© 1.2 - 1600 n.d. ~24 =69
11 600 PhCl:MeCy© 1.2 50 AlBus 1200 73 8 15
12 600 PhCl:MeCy© 1.2 50 MMAO 2500 14 12 65
13 600 PhF:MeCy¢ 1.2 - 1700 n.d. =70 =25
14 600 0-F2CeH4a:MeCye 1.2 - 1600 0.8 9 83

Reaction vessel: Steel reactor. Reaction temperature: 25°C, except where noted otherwise. Reaction time: 45 min. *Reaction
temperatute: 0°C. . PReaction temperature: 60°C. <1:4 v/v PhCl:MeCy ratio. 41:4 v/v PhF:MeCy rado. ¢1:4 v/v o-
F2CsHy:MeCy ratio.
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Table 4. Catalytic trials for ethylene oligomerization using 7 and 8 as a scavenger.

Entrv [7] Eauiv. 8 Productivity PE 1-hexene  1-octene
Y (mM) quiv- (¢/g Cr) Wt%)  (wt %) (wt %)
1 0.12 100 6800 11 8 76
2 0.12 300 3800 44 7 47
3 0.05 300 7900 23 11 64

Reaction vessel: Steel reactor. Reaction temperature: 25°C, except where noted otherwise. Reaction time: 45 min. Solvent:
1:4 v/v PhCl:MeCy ratio. Pressure: 600 psig CoHa.
Conclusion.

A fully methylcyclohexane-soluble activated Cr species was developed by incorporation
of a long alkyl chain into the PNP ligand, ammonium acid, and non-coordinating anion.
However, despite the successful catalysis for ethylene tetramerization observed using this
combination in chlorobenzene, there was no activity in methylcyclohexane. This indicates
the important role of solvent beyond simply that of solubility. Notably, MMAO activation of
the same Cr precatalyst gave good catalytic productivity.

High pressure ethylene tetramerization trials using a single-component catalyst species
showed that 1-octene selectivity (up to 83 wt%) could be achieved at 600 psi of ethylene,
and by using solvents other than chlorobenzene. The role of solvent in this study was not
fully rationalized, but the existence of trace system impurities was suggested due to the

successful use of a bulky alkyl aluminum scavenging reagent.
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Experimental.

Synthesis of 4-(n-decyl)(C{H,)N(PPh,),. (1) To a flask under N,, NEt, (8.5 mL) and
DCM (10 mL) were added. This was cooled to 0°C, then Ph,PCl (3.0 mL) was added via
syringe to the stirring solution. After the solution was stirred for 30 min, 4-(n-decyl)-aniline
(1.94 ) was added via syringe (it was gently warmed to melt). After 30 minutes at 0°C, the
suspension was warmed to RT, then stirred for 16 hr more. It was then reduced to dryness 7
vacuo, and 40 mL. C;H, was used to rinse an orange solution from white ammonium salts.
The filtrate was reduced 7z vacuo to 4.5 g amber-colored oil. To obtain pure product, 0.670
mg of the oil was dissolved in 5 mL hexanes, and run through an alumina plug, rinsing with
15 mL hexanes. This was reduced ## vacno to 0.483 g of a golden oil (9.6% overall yield). 'H
NMR (300.8 MHz, 27°C, C\Dy): ¢ 7.59 (m, 8H), 7.08 (m, 12H), 6.95 (d, J,;; = 8.3 Hz, 2H),
6.69 (d, J;;y = 8.3 Hz, 2H), 2.32 (t, J,;,; = 7.7 Hz, 2H), 1.40 (m, 2H), 1.27 (m, 14H), 0.92 (t,
Jun = 6.7 Hz, 3H). >'P NMR (121.5 MHz, 27°C, C,D,): § 69.27.

Synthesis of (*'PNP)Cr((0-C;H,CH,),0)(Me). (3) A solution of 4-(n-
decyl)(C,H,)N(PPh,), (0.074 g, 0.12 mmol) in 10 mL hexanes was added to a vial containing
solid 2 (0.050 g, 0.12 mmol). After 1 hr of stirring at RT, a brown solution containing brown
solids was obtained. Then, 1 mL. C;H, was added and the brown suspension was reduced to
dryness zn vacno, yielding a brown solid (0.102 g, 95% yield).

Synthesis of 6. A modification of the procedure(s) reported for related compounds was
used.” Asymmetry in the "F NMR spectrum is attributed to hindered rotation of the
fluorinated aryls about the C-B bond. 'H NMR (299.8 MHz, 25°C, CDCL,): 6 6.84 (s, 2H),
3.16 (m, 4H), 2.94 (s, 3H), 1.69, (m, 4H), 1.25 (m, 75H), 0.87 (m, 12H), 0.63 (m, 2H). “F

NMR (282.3 MHz, 27°C, CDCl,): 6 -125.8 (s, 1F), -128.8 (s, 1F), -129.7 (s, 1F), -132.6 (s, 1F),
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-134.6 (s, 1F), -139.1 (s, 1F), -157.1 (s, 1F), -158.9 (2F), -163.1 (s, 1F), -164.4 (2F), -165.2 (s,

1F), -166.4 (2F).

NMR Spectra.
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"H NMR for 6 (CDCly):
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Appendix 3

Deposition of a Bipyridine Re Carbonyl Complex onto Electrodes for CO,

Reduction
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Abstract.

A bipyridine Re carbonyl complex was synthesized, containing a cationic pyridinium
group on the bipyridine ligand. This facilitated deposition of the Re coordination complex
onto glassy carbon or copper electrodes following electroreduction and C-C coupling. This
electrode functionalization method led to CO, electrocatalysis on glassy carbon from the
deposited material. On copper, current diminishment suggested that the film inhibited the

intrinsic catalytic activity of the electrode.
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Introduction.

The conversion of CO, to reduced carbon products (e.g. alkanes, alkenes) is promising
for the sustainable synthesis of higher-density fuels and chemicals. Especially when coupled
to renewable energy sources, CO, electroreduction by copper is particularly attractive
because of the high selectivity for two- and three-carbon products (esp. ethylene).! Many
studies have targeted enhanced catalytic performance by modifying the copper electrode.’”
An important mechanistic detail of the copper electrocatalysts is that carbon monoxide is an
intermediate to C-C coupled products.” One way to improve catalysis is to incorporate co-
catalysts that can perform CO, to CO reduction at lower overpotentials than copper.*

Functionalization of inert electrodes with molecular CO, electroreduction catalysts is a
highly explored field.” The functionalization of catalytically-active electrodes with molecular
catalysts (e.g. making a tandem catalytic system) is much less common. Recently, it was
shown that functionalization of copper electrodes with simple organics could dramatically
affect product selectivity.” This project targeted the functionalization of copper with known
molecular catalysts for the conversion of CO, to CO (bipyridine rhenium carbonyls). This
strategy is attractive because electrodeposition could occur under the same conditions as

catalysis, removing the need for pre-functionalization or other fabrication steps.

Results and Discussion.

The Zincke salt reaction’ of 4-aminobipyridine proved useful for the synthesis of 1,
which was then metallated with Re(CO);Cl to generate the Re bipyridine complex 2. This
was soluble in water and CO,-saturated bicarbonate buffer, making it directly useful for the

catalytic trials.
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Scheme 1. Top: synthesis of 1, and subsequent metalation to form 2. Bottom: proposed
electroreduction, followed by dimerization of 2 to give a neutral dimer that deposits on the

electrode as a film.
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Electrochemical analysis of 2 was performed by cyclic voltammetry (CV) using a glassy
carbon disc electrode. Upon scanning reductively, a feature at -0.77 V attributable to
pyridinium reduction was observed. Dimerization by C-C coupling of the organic radical is
expected to occur at this point. In Na,SO, electrolyte (no CO,), Re complex reduction
occurs with several features observable between -1.1 and -1.5 V. The same is true for CO,-
saturated bicarbonate electrolyte (see Figure 1). Onset of electrocatalysis occurs at
approximately -1.6 V (vs. Ag/AgCl) in both cases. However, the cutrent is significantly
higher in the presence of CO,, confirming that CO, electrocatalysis occurs.

Repeated CV cycles lead to eventual diminishment of the catalytic current (see Figure 2).
This is attributable to passivation of the glassy carbon electrode by additional layers of

deposited material. Attempted bulk electrolysis at -1.7 V vs. Ag/AgCl using 2 in CO,-
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0 ———
-0.2
1 (mA) ——0.1 MNa2504, no catalyst
-0.4
| ——0.1 M Na250g, [Re]=2mM
—0.1 MKHCO3, [Re]=2mM
-0.6
Glassy carbon electrode, 100 mV/s
-0.8 T T T T T T T T T T

-2.1 -1.9 -17 -1.5 -1.3 -11 -0.9 -0.7 -0.[ -0.3 -0.1 0.1
E (V vs. Ag/AgCl)

Figure 1. Cyclic voltammetry of blank aqueous Na,SO, under N, (green trace), compound 2
in aqueous Na,SO, under N, (red trace), and compound 2 in CO,-saturated KHCO; (blue
trace).

— [Re]=0.12mM
——[Re]l=0.4 mM

—[Re]l=1mM

0.2 MKHCO, under CO,, glassy carbon electrode, 100 mV/s

-1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 o

E (Vvs. Ag/AgCl)

Figure 2. Cyclic voltammetry of compound 2 in CO,-saturated KHCO; at three different
concentrations using a glassy carbon electrode. Over five consecutive scans, current
diminished in each experiment.
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01

[e] —————
-01 A
-0.2

I{mA) no Re
-03 -
—[Re]=0.12mM
-0.4 ——[Re]=2mM
'0.5 -1
0.2 MKHCO, under CO,, Cu electrode, 200 mV/s

-0.6 1 1 1 1 1 1 1 1 1] 1] T

-22 -2 -18 -16 -14 -12 -1 -08 -06 -04 -02 o

E (V vs. Ag/AgCl)

Figure 3. Cyclic voltammetry of compound 2 (blue and green traces) in CO,-saturated
KHCO; at two different concentrations using a copper electrode. Catalytic onset potential
(attributable to the copper electrode) shifted positive in the absence of 2 (red trace).
saturated KHCO,; electrolyte led to rapid diminishment of current, attributable to this
passivation effect. By GC, H, and traces of CO were observed.

Cyclic voltammetry of solutions of 2 using a copper electrode led to the shift of the
onset potential of catalysis (intrinsic to the copper itself) by about 300 mV more negative.
This is a deleterious effect, the reason for which is not certain. Bulk electrolysis at -1.7 V vs.
Ag/AgCl using 2 in CO,-saturated KHCO; electrolyte led to primarily H, formation (80%
Faradaic efficiency) and low ethylene production (3% Faradaic efficiency). This is in
comparison to a blank trial (no 2 in solution) where H, Faradaic efficiency was 56%, and
ethylene Faradaic efficiency was 12%. Furthermore, total current density (over 1 hr) dropped

from 5.3 mA/cm’ to 2.3 mA/cm”. After bulk electrolysis, there was a visible yellow film on



208
the copper electrode, which was not soluble in water. Together, this was consistent with
deposition of a film derived from 2, but which poisoned copper catalytic sites selective for

ethylene, relative to those that generate H,.

Conclusion.

A molecular CO, electroreduction catalyst based on Re was appended to a pyridinium
group. This was designed to deposit as a neutral film following reduction and dimerization
via C-C coupling. This complex was used for CO, reduction, assessed by cyclic voltammetry,
but the resulting film was either not stable or passivated the electrode, making bulk

electrolysis ineffective.



209
Experimental.

Materials. Copper foil (99.999% Cu, 25 mm X 50 mm X 1 mm) and potassium
carbonate (99.995%), were purchased from Sigma-Aldrich. Carbon rods (99.999% C) were
purchased from Strem Chemicals. Water was purified by a Nanopure Analytical Ultrapure
Water System (Thermo Scientific) or a Milli-QQ Advantage A10 Water Purification System
(Millipore) with specific resistance of 18.2 MQ-cm at 25 °C. Natural abundance carbon
dioxide (Research grade) was purchased from Airgas. Upon receiving, copper foil was
polished to a mirror-like finish using alumina pastes (0.05 pm, Buehler) followed by rinsing
and sonicating in water to remove residual alumina. Before each experiment, the copper foil
was electropolished in a 85% phosphoric acid bath, +2.1 V versus a carbon rod counter
electrode was applied to the Cu foil for 5 minutes and the foil was subsequently washed with
ultra-pure water and dried under a stream of nitrogen gas. Potassium bicarbonate electrolytes
(KHCO,(aq), 0.1 M) were prepared by sparging an aqueous solution of potassium carbonate
(K,CO4(aq), 0.05 M) with CO, for at least 1 hour prior to electrolysis. Such process converts
K,CO, into KHCOj, and saturates the electrolyte solution with CO.,.

Synthesis of Compound 1. To a 20 mL EtOH solution of 4-aminobipyridine (0.760 g,
4.44 mmol), Zincke salt was added (1.19 g, 4.74 mmol) The dark red suspension was heated
to 80°C for 84 hours, then cooled to RT. The solution was filtered through a frit, using 10
mlL EtOH to rinse. The filtrate was reduced 7z vacuo to dryness. It was rinsed into a
separatory funnel using 40 mL H,O and 20 mLL CHCI,. The aqueous layer was rinsed with 2
x 20 ml CHCI,, then reduced 77 vacuo to 1.2 g amber oil and brown solid. This was dissolved
in 6 mL of warm EtOH, and 50 mL. CHCI; was added, causing colotless crystals to form
after several minutes. The supernatant was filtered, then reduced to dryness iz vacuo. The

orange tacky solid was dissolved in 5 mL warm EtOH, and 140 mL. CHCI, was added; again,
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crystals formed and the supernatant was collected and dried. This was dissolved in 6 mL
warm EtOH and 30 mI Et,0 was added (to remove a different impurity). Orange solids
precipitated from the yellow solution, which was collected by filtration and dried to obtain
380 mg. The Et,O precipitation process was repeated, and the solution reduced to dryness to
obtain pure 1 as a pale powder (0.334 g, 1.18 mmol, 25% yield). 'H NMR (399.8 MHz, 25°C,
CD;OD): 69.44 (d, J;;;; = 5.8 Hz, 2H), 9.06 (d, J,;;; = 5.5 Hz, 1H), 8.90 (t, J,;;; = 7.8 Hz, 1H),
8.86 (d, Jyy = 1.7 Hz, 1H), 8.74 (d, Jj; = 4.3 Hz, 1H), 8.56 (d, J,;;; = 7.8 Hz, 1H), 8.38 (t, ]y,
= 7.8 Hz, 2H), 8.02 (dt, J,;;, = 7.8, 1.4 Hz, 1H), 7.92 (dd, J,;;; = 5.5, 2.1 Hz, 1H), 7.53 (dd,
Jun = 7.8, 5.5 Hz, 1H). "C NMR (100.6 MHz, 25°C, CD;OD): 6 160.3, 155.3, 153.0, 152.0,
150.7, 149.3, 145.9, 138.9, 129.8, 126.4, 122.9, 119.9, 117.2.

Synthesis of Compound 2. An 8§ mI. MeOH solution of 1 (0.066 g, 0.24 mmol) was
added to dry Re(CO),Cl (0.082 g, 0.23 mmol). The pale suspension of white solids was
heated to 60°C for 5 hours, then the resulting orange solution was cooled to RT, and
reduced to dryness 7 vacuo. The residue was mostly dissolved in 4 mL warm EtOH, which
was decanted from insoluble solids. Small portions of Et,0O were added (4 mL total) to
gradually precipitate pale yellow crystals of 2. To the mixture, 2 mL Et,O was further added,
causing more crystallization. The supernatant was decanted, and the crystals washed with 3 x
1 mL of 1:1 EtOH:Et,O. The yellow crystals were dried 7z vacuo (0.089 g, 0.15 mmol, 65%
yield). 'H NMR (399.8 MHz, 25°C, CD;0D): 6 9.55 (d, J,upy = 6.0 Hz, 2H), 9.40 (d, J,;; = 6.0
Hz, 1H), 9.26 (d, J,,;, = 1.7 Hz, 1H), 9.13 (d, J,;;; = 5.4 Hz, 1H), 8.98 (t, J;;; = 7.9 Hz, 1H),
8.80 (d, ],y = 7.9 Hz, 1H), 8.46 (t, J,;;; = 7.0 Hz, 2H), 8.35 (t, J;;;; = 7.9, 1H), 8.23 (dd, J;;; =
6.4, 1.7 Hz, 1H), 7.81 (t, ]y, = 6.4 Hz, 1H). °C NMR (100.6 MHz, 25°C, CD,OD): § 198.1,
197.9, 189.8, 160.3, 1506.6, 155.9, 154.6, 152.6, 150.3, 146.1, 141.5, 129.9, 129.8, 126.4, 123.7,

121.3.
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Appendix 4

Miscellaneous X-Ray Crystal Structures
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Figure 1. Dimeric Cr(III) structure [(BrC;H,N(PPh,),)CrCl;], with DCM solvent molecules
shown.

Figure 2. Cr(III) structures derived from protonolysis of bis(aryl)ether ligand arm (probably
due to traces of water) and ligand scrambling, with dioxane or THF bound. Disordered
solvent shown.
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Figure 3. Cr(III) triarylsilane (based on the Si-H version) with dimethoxyethane (dme)
bound, and outer-sphere lithium cation, coordinated to dme.

Figure 4. Ct(IIT) halide (Cl/Br) bis(aryl)ether, with dme bound (disorder shown).
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Figure 5. Dimeric, halide bridged (Cl/Bt) Cr(IIT) bis(aryl)ether structure. Disordered
toluene solvent channel shown.

Figure 6. Triarylsilane Cr(III) tris-THF structure, with the Si-H linker, rather than Si-Me.
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Figure 7. Triarylsilane Cr(III) complex, with lithium halide (C1/Br) coordinated.

Figure 8. Bis(dimethylphosphino)ethane Cr(II) dimesityl. THF solvent molecule shown.
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Figure 10. CrCl,(o-(C,H,CH,OCH,)-C,;H,),(THF)..
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Figure 11. CtCl,(mesityl)(THF),.

Figure 12. CrCl,(dppbz),.
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Figure 13. Cr(mesityl),(dppbz)

Figure 14. (NCN)Cr tris(triflate) and CrCl,(dppbz), in the same crystal lattice.
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Figure 15. (NCN)Cr tris(triflate) (partially modelled triflate trans to the aryl donor) and
Ag(dppbz), in the same crystal lattice.

Figure 16. Two amine-alkyl ligands (derived from alkene-derivatized NCN-pincer complex)
on Cr(II).
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Figure 17. Bis(dimethylphosphino)ethane (dmpe) bridges two dichromium units with the
following formula: (dmpe)Cr,(allyl),.

Figure 18. [("PNP)Cr(MeO(CH,),C,H,)], with two outer sphere BAt', anions (disorder
shown).
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Figure 19. Dimeric, [("PNP)Cr(MeOC H,)Cl], with two outer sphere BAr', anions (only
one shown). DCM solvent molecules shown.
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