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ABSTRACT OF THE DISSERTATION

Well-Defined Heterogeneous Catalysts for Selective Transformations
by
Jessica E. Rodriguez
Doctor of Philosophy, Graduate Program in Chemistry

University of California, Riverside, June 2022
Dr. Matthew P. Conley, Chairperson

Heterogeneous catalysts are widely used in industry. Common methods of
synthesizing heterogeneous catalysts can lead to distributions of metal coordination
environments making it challenging to apply structure—property relationships common in
homogeneous chemistry. Surface organometallic chemistry (SOMC) combines the
advantages of homogeneous and heterogeneous catalysis fields to develop well-defined
heterogeneous catalysts that allow for structure-property optimization. The most common
method to generate catalytic active sites in SOMC is to react an organometallic with a high
surface area oxide. The speciation of M—Ox sites on high surface area metal oxides depends

on the Bronsted acidity of surface —OH sites. For example, supporting an organometallic

on SiO; results in the formation of M—Ox sites while supporting an organometallic on
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sulfated zirconium oxide (SZO) results in the formation of [M][Ox] electrostatic ion-pairs.
The first part of this thesis examines the acidity of SZO dehydroxylated at 300°C (SZO300)
through the generation of [R3PH][SZO] ion pairs. [R3PH]|[SZO] can further react with
bis(cyclooctadiene)nickel ([Ni(cod):]) to form [Ni(PAr3)(codH)][SZO300] which are active
for the polymerization of ethylene. A part of this thesis presents the synthesis of
[Ir(cod)py][SZOs00] via two complementary synthetic methods. [Ir(cod)py][SZO300] is
active for the dearomative borylation of pyridines. The characterization and reactivity of
these ion pairs will be discussed. The next part of this thesis focuses on developing a well-
defined Schrock alkylidene on SZO. W=0(Adene)(2,5-Mexpyr) reacts with SZO to form
[W=0(Adene)(2,5-Mezpyr)][SZOs00], and has activity for the metathesis of terminal
olefins with high E selectivity. This is the first example of a supported W-oxo alkylidene
on a sulfated oxide. The final part of this thesis studies at the reaction of
W(CsHg)(NAr)(OSiPhs), (NAr = 2,6-1ProCsH3) with partially dehydroxylated silica to
form (=Si0)(W(NAr)(CsHg)(OSiPhs). This supported metallacyclopentane undergoes
thermal ring contraction to form (=SiO)(W(NAr)(C3HsMe)(OSiPh3). This reaction also
occurs in the presence of blue LEDs (4 = 450nm). This reaction establishes a route to
access active olefin metathesis intermediates without generating an alkylidene.
(=Si0)(W(NAr)(C4Hg)(OSiPhs) is active for the direct conversion of ethylene to

propylene.
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Chapter 1 Introduction to the Dissertation

Roughly 80% of industrial chemical synthesis uses a heterogeneous catalyst in at
least one reaction step. The common methods of synthesizing heterogeneous catalysts are
1) incipient wetness impregnation, 2) co-precipitation, and 3) thermal deposition.!™
Incipient wetness impregnation fills the pore volume of a support with a solution containing
a metal precursor. The paste is then dried and treated in air and/or hydrogen to remove
organics and to reduce the metal to its active form. Co-precipitation involves mixing onto
an existing support where the precipitating agent is slowly and uniformly introduced to
avoid nucleation in solution. Thermal deposition uses metal complexes and thermolytically
converts (<473K) the molecular species to three-dimensional networks. These methods
often result in distributions of metal coordination environments as a mixture of both active
and dormant sites. Due to this uncertainty, applying structure—property relationships is
challenging with heterogeneous catalysis.

WO3/Si02, an olefin metathesis catalyst, illustrates some of these challenges in
studying classical heterogeneous catalysis. WO3/SiO2 catalyzes the ethenolysis of 2-
butenes to give propene, Scheme 1.1.° WOs/SiO, is prepared by incipient wetness
impregnation of ammonium metatungstate onto silica followed by calcination under air at
550°C. WO3/Si02 is active in the ethenolysis of 2-butene, an enthalpically favorable
reaction at 298K, only at elevated temperatures (>300°C). Raman studies show that a
distribution of W-oxo species are present on the silica surface, but clear identification of a

W=CH2: group that must be present for olefin metathesis has been elusive.® This has posed



a question: are the forcing conditions in WO3/SiO; related to formation of the active site

or poor reactivity of W-alkylidenes on silica surfaces?

a)
WO,/SIO,
—, o+ // > 2.
b)
- o, 4 _
O/ .«o.,o\ .’O\
(NH4)6H2W12040.XH20 + SI02 E— O ! _SI ®
Ve ,Sl S\
A « 0 \O 00
°/ \ \o \°
L o i

Scheme 1.1.1. Industrially used process to generate propylene from 2-butenes and ethylene
(a) Reaction of ammonium metatungstate with silica to generate WO3/Si0: (b); shown is
the proposed active site as the active site has not yet been isolated

Well-defined heterogeneous catalysts for olefin metathesis species are accessible
through the introduction of molecular alkylidene complexes onto partially dehydroxylated
silica.” For example the reaction of W(=0)(=CHBu)(OR), (OR = 2,6-
dimesitylphenoxide) with partially dehydroxylated silica at 700°C (SiOa2.700) forms
(=SiO)W(=CH'Bu)(OR) as the metathesis active W-alkylidene, Scheme 1.1.2.% This
material is orders of magnitude more active than WO53/S102 and 100 times more active than
W(=0)(=CH'Bu)(OR); in solution. Related examples containing organometallic tungsten
supported on SiO; show similar increases in activity in propene metathesis, °-1? suggesting
that the sluggish reactivity of WO3/Si0s is related to the formation of the active site. This
also shows that incorporating well-defined organometallics onto oxides is a viable strategy

to achieve more efficient and selective heterogeneous catalysts.
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Scheme 1.1.2. Grafting reaction of W(=0)(=CH'Bu)(OR), with SiO, to form
[(=Si0)W(=CH'Bu)(OR)] and [(=SiO)W(=CH,'Bu)(OR)]

Formation of well-defined organometallics on heterogeneous supports through
direct reaction of an organometallic with a high surface area oxide (or through
functionalization of hybrid organic-inorganic oxides) is surface organometallic chemistry
(SOMC).1318 SOMC combines the advantages of homogenous and heterogenous catalysis
fields to develop well-defined heterogenous catalysts.*!>-2! This allows for the generation
of well-defined catalysts with known coordination spheres that allow for preparation and
characterization similar to homogenous chemistry. Supported organometallic species tend
to not undergo bi- or multimolecular degradation which is a deactivation pathway in
homogenous catalysis.??

Organometallics react with oxides by one of the pathways shown in Scheme 1.1.3.
The most common method is to react a partially dehydroxylated oxide, terminated with —
OH groups, with a generic L,M—CH3 to form [ML,][OE=] ion-pairs or =EO-ML,, Figure

1.1.3.
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Scheme 1.1.3. Reaction of L,M—CHj3 with a high surface area metal oxide utilizing the
protonolysis pathway.

Most studies focus on reactions of organometallics with partially dehydroxylated
silica.?*%¢ Silica contains Si—O-Si bridges, physisorbed water, and hydroxyls (Si—~OH).
Heating this material to 140°C releases physisorbed water which results in the surface
containing isolated, vicinal, and geminal surface sites, Scheme 1.1.4a.?” Treatment under
vacuum at high temperatures (>500°C) results in dehydroxylation of the vicinal silanols to
form water and Si—O—Si bridges, Scheme 1.1.4b. Silica contains —OH groups that are weak
acids which react with organometallics to form =SiO-M groups as described above in

Scheme 1.1.3A.
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Scheme 1.1.4. Silanols present on the surface of silica (a) and condensation of vicinal
silanols to release water to form =Si—O-Si= (b)

Sulfated metal oxides (SMOs) are prepared by contacting a native oxide with dilute
sulfuric acid followed by high temperature calcination. The surface of SMOs is complex,
but —OH groups present on SMOs are more acidic than the isolated silanols on silica. The
reaction of Cp*“2ZrMe> with oxides illustrates the difference in reaction chemistry with the—
OH sites present on silica or SMOs. 2839 The reaction of Cp*2ZrMe; with SAO generates
[Cp“2ZrMe][SAO], Scheme 1.1.5, and methane. The '*C NMR displays a signal for the
Zr-Me" at 46 ppm which is similar to the chemical shift for [Cp*2ZrMe][MeB(CeFs)3] (50.4
ppm).3! [Cp"2ZrMe][SAQ] is active in ethylene polymerization reactions. Additionally,
DFT studies showed that [Cp“2ZrMe]" does not interact with AI-O—Al bridges on SAO
due to unfavorable steric interactions between the sulfated alumina surface and the
organozirconium fragment.3? This is in contrast to the reaction of SiO, with Cp*2ZrMe; to
form =Si0-ZrMe(Cp®)2, Scheme 1.1.5, which contains a signal at 31.5 ppm in the '3C
CPMAS NMR and is similar to values obtained for Cp“2ZrMe(OR).3* =SiO-ZrMe(Cp*),

5



does not catalyze olefin polymerization due to the siloxy ligand not behaving as a weakly

coordinating ligand.
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Scheme 1.1.5. The effect of the oxide support on surface speciation

SMOs have demonstrated that they can form weakly coordination ion pairs (e.g.
Cp“2ZrMe: with SAO). Supported species on SMOs contain similarities with Group 4394
or Group 10% organometallics for olefin polymerization reactions, but the application of
SMOs extends past olefin polymerization reactions. Cp‘IrMex(PMe); reacts with SMOs to
form [Cp'IrMe(PMe);][SMO] which is active for H/D reactions.*’ (“"Phebox)Ir(OAc)>
reacts with SZO to generate an electrophilic Ir site that is active for C—H bond activation
and olefin hydrogenation reactions.*® Allyltriisopropylsilane reacts with SZO to form
['Pr3Si][SZO] ion pairs, which is active for hydrodefluoronation reactions in the presence
of Et;SiH. The formation of these ion pairs demonstrates the weakly coordinating ability

of the sulfate site on SZO.*°
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Figure 1.1.1. Well-defined species on SMOs

To generate ion-pairs in solution, homogeneous chemistry has relied on solution
weakly coordinating anions (WCAs). The first generation of WCAs (e.g. SbFs, PFs’) were
discovered when studying superacidic media, however they were too reactive or too
coordinating to stabilize these highly reactive cations. These anions are designed to be able
to delocalize the charge throughout the structure of the weakly coordinating anion. As
discussed earlier, B(CgFs)3 and [PhsC][B(CsF5)4] can be used with Group IV metallacenes
to generate olefin polymerization catalysts, 3° but there are many more solution weakly
coordination anions to choose from, Figure 1.1.2. However, development of heterogeneous
weakly coordination ion pairs is not as straightforward as solution (see discussion in

Chapter 3).
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Figure 1.1.2. Examples of soluble WCAs

The ability for the oxides to form a strong or weak ion pair is directly related to the
strength of the conjugate Brensted acidity. A Brensted acid is a species that donates a
proton and can be defined by equation 1.1:

Equation 1.1.:

AH - A~ + H*

Quantifying surface acidity for solids is challenging and concepts used for solution
acidity such as pKa. or Ho are not applicable to solids, which complicates the
understanding.’**> In solution, ions interact with solvent molecules which provides
stabilization of charged intermediates. The acid sites present in solid acids react with bases
in the gas phase, but strong ion pairing and lack of solution restricts the application of solid
acidity. Brensted acid strength of solids is usually measured by temperature programmed
desorption of NH3,*> measurement of vnu stretches of ammonium salts by FT-IR,3¢ and

absorption of probe molecules.>’°



Sulfated zirconium oxide (SZQ) reacts with aromatic colorimetric superacid
indicators suggesting that the —OH sites on SZO are roughly four orders of magnitude more
acidic than H>SO4.* However, colorimetric protonation studies using Hammett indicators
on oxides can be misleading.*! Reactions studies are also complicated. For example, SZO
isomerizes n-butane at lower temperatures than HoSO4 which suggests strong Brensted
acidity. However, this is behavior is a result of trace amounts of butene in the reaction
feed,*? and pyrosulfate sites are responsible for the isomerization activity in reaction feeds
that lack butene.** Solid-state NMR studies of SZO after adsorption of probe molecules
showed that in addition to Brensted sites, the surface contains Lewis acid sites.** This
discussion highlights the complex surface of SZO, and the challenges encountered when
determining the acidity of the —OH sites.

Chapter 2 will focus on studies of Brensted acidity of SZO. Solid-state NMR show
that ‘BuaPAr react cleanly with SZ Q300 to only form [R3PH][SZO300]. The clean formation
of [R3PH][SZO300] species allows for an evaluation of how pK, relates to surface binding.
SZ 0300 is also shown to not react with known Hammett indicator p-nitroanilinium. These

studies show that SZQ3oo is in fact not superacidic.
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Scheme 1.1.6. Reaction of ‘BuzPAr with SZO3g0 to form [R3PH][SZO300]

SOMC allows for the generation of single-site catalysts with known coordination
spheres. This thesis focuses on the generation of well-defined active sites on high surface
area metal oxides. The reaction, characterization, and applications of these various ion pairs

will be discussed.

Chapter 3 focuses on the reaction of a series of triarylphosphines with [SZO3¢0] to
form [ArsPH]|[SZOs00]. This species further reacts with Ni(cod), to form
[Ni(PAr3)(codH)|[SZO300] which is active in ethylene polymerization reactions.
Organometallic complexes of nickel and palladium that contain o-phosphinoarenesulfonate
ligand, {PO} are known to catalyze polymerization of ethylene to form linear polymers
that possess a large functional group tolerance. °°-5 However, the application of supporting
{PO}M-R (M = Ni, Pd) would form ion pairs that lack the organometallic unit required

for polymer propagation.3¢->7

This reaction provides a heterogenous {PO}H-type surface
site to generate supported {PO}M-R species that are active for the polymerization of

ethylene.

10
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Scheme 1.1.7. Polymerization of ethylene by [Ni(PAr3)(codH)][SZO300]

Chapter 4 discusses the generation of a supported [Ir(py)(cod)][SZO300] that is
active for the hydroboration of nitrogenous heterocycles. Pyridines are one of the most
prevalent heterocyclic motifs found in pharmaceuticals, agrochemicals, and material
science targets. The importance of these structural motifs have encouraged the synthesis
of these molecules to be further explored. We have previously studied the reaction of a
series of di-tert-butylphenylphosphines with Brensted sites on SZO to form
[R3PH][SZO].”® Metalation of these [R3PH][SZOz00] sites with Ir(IIl) organometallics
results in catalysts that are active for the hydroboration of nitrogenous heterocycles.
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Scheme 1.1.8. General scheme reaction of pyridine and HBPin to yield hydroborated
products

1.0 equiv 2.5 equiv.

Chapter 5 discusses the reaction of W(=0)(=Adene)(2,5-Mexpyr), with SZO300 to

form [W(=0)(=Adene)(2,5-Mexpyr)|[SZOs00]. The development of the sterically

11



demanding of W(=0)(=Adene)(2,5-Mexpyr). allows access to alkylidenes that were not
readily accessible.”® Insertion of *C-ethylene confirms the generation of a supported
metallacyclobutane species. This catalyst is active for metathesis of both terminal and

internal olefins with high selectivity for the E isomer.
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Scheme 1.1.9. Reaction W(=0)(=Adene)(2,5-Mezpyr)> with SZOzp0 to form
[W(=0)(=Adene)(2,5-Me2pyr)]|[SZO300]

Chapter 6 discusses the reaction of W(NAr)(OSiPh3)2(CsHs) with SiO2.700 to form
[=SiIO(W(NAr)(OSiPh3)2(CsHg)]. Spectroscopic studies of these supported materials
confirm that a supported metallacyclopentane cleanly contracts to substituted
metallacyclobutane upon irradiation. This material is active for the conversion of ethylene

to propylene under photocatalytic conditions.

NAr NAr  Me NAr  H
Ph3Si0™)e—7 Ph Sio--""Wq% Ph Sio""""WQyL
3 / h 3 / H 3 / Me
0 v o] o]
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Scheme 1.1.10. Reaction of [=SiO(W(NAr)(OSiPhs)>(CsHe)] with LEDs to form supported
ring contracted species
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Chapter 2. Generation of Phosphonium sites on sulfated zirconium oxide:

relationship to Brensted Acid Strength of Surface —OH sites

2.1. Abstract

A series of P('Bu)2Ar where the para position of the Ar groups contains electron-
donating or electron-withdrawing groups was reacted with sulfated zirconium oxide
partially dehydroxylated at 300°C to form [(‘Bu)>ArPH][SZO300]. The equilibrium binding
constants of P(‘Bu),Ar to SZOz00 relate to the pK, of [(‘Bu)2ArPH]. PR3 species that form
less acidic phosphoniums bind stronger to the SZQ3o than PR3 species that form more
acidic phosphoniums, lower pK. value. These studies show that the —OH groups on the

surface of SZQO300 are in not superacidic.

2.2. Introduction

An important step in synthesizing heterogeneous catalysts using a molecular
strategy is understanding the reactivity of the support towards reactive inorganic species.
A common method to control the structures of the active-site is to support an
organometallic complex onto a partially dehydroxylated high surface area oxide to form
M-Oysites (A Ox = surface oxygen) or electrostatic ion pairs [M][Ox]. Understanding the
factors that promote the formation between of A, B, or mixtures of these two extremes is

fundamentally and practically significant. An example of the importance of the surface site
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can be seen when supporting Cp2ZrMe: on partially dehydroxylated sulfated oxides (SO)
to form [Cp2ZrMe][SO], a type B surface species, that is highly active in the

polymerization of ethylene.!"

OH Ln_M\
Si0, 0
RH Si0,
A
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Figure 2.2.1. Chemisorption of organometallic complexes to form A or B.

The reaction of organometallic complexes with SO usually forms type B surface
species that are also active in hydrogenation of arenes*®, and the activation of C-H
bonds.”® Brensted acidity of the —OH sites on oxides is often presumed to impact the
formation of A or B. The reaction of Cp*:ZrMe. with oxides illustrates this argument.
Neutral oxides that contain weaker Brensted —OH sites (e.g. SiO2) tend to form A, and
oxides that contain stronger Brensted —OH sites (e.g. SO) tend to form B.

The Bronsted acidity of sulfated zirconium oxide (SZO) of the —OH sites has been
a subject of a long standing debate. Initial reports showed SZO catalyzed the isomerization
of n-butane to isobutane at lower temperatures than neat H>SO4.%!° This is suggestive that
the Bronsted sites of SZO are superacidic.!! A superacid is an acid with an acidity greater

than that of 100% pure sulfuric acid, which has a Hammett acidity function (Ho) of -12.
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Triflic acid (Ho = -14.9), Fluorosulfuric acid (Ho = -15.1), Magic Acid (Ho =-19.2), and
carborane acids (Ho < -18, depends on substituents) are all superacids.
The adsorption of aromatic colorimetric superacid indicators onto SZO further

supports  this,!°

and suggests that the —OH sites on SZO are roughly four orders of
magnitude more acidic than H>SO4 (Hyp = - 12.0). However, isomerization of n-butane
catalyzed by SZO was shown to be a result of olefin impurities in the butane feed.!?
Additionally, isothermal calorimetry showed that SZO binds pyridine weaker than
zeolites.!? Solid-state NMR studies of SZO after adsorption of probe molecules showed
than in addition to Brensted sites, the surface contains Lewis acid sites,'* and pyrosulfates
that are implicated in oxidative reaction pathways.!> The pyrosulfate sites were suggested

16,17

to be active in reactions with C — H bonds, '*'’ and are also implicated in the reaction of Ir

organometallics with SZO300.'

NO, NO,  O,N NO,
@ i Q
cl NO, no, O NOz
pKy=-13.16  pKy=-1375  pK,=-1452 pK, =-16.04

Figure 2.2.2. Hammett indicators that were reacted with SZO; only m-nitrochlorobenzene
was noted to have a distinct reaction occur

There are many complexities in studying the Brensted acidity of SZO, and the
situation is complicated by the nature of Hy, which is a property of solution acids. There a

quite a few available methods to assess the Brensted acidity of solids: temperature-

18

programmed desorption of NH3,'® measurement of vyy stretches of absorbed probe

9

molecules by NMR spectroscopy,'” and changes in chemical shift of adsorbed probe
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molecules by NMR spectroscopy.?®?! This chapter describes the reaction of SZO with a
series of R3P to form [RsPH][SZO]. The *'P{!H} NMR chemical shifts of R3P and [R3PH]
are distinguishable, and the acidity of [R3PH] spans ~15 pK, units in MeCN. These
properties allow for the rapid assignment of [R;PH][SZO] and provides an understanding
of how the pK, of [R3PH] affects the formation of [R;3PH][SZO]. This chapter will show

that SZO is certainly not superacidic.

2.3. Results and Discussion

2.3.1. Reacting SZO390 with R3P to from [R;PH][SZO]

SZ 0O was prepared by suspending precipitated zirconium oxide in dilute aqueous
H>S04, followed by calcination at 600 °C. This temperature was chosen as it produces SZO
with the strongest Bronsted acid sites based on colorimetric titrations. The reaction of gas
phase PMes with SZO300 forms [MesPH][SZOs00]. The 3!'P{'H} magic angle spinning
(MAS) NMR spectrum of [MesPH][SZO300] contains a major signal at — 4ppm, which is
characteristic of [MesPH], and a minor peak at — 33 ppm which is assigned to small
amounts of MesP bound to Lewis sites. This is important to note as previous studies have
showed the SZO reacts with gas phase MesP to form mixtures of O=MesP, [MesPH], and
[MesP]. SZO dehydroxylated at 500 °C results in the formation of significant amounts of
[MesP] byproducts. The formation of [MesPH] as the major surface species indicates that
SZ 0300 does not contain significant qualities of Lewis sites or pyrosulfates that are

implicated in the formation of O=Me3P or [Me4P] byproducts.
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Reacting bulkier ‘BuzP with SZO3¢ in a slurry of diethyl ether results in the clean
formation of ['BusPH][ SZO300]. The FTIR spectrum contains a vpy at 2441 cm™! and the
3IP{'H} MAS NMR contains a signal at 52 ppm. There are no additional signals in the 3'P
NMR, which is consistent with the clean and sole formation of a phosphonium species
under these conditions. These results show that bulky strong donor R3P are selective probes

for Bronsted sites on SZO300.

a) OH
—— ®
$Z0390 H-P'Bug
BusP (o)
4 Et,O \Q
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== |
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Figure 2.3.1. Reaction of ‘BusP with SZOz0 to form ['BusPH][ SZOs0] (a); FTIR of
[‘BusPH][ SZO300] with vpy labelled for clarity (b); 3'P{'H} MAS NMR spectrum of this
material (c).
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2.3.2. Synthesis and characterization of phosphoniums sites on sulfated

zirconium oxide

A series of (‘Bu)2PAr reacts with SZO in a slurry of MeCN, or diethyl ether, to
form [R3PH][SZO], Figure 2.3.2. The FT-IR spectrum of [R3PH][SZO] shows the

appearance of vpy, sp® vey, and sp? vey (table 2.3.1). The *'P MAS NMR spectra are

consistent with the formation of [R3PH][SZO] (table 2.3.1).

X

®
H—PBu,Ar
O 0]
@, 5{0) o0,
B - ?%\\? > 2 ?4@\\? >
’Bu/ sulfated oxide

sulfated oxide

X =OMe, 1a H, 1e
Bu, 1b F, 1f
Me, 1c CF3, 1g
TMS, 1d CN, 1h
H, 1e

Figure 2.3.2. Reaction of (‘Bu2)PAr with SZQO300 to form [(‘Bu2)ArPH][SZO]
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Table 2.3.1. §31P for 1a-h and 2a-2h and vpy for 2a —h

831p
531p Vpy (cm™)
(‘Bu):ArP 2a-h
(ppm) 2a-h
(ppm)
la 36.4 43 2448
1b 41.8 46 2445
1c 37.6 46 2438
1d 39.9 48 2441
le 38.9 49 2439
1f 37.1 48 2438
1g 384 49 2433
1h 39.0 46 2432

2.3.3. Hammett Plot

Previous studies of phosphines showed that alkyl-aryl phosphines do not correlate
well with Hammett’s or Taft’s parameters.?>?* Therefore, o values for each phosphine were

calculated using equation 2.3.1

24



Equation 2.3.1.

K
o= logK—
0

where K is the experimental acid associate constant (K,) for a given phosphine (Table 2.3.2)
and Ko is the reference K. where the para position on the aryl is H (Table 2.3.2). The
experimental o values are reported below in Table 2.3.2. Figure 2.3.3b shows a Hammett
plot using classical parameters derived from the ionization of benzoic acids. This plot is
linear with a negative slope that is consistent with positive charge buildup in the reactions
of ‘BuPAr with SZO300. However, the magnitude of p is lesser when using the classical

Hammett values. The R? of this plot is also lower (R? = 0.87).

0.3
Equation y=a+b'x 0.3
Weight No Weighting
Residual 0.00816
Sum of 0.24
Adj. R-Squar  0.96481

Value  Standard Err 0.14
Intercept  -0.0073  0.01315
Slope -0.1407 001013

0.2

0.1

0.0 8

log(K/K,)

0.1

log(K/K,)

0.2

0.3

-0.4- 0.4

Figure 2.3.3. Hammett plot of the phosphine series a) Hammett plot for single-site
Langmuir isotherm as described in main text b) Hammett plot using the classical
parameters
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Table 2. 3.2. Experimental o values for 1a-1h

pK. K. o
la 16.4 3.98x10°"7 -1.6
1b 158 1.59X10!° 1.0
lc 157 2.00x10716 -0.9
1d 149 1.26x10°1° -0.1
le 14.8  1.59x10°1 0
1f 14.0 1.00x10°™ 0.8
1g 12.9 1.26x101"3 1.9
1h 12.6  2.51X10"° 2.2

2.3.4. Examination of Bronsted Acidity of SZO300

Equilibrium binding studies were performed in anhydrous MeCN slurries at 25°C
under rigorously anaerobic conditions, Table 2.3.3. A representative plot of the binding
data of 1a to SZO to form 2a relates to the equilibrium adsorption constant K, equation
2.3.2, where [HOx] are Bronsted sites on SZO reported in mmol/g. Kais extracted from
the fits of data in Figure 2.3.4 to a single-site Langmuir isotherm, shown in Equation 2.3.2,

where [HOx]o is the initial OH loading and 6 is the surface coverage of the phosphine on

SZ0.
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Table 2. 3. 3. Binding Constants for Formation of 2 and pKa of Phosphoniums

((BBu)ArP pK.* Ki(x10* M)

1a 16.4 7.4(4)
1b 15.8 5.5(3)
le 15.7 5.3(4)
1d 14.9 4.7(1)
le 14.8 4.3(3)
1f 14.0 3.0(2)
1g 12.9 2.6(1)
1h 12.6 1.9(4)

“Determined in CD3CN solution; ?Average of three binding studies in MeCN slurries
The trend of this data shows that as K, decreases as pKa. of [1H] decreases. A

Hammett plot using data in Table 2.3.2 is linear with p = - 0.14, which is consistent with

buildup of positive charge on phosphorous in the formation of 2a-h.
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Equation 2.3. 2.

[2]

Ka = Tqmo,]

The data in table 2.3.3 is inconsistent with Brensted superacid behavior. Superacids

0.08
0.06

0.04

[2] (mmol/g)

0.02

nnn

Figure 2.3.4. Langmuir isotherm of la binding to SZOas¢0. This study was
performed in triplicate using a phosphine stock solution of 0.3mM; the error bars

are standard deviations from these binding studies.
are known to be able to protonate acetonitrile to from [(MeCN)H][X] solvates.!! The pKa

of solvated protons in acetonitrile is 0?4, which should result in much stronger binding for
p g g

bases whose conjugate acids that have pK, values as those in Table 2.3.2.

2.3.5. Strength of — OH Sites

In order to confirm the strength of the —OH sites of SZO, the material was contacted
with PhsP. The pK, of [PhsPH][BF4] is 7.6 in MeCN, which implies that Ph3;P will bind to
SZ.O weaker than (‘Bu);PAr as described in Table 2.3.2. 3'P{'H} NMR studies of SZO

suspended in acetonitrile solutions containing PhsP show that K, ~ 3 M, which indicates
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the Ph3P binds significantly weaker than 1a-h. Reacting SZO with (2-FC¢H4)PhoP, pKi of
6.11, shows no signal in the 3'P{'H} MAS NMR spectrum. *'P {{H} MAS NMR spectrum
shows one signal at —8 ppm, which correlates to the chemical shift of (2-FCsH4)Ph,P in
CDCIs. This establishes that the —OH sites on SZO cannot protonate bases whose conjugate
acid has a pK, of 6.11 or below. This is supported by the reaction of p-nitroaniline, a
common Hammett indicator (pKa(anilinium) = 6.22 in acetonitrile). Contacting SZO with
a solution of p-nitroaniline in acetonitrile , a bright yellow solution, results in a white solid
after successive washing with acetonitrile. Furthermore, the FT-IR spectrum SZO

contacted with p-nitroaniline lacks the vyy stretch of a p-nitroanilinium, Figure 2.3.5.
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3500 3000 2500 2000
Wavenumber (cm)

Figure 2.3.5. a) FT-IR spectrum of a solution of p-nitroaniline in MeCN contacted with
SZ0300 MeCN slurry after washing with MeCN b) FT-IR spectrum of [p-NO2-
C6H4NH3]][BF4] in KBr.

2.4. Conclusions

The reaction of phosphines with SZO produces [R3:PH][SZO] without formation of
byproducts that would arise from side reactions on this material. The clean formation of
[R3PH][SZO] allowed for an evaluation of how pK, in [R3PH] relates to surface binding.
These studies show that SZO is not superacidic. If these sites were superacidic, SZO would

be able to protonate (2-FCsH4)Ph2P.

2.5. Materials and Methods

2.5.1. General Considerations

All reactions and manipulations were performed under an inert atmosphere of

nitrogen or argon using standard Schlenk techniques. C¢Ds was purchased from Cambridge
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Isotope Laboratories, dried over Na/benzophenone, freeze-pump-thawed three times, and
distilled under vacuum. Solvents were purchased from Fisher Scientific, dried by passing
through a double-column J. C. Meyer solvent system and degassed before use. Acetonitrile
was dried over CaH; and diethyl ether was dried over Na/benzophenone; both were
distilled under vacuum before use. Other chemicals were purchased from standard
suppliers. SZOz00 was prepared as previously described. Solution NMR spectra were
recorded on Bruker Avance 300 MHz and were referenced to C¢DsH peak at 7.16 ppm.
Solid-state NMR experiments were performed on a 600 MHz Bruker NEO. 'H and 3C
CPMAS NMR spectra were recorded in 4 mm zirconia rotors at 10 KHz magic angle
spinning. FT-IR spectra were recorded as pressed pellets using a Bruker Alpha IR

spectrometer in an argon-filled glovebox.

2.5.2. Grafting of PMes onto SZO3p9

In an argon filled glovebox, SZO300 (500mg, 0.065mmol OH) was loaded into a
flask containing a Teflon valve and a ground glass joint for connection to a high vacuum
line. A separate flask contained 1.2 equiv (6 mg, 0.078mmol) PMe;. Each flask was
evacuated and Et;O (5mL) was transferred under vacuum. The flask containing SZO300
was cooled to 0°C and the PMes solution was transferred by cannula onto SZQO3zg. The
slurry was stirred for 1 hour at room temperature. After stirring, the solid was washed with
Et,0 (3 x SmL), which was transferred under vacuum and removed by a cannula filtration.

The solid was then dried under high vacuum for 30 minutes.
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200 100 0 -100

Figure 2.5.1. 3'P{!H} MAS of [MesPH][SZO300]; the major signal is - 4 ppm from
[MesPH]with the minor signal at -33ppm assigned to small amounts of PMes bound to
Lewis acid sites.

2.5.3. Reaction of p-nitroaniline with SZO3g9

In an argon filled glovebox, 1.00 g (0.13mmol OH) of SZO30 was loaded into a
flask containing a Teflon valve and a ground glass joint for connection to a high vacuum
line. A separate flask contained 21.5 mg (0.156 mmol, 1.2 equiv) of p-nitroaniline. Both
flasks were evacuated and MeCN (5 mL) was transferred under vacuum at 77K. The flasks
were warmed to room temperature and the p-nitroaniline solution was transferred by
cannula onto the SZOz00 slurry. After 4 hours at room temperature, the material was
washed with MeCN (6 x 5SmL) that was transferred under vacuum and removed by a

cannula filtration. The white solid was dried for 30 minutes under high vacuum.
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a) b)

Figure 2.5.2. Pictures of the reaction of p-nitroaniline with SZQ30; a) the first
washing solution showing that p-nitroaniline is readily being washed off of the
material b) the clear solution following six washings of material

2.5.4. Synthesis of P'BuxAr phosphines

1.0 equivalent of the bromoarene precursor was dissolved in Et2O and cooled to -
78°C, 1.2 equivalents of n-BuLi (1.6M in hexanes) was added dropwise and allowed to stir
at -78°C for 10 minutes. After 30 minutes, the Et;O was removed under vacuum and the
solid was washed three times with pentane at 0°C. All Li salts were isolated and stored in
an argon filled glovebox without further characterization with the exception of Li(p-
FCsHa), Li(p-CNCsHa), and Li(p-CF3CeHa); which were generated in-situ. ‘BuxPCl (0.83
equivalents) was dissolved in Et,O and cooled to -78°C. The Li salt was dissolved in Et,O
and added dropwise to the tBu2PCl solution. The solution was allowed to stir for 4 hours;
during the reaction time a white solid precipitate out. Et;O was again removed under

reduced pressure and the solid was extracted with pentane. The pentane solution was then
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filtered over a frit funnel containing celite under Ar. The clear solution was concentrated
to dryness to yield pure compound. The phosphines were pure by NMR analysis and used

without further purification.

1a) P'Bux(p-OMeCsHa) — low melting point solid, 80% yield

1b) P'Buz(p-BuC¢Hy) — clear liquid, 85%yield

1c) P'Buz(p-MeCsHa) — clear liquid, 78% yield

1d) P'Bux(p-TMSCsHa4) — an clear viscous liquid, 90% yield

1e) P'BuxPh — a clear viscous liquid, 85% yield

1f) P'Bua(p-FCsHa) — an orange viscous liquid, 90% yield

1g) P'Buz(p-CF3CsHa) — a low melting point orange solid, 85% yield

1h) P'Buz(p-CNCsHs4) — a low melting point orange solid, 75% yield
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Table 2. 5. 1.'H solution NMR Data for ‘BusPAr

Assignment 4 (ppm)

la ‘Bu 1.22 (d), 9H 3Jpn=12 Hz
MeO 3.28 (s), 3H
m-CeHz 6.76 (m), 2H
0-CsHa 7.68 (m), 2H

b ‘Bu 1.22 (d), 9H 3Jpn=12 Hz
p-'Bu 2.15(s), 9H
m-CeHz 7.29 (m), 2H
0-CsHa 7.77 (m), 2H

lc ‘Bu 1.22 (d), 9H 3Jpn=12 Hz
Me 2.10 (s), 3H
m-CeHa 7.00 (m), 2H
0-CsHa 7.69 (m), 2H

1d ‘Bu 1.21 (d), 9H 3Jpn=12 Hz
T™MS 0.20 (s), 9H
m-CeHa 7.45 (m), 2H
0-CsHa 7.80 (m), 2H

le ‘Bu 1.19 (d), 9H 3Jpn=12 Hz
m-CeHa 7.14 (s), 2H
0-CsHa 7.74 (m), 2H

1f ‘Bu 1.13 (d), 9H 3Jpn =12 Hz
m-CeHa 6.89 (m), 2H
0-CsHa 7.63 (m), 2H

lg ‘Bu 1.12 (d), 9H 3Jpn=12 Hz
m-CeHa 6.90 (m), 2H
0-CsHa 7.62 (m), 2H

1h ‘Bu 1.08 (d), 9H 3Jpn =12 Hz
m-CeHa 7.30 (m), 2H
0-CsHa 7.59 (m), 2H
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Table 2. 5.2. 3!P solution NMR Data di-tert-butylarylphosphines in CsDs

3P NMR shift
1a 37.5
1b 37.3
le 36.4
1d 38.7
le 38.9
1f 36.9
1g 38.9
1h 38.4
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2.5.5. Solution NMR

a)
e L
b) 8 7 5 5 4 3 3 1 0 pom
H NMR
160 140 120 100 80 60 40 20 0 ppm
3P NMR

Figure 2. 5. 3. a)'H NMR of 1a b) 3'P NMR of 1a
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160 140 120 100 80 60 40 20 0 ppm
P NMR

Figure 2. 5. 4. a)!H NMR of 1b b) 3!P NMR of 1b
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Figure 2. 5. 5. a) 'TH NMR of 1¢ b) *'P NMR of 1¢
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Figure 2. 5. 6. a) 'TH NMR of 1d b) *'P NMR of 1d

40



A A
8 7 6 5 4 3 2 1 0 ppm
b) 'H NMR
: \ \ : \ \ \ \ :
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Figure 2. 5. 7. a) 'H NMR of 1e b) >'P NMR of 1e
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Figure 2. 5. 8. a) 'TH NMR of 1f b) *'P NMR of 1f
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5P NMR

Figure 2. 5. 9. a) 'H NMR of 1g b) *'P NMR of 1g
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0
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Figure 2. 5. 10. a) "TH NMR of 1h b) 3'P NMR of 1h
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2.5.6. Grafting procedure of 'BuPAr onto SZO309

In an argon filled glovebox, SZO300 (500mg, 0.065mmol OH) was loaded into a
flask containing a Teflon valve and a ground glass joint for connection to a high vacuum
line. A separate flask contained 1.2 equiv phosphine. Each flask was evacuated and Et,O
(5mL) was transferred under vacuum. The flask containing SZ30 was cooled to 0°C and
the phosphine solution was transferred by cannula onto SZO300. The slurry was stirred for
1 hour at room temperature (4 hours for electron withdrawing phosphines). After stirring,
the solid was washed with Et;O (3 x 5mL), which was transferred under vacuum and
removed by a cannula filtration. The solid was then dried under high vacuum for 30

minutes. Grafting reactions in MeCN were performed using a similar procedure.

Table 2.5.3. Summary of P-H stretches (cm™) in Et,O; data given for MeCN graftings are
in the main text

Wavenumber (cm™)

1a 2451
1b 2442
lc 2447
1d 2445
le 2444
1f 2436
1g 2437
1h 2436

2a: Grafting in Et;O: FTIR: 2451 cm! (ven); 3'P{'H} MAS NMR: 46 ppm; BC{'H}

CPMAS NMR: 130 ppm (Ar), 29 ppm (C(CHz3)3), 22 ppm (C(CH3)3) Grafting in MeCN:
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FTIR: 2448 cm™! (vpn); *'P{'H} MAS NMR: 43 ppm; *C{'H} CPMAS NMR: 121 ppm

(Ar), 28 ppm (C(CH3)3), 21 ppm (C(CH3)3)

2b: Grafting in Et;O: FTIR: 2442 cm! (ven); 3'P{'H} MAS NMR: 47 ppm; BC{'H}
CPMAS NMR: 123 ppm (Ar), 29 ppm (C(CH3)3), 22 ppm (C(CHj3)3) Grafting in MeCN:
FTIR: 2445 cm™! (ven); *'P{'H} MAS NMR: 46 ppm; *C{'H} CPMAS NMR: 121 ppm

(Ar), 30 ppm (C(CH3)3), 25 ppm (C(CH3)3)

2¢: Grafting in EtO: FTIR: 2447 cm! (ven); 3'P{'H} MAS NMR: 54 ppm; BC{'H}
CPMAS NMR: 130 ppm (Ar), 29 ppm (C(CH3)3), 21 ppm (C(CHj3)3) Grafting in MeCN:
FTIR: 2438 cm™! (vpn); *'P{'H} MAS NMR: 46 ppm; *C{'H} CPMAS NMR: 122 ppm

(Ar), 27 ppm (C(CH3)3), 20 ppm (C(CH3)3)

2d: Grafting in Et;O: FTIR: 2445 cm'(ven); *'P{'H} MAS NMR: 51 ppm; C{'H}
CPMAS NMR: 133 ppm (Ar), 34 ppm (C(CH3)), 26 ppm (C(CH3)3)
Grafting in MeCN: FTIR: 2441 cm™ (ven); *'P{'H} MAS NMR: 48 ppm; *C{'H}

CPMAS NMR: 127 ppm (Ar), 28 ppm (C(CH3)3), 21 ppm (C(CH3)3)

2e: Grafting in EtO: FTIR: 2444 cm! (ven); 3'P{'H} MAS NMR: 49 ppm; BC{'H}
CPMAS NMR: 126 ppm (Ar), 29 ppm (C(CH3)3), 21 ppm (C(CHj3)3) Grafting in MeCN:
FTIR: 2439 cm! (vpn); *'P{'H} MAS NMR: 49 ppm; ¥C{'H} CPMAS NMR: 121 ppm

(Ar), 30 ppm (C(CH3)3), 25 ppm (C(CH3)3)
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2f: Grafting in EO: FTIR: 2436 cm™ (vpn); 3'P{'H} MAS NMR: 50 ppm; C{'H}
CPMAS NMR: 113 ppm (Ar), 34 ppm (C(CHz3)3), 26 ppm (C(CH3)3) Grafting in MeCN:
FTIR: 2438 cm™! (vpn); *'P{'H} MAS NMR: 48 ppm; *C{'H} CPMAS NMR: 107 ppm

(Ar), 29 ppm (C(CH3)3), 21 ppm (C(CHs)3)

2g: Grafting in Et;O: FTIR: 2437 cm! (ven); 3'P{'H} MAS NMR: 51 ppm; BC{'H}
CPMAS NMR: 130 ppm (Ar), 29 ppm (C(CH3)3), 21 ppm (C(CHj3)3) Grafting in MeCN:
FTIR: 2433 cm! (ven); *'P{'H} MAS NMR: 49 ppm; BC{'H} CPMAS NMR: 127 ppm

(Ar), 28 ppm (C(CH3)3), 20 ppm (C(CHs)3)

2h: Grafting in Et:O: FTIR: 2436 cm™! (ven); 3'P{'H} MAS NMR: 45 ppm; BC{'H}
CPMAS NMR: 126 ppm (Ar), 30 ppm (C(CHz3)3), 20 ppm (C(CH3)3) Grafting in MeCN:
FTIR: 2432 cm! (ven); *'P{'H} MAS NMR: 46 ppm; *C{'H} CPMAS NMR: 128 ppm
(Ar), 28 ppm (C(CHs)3), 18 ppm (C(CH3)3)

Table 2.5.4. Summary of 3'P{;H} MAS NMR Chemical Shifts of [(‘Buz)ArPH][SZO300]
in Ex,O

[(‘Bu)2ArPH][SZO300] &°'P (ppm)

2a 46
2b 47
2¢ 54
2d 51
2e 49
2f 50
2g 51
2h 45
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Table 2.5.5. Summary of BC{'H} CP MAS NMR Chemical Shifts
[(‘Buz2) ArPH][SZO300]
13 13
[(Bu):ArPH][SZOs0]  Assignment o (1; t(zlg’m) o l\?[e(g%m)

2a Ar 130 121

C(CH3)3 29 28

C(CHs)3 22 21

2b Ar 123 121

C(CH3)s 29 30

C(CHs)3 22 25

2¢ Ar 130 122

C(CH3)3 29 27

C(CHs)3 21 20

2d Ar 133 127

C(CH3)3 34 28

C(CHs)3 26 21

2e Ar 126 121

C(CH3)3 29 30

C(CHs3)3 21 25

2f Ar 113 107

C(CHs3)3 34 29

C(CHs)3 26 21

2g Ar 130 127

120 118

C(CH3)3 29 28

C(CHs)3 21 20

2h Ar 126 128

C(CHs)3 30 28

C(CHs)3 20 18
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2.5.6.1.  Characterization of [R3PHJ][SZ0O309]

!

3500 3000 2000 1 500

wavenumber (cm”’

T T f T
3500 3000 2500 2000 1500

b)

wavenumber (cm)

Figure 2. 5. 11. a) FT-IR spectra of 2a; grafting was performed in Et;O b) FT-IR spectra
of 2a; grafting performed in MeCN.
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Figure 2. 5. 12. a) FT-IR spectra of 2b; grafting performed in Et2O b) FT-IR spectra of 2b;
grafting performed in MeCN.
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Figure 2. 5. 13. a) FT-IR spectra of 2¢; grafting performed in Et2O b) FT-IR spectra of 2¢;
grafting performed in MeCN.
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Figure 2. 5. 14. a) FT-IR spectra of 2d; grafting performed in Et2O b) FT-IR spectra of 2d;
grafting performed in MeCN
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Figure 2. 5. 15. a) FT-IR spectra of 2e; grafting performed in Et2O b) FT-IR spectra of 2e;
grafting performed in MeCN
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Figure 2. 5. 16. a) FT-IR spectra of 2f; grafting performed in Et2O b) FT-IR spectra of 2f;
grafting performed in MeCN.
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Figure 2. 5. 17. a) FT-IR spectra of 2g; grafting performed in Et2O b) FT-IR spectra of 2g;
grafting performed in MeCN.
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Figure 2. 5. 18. a) FT-IR spectra of 2h; grafting performed in Et2O b) FT-IR spectra of 2h;
reaction grafting in MeCN
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Figure 2. 5. 19. a) 3'P{'H} MAS of 2a; grafting performed in MeCN; 10 kHz; ns = 2k; d1
= 1s b) BC{'H} CPMAS of 2a; grafting performed in MeCN; 10 kHz; ns = 40k; d1 = 2s.
¢) 3'P{'H} MAS of 2a; grafting performed in Et,O; 10 kHz; ns = 2k; d1 = 1s d) *C{'H}
CPMAS of 2a; grafting performed in Et:O; 10 kHz; ns = 40k; d1 = 2s.

i S

S'P{1H} MAS (ppm) 3C{'H} CP MAS (| ppm)

Figure 2. 5. 20. a) 3'P{'H} MAS of 2b; grafting performed in MeCN; 10 kHz; ns = 2k; d1
= 1s b) BC{'H} CPMAS of 2b; grafting performed in MeCN; 10 kHz; ns = 40k; d1 = 2s.
¢) 3'P{!H} MAS of 2b; grafting performed in Et;O; 10 kHz; ns = 2k; d1 = 1s d) ’C{'H}
CPMAS of 2b; grafting performed in Et;O; 10 kHz; ns = 40k; d1 = 2s.
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Figure 2. 5. 21. a) 3'P{'H} MAS 2c; grafting performed in MeCN; 10 kHz; ns = 2k; d1 =
Is b) BC{'H} CPMAS of 2¢; grafting performed in MeCN; 10 kHz; ns = 40k; d1 = 2s. ¢)
SIP{TH} MAS of 2¢; grafting performed in Et;O; 10 kHz; ns = 2k; d1 = Is d) *C{'H}
CPMAS of 2¢; grafting performed in Et;0; 10 kHz; ns = 40k; d1 = 2s.
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Figure 2. 5. 22. a) 3'P{'H} MAS of 2d; grafting performed in MeCN; 10 kHz; ns = 2k; d1
= 1s b) BC{'H} CPMAS of 2d; grafting performed in MeCN; 10 kHz; ns = 40k; d1 = 2s
¢) 3'P{!H} MAS of 2d; grafting performed in Et;O; 10 kHz; ns = 2k; d1 = 1s d) *C{'H}
CPMAS of 2d; grafting performed in Et;O; 10 kHz; ns = 40k; d1 = 2s.
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Figure 2. 5. 23. a) 3'P{'H} MAS of 2e; grafting performed in MeCN; 10 kHz; ns = 2k; d1
= 1s b) C{'H} CPMAS of 2e; grafting performed in MeCN; 10 kHz; ns = 30k; d1 = 2s



¢) 'P{'H} MAS of 2e; grafting performed in Et;O; 10 kHz; ns = 2k; d1 = 1s d) C{'H}
CPMAS of 2e; grafting performed in Et;0; 10 kHz; ns = 30k; d1 = 2s.
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Figure 2. 5. 24. a) 3'P{'"H} MAS of 2f; grafting performed in MeCN; 10 kHz; ns = 2k; d1
= 1s b) BC{'H} CPMAS of 2f; grafting performed in MeCN; 10 kHz; ns = 10k; d1 =2 ¢)
3SIP{IH} MAS of 2f; grafting performed in Et,O; 10 kHz; ns = 2k; d1 = 1s d) BC{'H}
CPMAS of 2f; grafting performed in Et2O; 10 kHz; ns = 10k; d1 = 2s.
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Figure 2. 5. 25. a) 3P {'H} MAS of 2g; grafting performed in MeCN; 10 kHz; ns = 2k; d1
= Is b) BC{'H} CPMAS of 2g; grafting performed in MeCN; 10 kHz; ns = 10k, d1=2s ¢)
3SIP{TH} MAS of 2g; grafting performed in Et,O; 10 kHz; ns = 2k; d1 = 1s d) BC{'H}
CPMAS of 2g; grafting performed in Et;O; 10 kHz; ns = 10k, d1=2s.

e

"

“'P{1H} MAS (ppm) Gy H)CP MAS (ppm

Figure 2. 5. 26. a) 3'P{'H} MAS of 2h; grafting performed in MeCN; 10 kHz; ns = 2k; d1
= 1s b) BC{'H} CPMAS 2h; grafting performed in MeCN; 10 kHz; ns = 10k; d1 = 2s ¢)
3SIP{TH} MAS of 2h; grafting performed in Et;O; 10 kHz; ns = 2k; d1 = 1s d) BC{'H}
CPMAS 2h; grafting performed in Et;O; 10 kHz; ns = 10k; d1 = 2s.
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Figure 2. 5. 27. a) 3'P{'H} MAS of [HPPh3][SZO300]; grafting performed in MeCN; 8
kHz; ns = 2k; d1 = 1s. b) 3'P{'H} MAS of [HPPh3][SZO300]; grafting performed in Et,O;
8 kHz; ns = 2k; d1 = 1s.

2.5.7. Binding Studies of [R:PH][SZ0309]

Calibration curves for each phosphine were prepared to determine each molar extinction
coefficients using a Cary 60 UV-Vis spectrophotometer. Molar extinction coefficients
were calculated using Beer’s Law:

Equation 2. 5. 1.

A= ¢lc
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where A is the absorbance (a.u.), 1 is the path length (cm), and c is the concentration of the
solution (M). Emission wavelengths and molar extinction coefficients are reported below
in Table 2.5.8.

Table 2. 5. 6. Molar extinction coefficients and emission wavelength for the series of
phosphines

Wavelength  Molar extinction coefficient

(nm) (Lmol'cm™)
la 272 1300
1b 250 1500
1c 250 1500
1d 250 5100
le 250 2700
1f 250 4300
1g 250 9100
1h 250 1400

For each experiment, a vial was loaded with SZQO390. The amount of SZO30¢ ranged
from 5mg (0.00065 mmol OH) to 250 mg (0.0325 mmol OH). The vials containing 5 to 50
mg of SZO300 were weighed out in 5 mg increments. Stock solution of each phosphine in
MeCN were made and used immediately after preparation. To each vial, X mL of solution
of ‘BuxPAr ( 1a=0.30mM, 1b =0.32 mM, 1¢c =0.35 mM, 1d =0.30 mM, le = 0.35 mM,
If = 0.025 mM, 1g = 0.25 mM, 1h = 0.40 mM) was syringed onto the solid. After the
addition of the phosphine, the vials were allowed to equilibrate for 36 — 48 hours. The
solution was decanted, and the ‘BuPAr was quantified by UV-Vis spectroscopy. The
concentration of ‘BuxPAr adsorbed was quantified by the difference in concentration from
the initial concentration of [P]o and the final concentration [P]rthen multiplied by the

volume of solvent as shown in equation 2.5.2.
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Equation 2. 5. 2

mmol PR; = (['BuzPAr]o - [[BuzPAr]r) X X mL
The amount of ‘BusPAr adsorbed at equilibrium, qe, was calculated using equation 2.5.3.

Equation 2. 5. 3.

mmol absorbed phosphine
g SZ0

Je =

The isotherms were constructed by plotting free phosphine (M) versus q. then each plot
was fit to a single-site Langmuir isotherm using Origin Pro 8, equation 2.5.4.
Equation 2. 5. 4.
Ka[1][HOx]o
1+K,[1]
The error reported for each binding constant was calculated by origin whereas the error
bars in the plots were calculated using the standard deviation for each of the points in the

triplicate run.
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Figure 2. 5. 28. Langmuir isotherm of 1b where K, is calculated to be 55,00. The study
was performed using a phosphine stock solution of 0.32mM.
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Figure 2. 5. 29. Langmuir isotherm of 1¢ where K. is calculated to be 53,000. The study
was performed using a phosphine stock solution of 0.35mM.
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Figure 2. 5. 30. Langmuir isotherm of 1d where K. is calculated to be 47,000. The study
was performed using a phosphine stock solution of 0.3mM.
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Figure 2. 5. 31. Langmuir isotherm of 1e where K, is calculated to be 43,000. The study
was performed using a phosphine stock solution of 0.3mM.
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Figure 2. 5. 32. Langmuir isotherm of 1f where K. is calculated to be 30,000. The study
was performed using a phosphine stock solution of 0.25mM.
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Figure 2. 5. 33. Langmuir isotherm of 1g where K. is calculated to be 26,000. The study
was performed using a phosphine stock solution of 0.25mM.
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Figure 2. 5. 34. Langmuir isotherm of 1h where K. is calculated to be 19,000. The study
was performed using a phosphine stock solution of 0.40mM.

2.5.8. Binding studies of phosphines onto SZQ3¢9 (*'P{'H} MAS Method)

In a nitrogen filled glovebox, a 4mm rotor was loosely pack with 75mg
(0.00975mmol OH) SZ.O300. To this rotor, 31.0 uL of 0.32M PPhsz in MeCN was added and
allowed to equilibrate for 30 minutes. The sample was analyzed via 3'P {'H} MAS NMR.
After analysis, an additional 5.0 pL of 0.32M PPh3 in MeCN was syringed into the original
rotor in a nitrogen filled glovebox. The rotor was again allowed to equilibrate for 30
minutes and then analyzed via 3'P{'H} MAS NMR. The PPh;s in MeCN solution was

systematically syringed into the rotor until the surface was completely saturated.
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200 100 0 -100
SIP{'H} MAS (ppm)

Figure 2. 5. 35.3!'P{'H} MAS NMR of [PhsPH][SZO300] binding study; ns = 2k; dI = 1s.
The integral values for both [PhsPH][SZO300] and free PhsP is stated below the signal.

To determine the amount of [PhsPH][SZO300], the ratio of [PhsPH][SZO300] to

PhsP was determined by integrating the signal of [PhsPH][SZO300], Ipn,pu. The Ipp,py

numerical value is equal to 0, the fractional amount of occupied sites, which can be

calculated using equation 2.5.5

Equation 2. 5. 5.

mmol of sites occupied

mmol of OH sites present
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0 can be derived by the Langmuir isotherm using K. and Cpg,, concentration of PPhs,

shown in equation 2.5.6.

Equation 2. 5. 6.

9 = KaCPR3
(1+ K.Cppn,)

Through algebraic rearrangement of equation 2.5.5, K, can be determined by equation
2.5.7.
Equation 2. 5. 7.

Ky= ———
® (1 —06)Cppn,

2.5.9. Hammett Study

Previous studies of phosphines showed that alkyl — aryl phosphines do not correlate
well with Hammett’s or Taft’s parameters.?>?* Therefore, o values for each phosphine were
calculated using equation 2.5.8
Equation 2. 5. 8.

o= logK—
0

where K is the experimental acid associate constant (K,) for a given phosphine (Table
2.3.2.) and Ko is the reference K. where the para position on the aryl is H (Table 2.3.2). The
experimental ¢ values are reported in Table 2.32. The Hammett plot for the single—site

Langmuir isotherms as described in above in Figure 2.5.36a. Figure 2.5.36b shows a
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Hammett plot using classical parameters derived from the ionization of benzoic acids. This
plot is also linear and the slope is also negative, consistent with positive charge buildup in
the reactions of ‘Bu;PAr with SZOs00. However, the magnitude of p is lesser when using

the classical Hammett values. The R? of this plot is also lower (R? = 0.87).
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2.5.10. Determination of pKa

In an argon filled glovebox, a Teflon-valved NMR tube was loaded with 1 (ca. 10
mg) and either pyridinium or imidazolium tetrafluoroborate salts (ca. 1 equiv.) and
dissolved in CD3CN (0.4 — 0.5 ml). Specific acids used for individual phosphines are listed
in Table S6. The samples were allowed to equilibrate for 2 hours at room temperature and
were measured by 3'P{'H} NMR. Due to fast exchange conditions, no free P'Bu,Ar or
[HP'Bu2Ar][BF4] were observed when the pK, of the acid was within 2 — 3 pK, units. To
obtain the concentration of the [HP'Bu,Ar], the weighted average of *!'P {!H} chemical shift
of the reaction mixture, &,.,, relative to the known free 3'P{'H} chemical shift of free

‘BuzPAr, &¢p, and the known *'P{'H} chemical shift of ['BuArPH][BF4], &¢py, was

determined using equations 2.5.9 — equations 2.5.11.

Equation 2. 5. 9.

[Hp]f _ Srm - SfP
[P]; Sep — O¢p

Equation 2. 5. 10.

[HP];  [Plf
IO

Equation 2. 5. 11.

[HP]¢ + [P]¢ =P,
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[HP]ris the final concentration of fully protonated ‘BuxPAr, [P]ris final concentration of
‘BuyPAr, and [P]; is the initial concentration of ‘Bu,PAr. Adjustments for the final
concentrations of the nitrogen acid [BH]r and the nitrogen base [B]r were calculated based
on equations 2.5.12 and 2.5.13.

Equation 2. 5. 12.

[BH]f = [BH]i - [P]f

Equation 2. 5. 13.

[B]f = [BH]i - [HP]f
Calculation of K for the reaction is a simple calculation as shown in equation 2.5.14. To
determine pK, the standard transformation shown in equation 2.5.15. The pKa of ‘BuxPAr
is determined using equation 2.5.16.
Equation 2. 5. 14.
_ [HPI[BI;
[P]¢[BH];

Equation 2. 5. 15.

pK = —logK = ApK,

Equation 2. 5. 16.

pKa(HP) = pKa(BH) + ApK,
Determination of the sign in equation 2.5.15 can be rationalized based on the data acquired.

In the case a -ApKa occurs then there is more HP than BH indicating HP must be more
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acidic than BH (e.g. P is more basic than B) therefore it must have a lower pK, (vice versa
for the case of a +ApKa. This method was reported by Morris and co-workers for the pKa

of HPR3 in THF.?
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Table 2. 5. 7. Summary of 3'P NMR shifts in C¢Ds and CD3;CN

31 1

3P NMR shift 3'P NMR shift MI:SH} 3P {1H}

(CeDs) (CD:CN) Oecn)  MAS (EGO)
PBua(p-MeOCsHs) 375 36.4 833 46.4
[HP'Bua(p- 168
MeOCeHs)][BF:] :
P'Bua(p-tBuCeHs) 373 418 46.1 46.6
[HP'Bua(p-
'BuCsHs)][BF:] 46.7
P'Bua(p-MeCsH) 36.4 37.6 463 54.4
[HP'Bua(p-
MeCoHa)|[BF4] 47.6
P'Bua(p-TMSCeH) 38.7 39.9 47.6 511
[HP'Bua(p-
TMSCsHa)][BFs] 447
P'BusPh 38.9 38.9 49.4 49.3
[HP'Bu:Ph][BF] 43.0
P'Bua(p-FCoH) 36.9 37.1 475 49.50
[HP'Buz(p-FCeH4)][BF4] 46.8
P'Bua(p-CNCsH) 38.4 38.4 49.6 50.8
[HP'Bua(p-
CNC(Ha)|[BF:] 472
P'Bun(p-CFCsHa) 38.9 38.9 46.1 453
[HP'Bua(p-
CF;CsHa)][BF] 47.4
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Table 2.5.8. pKaladder

Entry Base pK, ApK,

1 Bu,P(p-MeOCeHy)  16.4

2 ‘BuP(p-BuCsHs)  15.8 T

3 ‘Bu,P(p-TMSCeHy)  15.7 T"'s x

4 Imidazole 15.0 l Of(;]

5 ‘BuP(p-MeCsHy) 149 * Of "

6 ‘Bu,PPh 14.7 |

7 ‘Bu,P(p-FCeHy)  14.0 '

8 ‘BuP(p-CNCeHs) 129 T

9  BwP(p-CF:Cdoz 12.6 12 (,‘L -

10 Pyridine 12.5 L LY

11 Benzyl amine 9.3 - T
12 PPhs 7.8 2 1.8
13 P(p-FCsHa)s 7.5 '
14 PPhy(0-FC4Ha) 6.1
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Figure 2.5.37. 1a pK. study a) fully protonated 1a using [HPPh3] b) pKa. experiment using
[N2C3H5][BAI‘F] C) free 1a
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Figure 2.5.38.1b pK, study a) fully protonated 1b using [HPPhs] b) pK. experiment using
[N2C3H5][BAI‘F] C) free 1b

83



PPh

[RYPPRRY! Bk kel Nt w_“, L
T ot i e b Rl A 1\ e LA

L T S S e e N B S N [ e e e T e S
120 100 80 60 40 20

3'P NMR (ppm)

o-

Figure 2.5.39. 1¢ pK. study a) fully protonated 1c¢ using [HPPhs] b) pK. experiment using
[N2C3H5][BAI‘F] C) free 1c
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Figure 2.5.40. 1d pK. study a) fully protonated 1d using [HPPh3] b) pKa experiment using
[N2C3H5][BAI‘F] C) free 1d
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Figure 2.5.41. 1e pK. study a) fully protonated 1e using [HPPhs] b) pK. experiment using
[N2C3H5][BAI‘F] C) free le
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Figure 2. 5. 42. 1f pK. study a) fully protonated 1f using [HPPh3] b) pKa. experiment using
[NHCsHs][BArr] c¢) free 1f
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Figure 2.5.43. 1g pK, study a) fully protonated 1g using [HPPhs3] b) pK. experiment using
[NHCsHs][BArr] c¢) free 1g
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Figure 2.5.44. 1h pK. study a) fully protonated 1h using [HPPhs] b) pKa experiment using
[NHCsHs][BArr] ¢) free 1h
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Figure 2.5.45. PPhs pK, study a) [HPPhs] b) pK. experiment using [NC7H10][BArF] c¢) free
PPh;
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Chapter 3.  Ethylene Polymerization Activity of (R3P)Ni(codH)" (cod =

1,5-cylcooctadiene) Sites Supported on Sulfated Zirconium Oxide

3.1. Abstract

PAr; containing 0-OMe, 0-Me, or o-Et substituents react with Brensted sites on
sulfated zirconium oxide (SZO3z00) to form [HPAr3][SZO300]. The phosphonium sites on
this material react with bis(cyclooctadiene)nickel ([Ni(cod)2]) to form
[Ni(PAr3)(codH)][SZO300] that are active in ethylene polymerization reactions. Selective
poisoning studies with pyridine show that ~90% of the Ni(PArs3)(codH)+ sites in this

material are active in polymerization reactions.

3.2. Introduction

Organometallic complexes of nickel and palladium containing o-
phosphinoarenesulfonate ligand ({PO}) catalyzes the polymerization of olefins. In contrast
to (a-diimine)Pd-R" catalysts,'? {PO}Pd-R complexes polymerize ethylene to form linear
polymers, Figure 3.2.1b,** and show broad functional group tolerance in copolymerization
reactions with polar commoners, Figure 3.2.1¢.>¢ Formation of linear polymers with
{PO}Pd-R complexes is related to the cis-arrangement of a strong-trans-influence
phosphine and a weak-trans-influence sulfonate that leads to electronic asymmetry within

7

the palladium complex.” This electronic asymmetry inhibits B-H elimination and

reinsertion steps that result in branches in the polymer chain.®
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Figure 3.2.1. Ethylene polymerization by Group 10 metals; homopolymerization of
ethylene by {PO}Pd system that generates linear polyethylene (a); ethylene polymerization

and oligomerization to form linear polyethylene (i), higher olefins (ii), and branched
polyethylene (iii) polar comonomers that are suitable for copolymerization (c).

This general design strategy continues to find new applications in novel cationic
palladium and nickel catalysts that incorporate electronically dissymmetric ligands that
have very high polymerization activities and good functional group tolerance.”!® {PO}Ni
systems form C4-C20 oligomers that are produced due to repetitive ethylene insertion to
alkyl metal species followed by a 3-H elimination and release of 1-alkenes, Figure 3.2.1.b.1.
Brookhart’s catalyst, with either Ni or Pd, give highly branched and high-molecular-weight

polyethylene, Figure 3.2.1.b.iii. This is a result of suppression of chain transfer, which
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leads to reinsertion of the eliminated olefin into the metal-hydride bond without preference
of regioselectivity.

Industrial olefin polymerization catalysts are almost always heterogeneous.!!:!?
Silica pretreated with alkylaluminium or methylaluminoxane (MAO) is a very common
support for polymerization catalysts but is not generally compatible with late-transition-
metal polymerization precatalysts, Figure 3.2.2.a. An example shown in Figure 3.2.2.a
shows modified (a-diimine)NiBr> complexes containing hydroxyl groups react with
Si02/MAO and polymerize ethylene in the presence of an Et;ALCl3 activator to give

polymers with broad molecular weight distributions, Figure 3.2.2.a.!3:14
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Figure 3.2.2. Examples of heterogeneous (a-diimine)Ni catalysts for olefin
polymerization; (a-diimine)Ni catalyst grafted onto MAO/SiO: that is active for the
polymerization of ethylene in the presence of EALCI3 (a); [(=SiO)Ni(a-
diimine)(CH2SiMes)] (b); heterogeneous (a-diimine)Ni or -Pd catalysts supported on
SZ 0300 for the polymerization of olefins.

To overcome this challenge the design and synthesis of well-defined
organometallics on oxides is a potentially attractive and synthetic strategy to access these
active sites for polymerization reactions.!>! This strategy uses a partially dehydroxylated
oxide containing —OH groups on the surface to react with an organometallic to form
covalent M—Ox (O, = surface oxygen) or an electrophilic M:-- O, ion pair. Supports
containing —OH groups with weak Bronsted acidity (e.g. Si02) form M—Ox that are inactive
for the polymerization reactions in the absence of exogenous activators.?®?! M:-- O, pairs
form on supports containing —OH sites that are more Brensted acidic than silica, such as

23,24

sulfated oxides,?? or Lewis-acid activated silica. The reaction of (a-diimine)NiMe; or

(a-diimine)PdMe; with sulfated zirconium oxide partially dehydroxylated at 300°C
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(SZO300) forms the active sites shown in Figure 3.2.2.c that have activities close to their
solution analogues and show single-site behavior.?*-2

The application of this strategy to surface analogues of {PO}M-R (M = Ni, Pd) is
not as straightforward.?”-?® {PO}Pd(L) are expected to react with —OH sites on oxides to
form [{PO}ML][SZOz300] ion pairs that lack the organometallic unit that is critical to
propagate polymer growth, Figure 3.2.3.a. Early reports of polymerization reactions with
{PO}Pd complexes were generated from the reactions of Pd>dbaz or Pd(OAc); and {PO}H,
which forms {PO}Pd-H under the reaction conditions, Figure 3.2.3b.%°3° The Brensted
sites on SZO30o react with sufficiently basic R3P to form [R3P][SZO300], which may serve
as a heterogeneous {PO}H-type surface site, Figure 3.2.3.c. This chapter describes the

reaction of [R3PH][SZO300] with bis(cyclooctadiene)nickel [Ni(cod)2] to produce active

sites for the polymerization reaction of ethylene.
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Figure 3.2.3. Reaction of {PO}H with Pd(0) to form Pd-H that is active in olefin
polymerization (a); Reaction of a {PO}Pd-R catalyst with SZQOzp to form
[{PO}Pd][SZOz300], which are unreactive towards olefins (b); design of [ArsPH][SZO300]
to form heterogeneous {PO}M-R active sites (c).

3.3. Results and Discussion

3.3.1. Synthesis of [ArsPH][SZO309]

The reaction of triarylphosphines with the Bronsted sites on SZO3z¢0 is expected to
from [ArsPH][SZO300], provided that the pK. value of [ArsPH] is greater than ~ 6 in
acetonitrile.!  The reaction P(0-MeOCsH4)2Ph with  SZOs3p forms [HP(o-
OMeCsHa4)2Ph][SZO300], (1). The *'P{'H} MAS NMR spectrum contains at a signal at 10
ppm. The FTIR spectrum of 1 shows a characteristic vpy stretch at 2456 cm!. Both the

3SIP{'H} MAS NMR and FTIR confirm the formation of [HP(0-OMeC¢H4)>Ph][SZO300].
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Similar results were obtained with P(o-EtCsH4).Ph and P(0-MeC¢Ha4)-Ph to from [HP(o-

EtCeHa4)2Ph][SZO300], (2), and [HP(0-MeCsHa)2Ph][SZO300], (3), respectively.

O Q2 Qu?
R P!f R f' R
©ip\© $Z03q9 ®H Ni(cod), ©/ N A
_ - JNi
(0]

(¢)
R =0OMe (1) S SemQ)
MEt (g) —0 04@\00\. 0 0750 N
€ 1 - 1 ° — 1 - | °
© sulfated oxide sulfated oxide

Scheme 3.3.1. The reaction scheme of R3P and SZO300 to form [R3PH][SZO300] which
further reacts with Ni(cod) to form [Ni(PAr3)(codH)][SZO300]
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Figure 3.3.1. Characterization data of [HP(0-OMeCsH4)2Ph][SZO300] (1) *C{'H} CP
MAS NMR; grafting reaction performed in Et:O; 10kHz; ns= 40k; d1=1s; * = spinning
sidebands(a); *'P{'H} MAS NMR; grafting performed in Et;O; 10kHz; ns = 2k; d1 = 1s
(b); FT-IR (c).

3.3.2. Synthesis and Characterization of 1Ni — 3Ni

-3 react with Ni(cod), in diethyl ether (EttO) to form orange
[Ni(PAr3)(codH)][SZO300] (1Ni-3Ni). This reaction evolves 0.100 mmol/g cyclooctadiene,

which is consistent with the loss of one cod per Ni in INi — 3Ni. The FTIR spectrum of
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1Ni lacks the vpy stretch at 2456 cm™!'. Additionally, the 3'P{'H} NMR of 1Ni contains a
new signal at 47 ppm, 37 ppm downfield from that of 1. These results indicate that the
phosphonium of 1 reacts with Ni(cod). to form 1Ni. The cross-polarization '*C MAS NMR
spectrum of 1INi — 3Ni contain signals assigned to the (codH)" fragment in

Ni(PAr3)(codH)".32

3C NMR Chemical Shift (ppm)

C) #1P NMR Chemical Shift (ppm)

ﬂL

3500 3000 2500 2000
lavenu r(cm™)

Figure 3.3.2. Analytical data for [1-Ni(codH)][SZO300] (1Ni); *C{'H} CP MAS NMR;
grafting reaction performed in Et2O; 10kHz; ns = 80k; d1 = 1s; * = spinning sidebands (a);
3IP{'H} MAS NMR; grafting performed in Et;O; 10kHz; ns = 2k; d1 = 1s (b); FT-IR (c).
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Table 3.3.1. Key spectral data for [HPAr3][SZO300] and [Ni(PAr3)(codH)[SZO300]

[Ni(PArs3)(codH)[SZO300]

[HPAr3][SZO300]
Sp &3P (ppm)
PAr3
(ppm)* &'P
Vpy (cm™)  &%'P (ppm)®
(ppm)’
1 -26.4 10 2456 47
2 22.4 13 2447 45
3 -20.8 11 2454 45

“C¢Ds solution, referenced to 85% H3POs. *10kHZ MAS spinning speed, referenced to

85% H3POs.

3.3.3. Polymerization reactions with 1Ni - 3Ni

INi reacts with 150psi of ethylene on demand at 50 °C, which results in the
formation of polyethylene containing 35 branches/1000C. 3C NMR analysis of the
polymer shows that methyl, ethyl, and butyl branches are present in this polymer.

The activity of 1Ni — 3Ni are given in Table 3.3.2. The activity of 1Ni — 3Ni are
modest compared to that of {PO}M-R species, but similar to that of catalysts prepared
from {PO}H with similar steric profiles and Pd(0) sources in situ.’* The formation of
branched polymers using 1Ni —3Ni is in contrast to polymers obtained with homogeneous
{PO}Pd—R or {PO}Ni—R catalysts in solution. The origin in difference is unclear, but may
related to the formation of a weakly coordinating ion pair between Ni(PAr3)(codH)" and

the sulfated sites on SZO300?%, which may facilitate chain walking.
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Table 3.3.2. Ethylene Polymerization Activity of [Ni(PAr3)(codH)[SZO300]"

Entry PAr; P (psi)® T (°C) Yield Activity  B/1000C“
(mg)

1 1 150 50 71 3000(150) 35

2 2 150 50 82 3400(100) 20

3 3 100 50 12 510(10) n.d.

4 3 150 50 83 3500(100) 24

5 3 200 50 91 3500(500) n.d.

6 3 250 65 80 3400(300) n.d.

“Catalyst loading (12 umol) in toluene. *Pressure of ethylene on demand. “gpg molyi'h!
calculated from triplicate polymerization runs assuming that all Ni in
[Ni(PAr3)(codH)[SZO300] is active in polymerization. The values in parenthesis are
associated standard errors based on polymer yield. “Measured by 'H NMR spectroscopy in
CD:Cly at 120 °C.

3.3.4. Poisoning studies of 1Ni — 3Ni

Contacting INi with a slight excess of pyridine (Ni:pyridine = 1:1.2) results in
complete suppression of the polymerization activity, which indicates that pyridine poisons
the Ni sites in the polymerization reaction. The addition of substiochiometric pyridine of
INi followed by reaction with 150psi of ethylene on demand results in the formation of
polyethylene, although with a lower activity than that of a reaction conducted in the
absence of pyridine. Plots of activity versus the molar ratio of pyridine to Ni are linear, and

indicate that ~90% of the Ni sites in 1Ni are capable of initiating ethylene polymerization.
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3.4. Conclusions

Triarylphosphines react with SZOsp0 to form [ArsPH][SZOs00]. These
phosphoniums can subsequently react with Ni(cod)> to form [Ni(PAr3)(codH)][SZO300]
which are active for the polymerization of ethylene to give polymers with moderate
branching in the polymer chain. The activity of [Ni(PAr3)(codH)][SZO300] is modest, and
similar to that of first-generation {PO}Pd catalysts.

3.5. Materials and Methods
3.5.1. General Considerations

All reactions and manipulations were performed under an inert atmosphere of
nitrogen or argon using standard Schlenk techniques. C¢Ds was purchased from Cambridge
Isotope Laboratories, dried over Na/benzophenone, freeze-pump-thawed three times, and

distilled under vacuum. Solvents were purchased from Fisher Scientific, dried by passing
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through a double-column J. C. Meyer solvent system and degassed before use. Diethyl
ether was dried over Na/benzophenone; and distilled under vacuum before use. Other
chemicals were purchased from standard suppliers. SZO3p9 was prepared as previously
described.? P(0-MeCsH4)2Ph,** and P(0-OMeCsH4):Ph*> were previously described.
Solution NMR spectra were recorded on a Bruker Avance 300 MHz spectrometer and
referenced to CsDsH peak at 7.16 ppm. Solid-state NMR experiments were performed on
a 600 MHz Bruker NEO spectrometer in 4 mm zirconia rotors packed in an argon filled
glovebox. 'H, 3'P{'H}, and *C{'H} CPMAS NMR spectra were recorded in 4 mm zirconia
rotors at 10 KHz magic angle spinning speed. FT-IR spectra were recorded as pressed
pellets using a Bruker Alpha IR spectrometer in an argon-filled glovebox.

3.5.2. Synthesis of [R:PH][SZO309]

SZ.0300 (500 mg, 0.065 mmol OH) was loaded into a flask containing a Teflon
valve and a ground glass joint for connection to a high vacuum line in an argon filled
glovebox. A separate flask containing a Teflon valve and a ground glass joint for
connection to a high vacuum line was loaded with phosphine (1.2 equiv per OH, 0.078
mmol). The flasks were removed from the glovebox, connected to a high vacuum line, and
evacuated. Et;0 (~ SmL) was transferred under vacuum to each flask cooled to 77 K. The
flask containing SZQ300 was warmed to 0 °C, and the flask containing the phosphine was
warmed to room temperature to form a clear colorless solution. The phosphine solution
was transferred by cannula onto the cooled SZO30¢ slurry. The slurry was stirred for 1 hour
at room temperature. After this time phosphine solution was removed by cannula, the flask

was evacuated, and Et;0 (~5 mL) was transferred under vacuum at 77 K. The slurry was
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warmed to room temperature for 20 min, and the supernatant was removed by a cannula
filtration. This procedure was repeated two more times to ensure no physiosorbed
phosphine was present in this material. The solid was then dried under high vacuum for 30

minutes and stored in an argon filled glovebox.

[HP(0-OMeCsH.):Ph][SZOs00] (1). 2) 3C{'H} CP MAS NMR (125 MHz, 10 kHz):
137(0-CHOCHS), 132 (Aryl), TNE20), 16(E120), 4(0-OMe); b) *'P{!H} MAS NMR (125
MHz, 10 kHz): §10 ppm; ¢) FTIR (solid pellet): vpy = 2456 cm™.

[HP(0-MeCsH4)2Ph][SZOs00] (2).2) *C{'H} CP MAS NMR (125 MHz, 10 kHz): 138(o-
CHCH3), 130(Aryl), 24(pentane), 15(0o-CH3), T(pentane); b) *'P{'H} MAS NMR (125
MHz, 10 kHz): §13 ppm; ¢) FTIR (solid pellet): ven = 2447 cm!.

[HP(0-EtCsHa):Ph][SZO300] (3). a) 3C{'H} CP MAS NMR (125 MHz, 10 kHz):
134(Aryl), T0(ELO), 17(E£:0), 4(0-CH2CH3); b) *'P{'H} MAS NMR (125 MHz, 10 kHz):

&11pm; ¢) FTIR (solid pellet): vpr = 2454 cmL.
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Figure 3.5.1. [HP(0-MeCsH4)2Ph][SZO300] (2). *C{'H} CP MAS NMR; grafting reaction
performed in Et,O; 10kHz; ns = 40k; d1 = Is; * = spinning sidebands (a); 3'P{'H} MAS
NMR; grafting performed in Et2O; 10kHz; ns = 2k; d1 = 1s (b); FT-IR (¢).
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Figure 3.5.2. [HP(0-EtCsH4)2Ph][SZO300] (3). *C{'H} CP MAS NMR,; grafting reaction
performed in Et;O; 10kHz; ns = 40k; d1 = 1s; * = spinning sidebands (a); 3'P{'H} MAS
NMR; grafting performed in Et;O; 10kHz; ns = 2k; d1 = 1s (b); FT-IR(c).

3.5.3. Synthesis of INi — 3Ni

In an argon filled glovebox, [R3PH][SZO300] (519mg, 0.065mmol OH) and
Ni(cod)2 (1.2 equiv, 21.5 mg, 0.078 mmol) were loaded into the same arm of a double-
Schlenk flask connected by a frit filter. The double-Schlenk was removed from the
glovebox, connected to a high vacuum line, and evacuated. Et2O (~ 5 mL) was condensed

onto the solids at 77 K. The slurry was warmed to 0°C and stirred for 1 hr. During this

109



period the originally white [R3PH][SZ300] evolves to an orange color and the supernatant
maintains a clear yellow solution. After the respective time at room temperature the yellow
solution was filtered to the other side of the double Schlenk. [ArsPNi(codH)][SZOz00] was
washed by condensing Et2O onto the solid at 77 K from the other side of the double-
Schlenk. The slurry containing Et;O and [ArsPNi(codH)][SZOz300] was warmed 0°C for 10
min, and the supernatant was filtered to the other side of the double-Schlenk. This process
was repeated two more times. The volatiles were removed under vacuum (107 torr) at room
temperature, the salmon colored solid was dried for 30 min under vacuum, and stored
inside an argon filled glovebox at -20 °C. Analysis of the volatiles from the reaction mixture

by '"H NMR showed that 0.108 mmol/g COD evolved in reactions run in Et;O.

[1-Ni(codH)][SZOz00] (INi). a) *C{'H} CP MAS NMR (125 MHz, 10 kHz) 8: 164, 137,

115, 67, 56, 31, 25, 12; b) 3'P{'H} MAS NMR (125 MHz, 10 kHz) § :47ppm.

[2-Ni(codH)][SZOs00] (2Ni). a) *C{'H} CP MAS NMR (125 MHz, 10 kHz) §: 133, 31,

15;b) *'P{'H} MAS NMR (125 MHz, 10 kHz) &: 47ppm.

[3-Ni(codH)][SZOs00] (3Ni). 3C{'H} CP MAS NMR (125 MHz, 10 kHz) & : 152, 147,

131, 116, 43, 34, 28, 12; b)*'P{'H} MAS NMR (125 MHz, 10 kHz) §: 47ppm.

110



*
*
T T T
200 100 0
3C NMR Chemical Shift (ppm)
b)
T v v T v v T
100 0 -100
3P NMR Chemical Shift (ppm)
°)
T T T T T
3500 3000 2500 2000 1500

Wavenumber (cm™)

Figure 3.5.3. Analytical Data for [2-Ni(codH)][SZO300] (2Ni). a) *C{'H} CP MAS NMR;
grafting reaction performed in Et;O; 10kHz; ns = 40k; d1 = 1s; * = spinning sidebands; b)
3IP{TH} MAS NMR; grafting performed in Et;O; 10kHz; ns = 2k; d1 = 1s; ¢) FT-IR.
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Figure 3.5.4. Analytical data for [3-Ni(codH)][SZO300] (3Ni). a) a) *C{'H} CP MAS
NMR (125 MHz); grafting reaction performed in Et;O; 10kHz; ns= 40k; d1=1s; * =
spinning sidebands; b) 3'P{!H} MAS NMR; grafting performed in Et;O; 10kHz; ns = 2k;
dl =1s; c) FT-IR.
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3.5.4. Quantification of active sites of 1Ni — 3Ni

In a N filled glovebox, a 12 mL liner was charged with the desired catalyst (1Ni)
(93.1 mg, 12.1 umol and toluene (4 mL). A known amount of a 0.1M pyridine stock
solution was added to each vial to have 0.1 equiv, 0.3 equiv, 0.6 equiv, 0.9 equiv, and 1.2
equiv of pyridine:Ni. The liner was placed in the well of a Biotage parallel high-pressure
reactor, the manifold was connected, and the reactor was pressurized with ethylene to the
desired pressure, 150psi, and temperature, 50°C. Polymerizations were conducted with
ethylene on demand for 2 hours. The reactor was vented, purged with nitrogen, and the
liner containing polymer and spent catalyst was removed from the glovebox. Addition of
5% HCI in methanol (12 mL) resulted in precipitation of the polymer, which was isolated
by filtration after maintaining the slurry at room temperature for 3 h. Polymers were

washed with MeOH and dried under vacuum for 2 h.

Table 3.5.1. Poisoning of 1Ni with pyridine

Entry  Equiv of pyridine Mmol of pyridine Yield Activity

(mg) (gpe(molnih)™t)

1 0.1 0.00121 69 2800
2 0.3 0.00363 50 2200
3 0.6 0.00726 20 850
4 0.9 0.01089 4 180
5 1.2 0.01452 0 0
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Figure 3. 5. 5. FT-IR of 1Ni contacted with pyridine (top) and 1Ni (bottom). The top
spectrum shows two strong bands at 1606 cm™! and 1444 ¢cm™! which can be attributed to
absorbed pyridine.

3.5.5. Procedure for the polymerization of ethylene

In a N filled glovebox, a 12 mL liner was charged with the desired catalyst (1Ni —
3Ni) (91.5(9) mg, 11.9(1) umol and toluene (4 mL). The liner was placed in the well of a
Biotage parallel high-pressure reactor, the manifold was connected, and the reactor was
pressurized with ethylene to the desired pressure and temperature. Polymerizations were
conducted with ethylene on demand for 2 hours. The reactor was vented, purged with
nitrogen, and the liner containing polymer and spent catalyst was removed from the
glovebox. Addition of 5% HCI in methanol (12 mL) resulted in precipitation of the
polymer, which was isolated by filtered after maintaining the slurry at room temperature
for 3 h. Polymers were washed with MeOH and dried under vacuum for 2 h. All
polymerizations were run in triplicate and to determine average activity for each

temperature and pressure.
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Table 3.5.2. Optimization conditions using [3-Ni(codH)][SZO300]

Entry NiLoading  Petyiene T(C)  Yield PE Activity
(nmol) (psi) (mg) (gee(molxih)™)

1 11.79(1) 100 50 12 508(0.7)

2 11.9(6) 150 50 83 3467(30)

3 12.1(2) 200 50 91 3554(573)

4 12.0(2) 250 65 80 3430(323)

Table 3.5.3. Polymerization of ethylene using Supported [R3P-Ni(codH)][SZO300]

Entry Phosphine Yield Activity B*
(mg) (gee(molnih)™)

1 P(0-MeOCgH4),Ph 71 3000(150) 35

2 P(0-MeCsHas)2Ph 82 3400(100) 20

3 P(0-EtCsHa4).Ph 80 3400(30) 24

*Branching is /1000C as calculated by 'H NMR
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3.5.6. NMR Spectra of polyethylene
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Figure 3.5.6. 'H (600 MHz) NMR spectra (ns=64 in CD,Cl4 at 120°C) of polyethylene
samples (table 3.5.3 entries 1-3).
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Figure 3.5.7.13C (600 MHz) NMR spectra (ns=10240 in CD,Cls at 120°C) of polyethylene
sample 1 (table 3.5.3 entry 1).
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Chapter 4. Hydroboration of Nitrogen containing heterocycles by a

supported Ir catalyst on sulfated zirconia

4.1. Abstract

Dihydropyridines (DHP) are an important subset of compounds that are found in
naturally occurring molecules as well as pharmacologically active molecules. There have
been many stoichiometric methods that have been discovered for the formation of DHPs,
but many of these methods can require numerous steps, harsh reaction conditions, or
preactivation of the pyridines.! Catalytic reduction reactions of pyridines employing mild
reducing agents have been reported with many of these reactions consisting of pyridine
coordinating to a Lewis acid center under catalytic conditions followed by a hydride
addition occurring at the C4 or C2 position of the in situ activated pyridine. This chapter
will explore metalation of [R3PH][SZO300] sites with Ir(IIT) organometallics resulting in

catalysts that are active for the hydroboration of nitrogenous heterocycles

4.2. Introduction

The direct functionalization of pyridines remains a significant challenge due to
poor chemoselectivity and pyridine having a lower energy of the m-system with respect to
benzene. Despite this, pyridines are one of the most prevalent motifs found in
pharmaceutical, agrochemical, and material science targets, Figure 4.2.1. Despite their

utility, there are intrinsic challenges when trying to develop a controlled reduction process
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especially when trying to access di- or tetrahydropyridines such as: i) the dearomatization
process is kinetically and thermodynamically unfavorable due to the resonance
stabilization of the N-aromatic core ii) the differential thermodynamic stability between
1,2- and 1,4-dihydropyidines is marginal; and iii) the resulting hydropyridines possessing
alkenyl unit(s) can undergo rearomization and/or side reactions.

Due to these challenges, silicon- and boron-based reducing agents (e.g.
hydrosilanes and hydroboranes) have become competitive alternatives to H» in catalytic
reduction chemistry.* There are several advantages to applying these reducing agents: i) no
special equipment is required; ii) reactions proceed under relatively mild conditions; iii)
subtle steric and electronic variations of the reducing agents allows for fine tuning the
chemoselective reduction of N-aromatic compounds; and iv) introducing silicon or boron
moiety into products could allow for further chemical transformations. This has led to
recent efforts focusing on increasing selectivity and functional group tolerance notably

with systems using Magnesium? or Rhodium.’

123



NO,

N _OH
F_@_Ol;(j/\[( EtO,C COE
o |
N
H
Flunoxaprofen Vemurafenib Nifedipine
Anti-inflammatory Late-Stage Melanoma Therapeutic Antihypertensive

o N NHe

o 7Y P F e
5~NJ\\ 4 o o) CO,Et

N N
H N cl

ACHN™ Y

H,N NH,eH;PO,
HN

Sulfametoxydiazine Crizotinib Tamiflu
Antibacterial Lung Cancer Therapeutic
S z
=0 |
N
(9] o) o7 \H | X N 7
EtO,C CO,Et N N ~
| -
Terpyridine
N0, N7 2
H |
X
Amiodipine Pigolitazone
Treats High Blood Pressure Anti-diabetic medication

Ol g Cl _O

T ¢ o )
-\ ~OEt

N oL “

o]
N /\
Chlorpyrifos m
Insecticide K/N\/\/\o N“So

H N
HO«' =

Abilify Plavix
Antipsychotic Blood thinner

Figure 4.2.1. Selected examples of natural products and pharmaceuticals where
dihydropyridines are used as synthetic motifs

Working modes of catalysts for the hydroboration of pyridines can be divided into
outer- and inner-sphere pathways, which are closely related to the regio-outcomes of the
products. Lewis acids are known to promote 1,4-hydroboration products via an outer-
sphere pathway where a borenium species is typically involved, Figure 4.2.2. 1,2-
hydroboration occurs within an inner-sphere pathway where insertion of the insertion of

C=N of pyridines occurs into the M—H bond, Figure 4.2.2.
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Figure 4.2.2. Outer-sphere pathway (left) shows the formation of a borenium
intermediate to give the 1,4-proudct and the inner-sphere pathway (right) shows the
formation the insertion of C=N into a M — H bond to give the 1,2-product

Since Harrod and coworkers seminal work,® several catalytic reactions for
hydrosilylation using metal catalysts or B(CsFs)3 have been reported. 7-'* It was not until
2011 when the first catalytic hydroboration of pyridines was reported. Hill and coworkers
reported the use of a magnesium catalyst that produced both the 1,2— and 1,4- DHP
derivatives, Figure 4.2.3.2 Since this seminal report, there have been many strides made.
Suginome and coworkers used a rhodium catalyst to achieve selective 1,2— hydroboration
of pyridines.® Delferro and Marks reported pyridine hydroboration with complete
selectivity to the 1,2— DHP derivative using an organolanthanide catalyst.!* Gunanthan and

coworkers achieved 1,4-DHP selectivity using a Ruthenium based catalyst. !°

Wang and
Li et al. reported the first metal free 1,4-hydroboration reaction using a bulky
organoborane. '®

Recent efforts have focused on unprecedented systems for the hydroboration of N-
heteroarenes. Lin and coworkers synthesized a trivalent Zr or Hf hydride centers that are
coordinately unsaturated, and electronically unique. These homogeneously inaccessible
sites were stabilized by both framework rigidity and site isolation effect.!”-!8 Park and

Chang reported that KO'Bu catalyzed the hydroboration of N-heteroarenes with a high

selectivity for the 1,4-DHP."
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Figure 4.2.3. Selected examples of catalysts for hydroboration reaction

Additionally, Park and Chang reported the double hydroboration of quinolines to
yield tetrahydroquinolines with a sp®> C-B bond B to the nitrogen atom.?’ Wang and
coworkers reported a dinitrogen-bridged diiron complex that bears a bidentate ligand based
on P and S that is active in hydroboration of N — heteroarenes.?! The selected examples
above illustrate the diversity of previously reported systems that highlight the relationship
between the working mode and the relationship to chemo-, regio-, and stereooutcomes.

Although these systems are variable, the metal hydride species that afford the 1,2—
regioisomers as a major product undergo a C=N unit insertion into the M—H bond in the
inner-sphere of the catalytic species, Scheme 4.2.2. However, if there is limited proximity
of the M—H moiety to the C2-position of activated N-heteroarenes then 1,4-regioselectivity
can be achieved. There are many systems for the hydroboration of pyridine with the

reactions generally proceeding under mild conditions. These low energy barriers can be
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attributed to the active catalytic species ability to abstract the hydride from HBpin.
Additionally, the Lewis Acidic boron center of hydroborane reducing agents can undergo
interactions with the lone pairs of substrates and catalyst ligands causing the B-H bond to
be more activated. In the case of metal-free acid catalysts systems, the active catalytic
species and pyridine substrate act as a frustrated Lewis pair. Metal-free base catalysts react
directly with pyridine or Hbpin to facilitate hydride transfer to the pyridine substrate.
Although there is a wide-variety of systems available for the hydroboration of N-
heteroarenes, there are no reported heterogeneous well-defined systems to the best of our
knowledge. This chapter describes the synthesis and reactivity of [Ircodpy][SZOz00] for

the hydroboration of N-heteroarenes via two independent pathways.

4.3. Results and Discussion

4.3.1. Synthesis of [Ir(cod)('Bu)>Ph][SZ030]

The reaction of di-tert-butylaryl phosphines with the Bronsted sites on SZOz0 is
expected to form [(‘Bu)2ArPH][SZO300]. Reacting [(‘Bu):PhPH][SZO300] with
[Ir(cod)(OSi(O'Bu)s]2 forms [Ir(cod)P('‘Bu)2Ph][SZO300]. This reaction evolves 0.095
mmol/g of HOSi(O'Bu)s. The FTIR spectrum of 1-Ir lacks the lacks the vpy stretch at 2439
cm! seen in [(‘Bu).ArPH][SZO300], Figure 4.3.1d. Additionally, the 3'P{'H} NMR of 1-Ir
contains a new signal at 37 ppm, which is 12ppm  downfield from that of

[('Bu)2PhPH][SZO300], Figure 4.3.1.c. The BC{'H} MAS NMR of 1-Ir contains signals at
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139, 128, 32, and 30, for Ar, cod, and 'Bu; respectively, Figure 4.3.1.a. This indicates that

the phosphonium reacts with [Ir(cod)(OSi(O'Bu)s], reacts to form 1-Ir.
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Figure 4.3.1. Reaction scheme of [(‘Bu)2PhPH][SZ300] and [Ir(cod)(OSi(O'Bu)sz]2 to form
[Ir(cod)(*Bu)2Ph][SZO300] (a); *C{'H} CP MAS NMR; grafting reaction performed in
Et,0; 10kHz; ns = 80k; d1 = 1s; * = spinning sidebands (b); 3'P {'H} MAS NMR; grafting
performed in Et,O; 10kHz; ns = 2k; d1 = 1s (c); FT-IR (d).
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4.3.2. Synthesis of [MesSi] [SZO300]

Reacting SZO300 with CISiMes generates [Me3Si][SZO300]. The Si{'H} NMR of
[MesSi][SZOs00] is complex, 4.3.2a. Signals at 52 and 41 ppm are characteristic of
silylium-like fragment and assigned to [Me3Si][SZO300].22 Signals at -83.5, -94, -103 which
are characteristic of SiOx which is known to form in reactions that generate silylium like
fragments on SZO300.2°> The signal at -1 ppm is assigned to covalent Me3Si—Ox sites that
are commonly observed on oxides that are not weakly coordinating. Signals at 22, 17, and
12 ppm are also likely associated with Me3Si—Ox sites on the SZOsq surface. The 3C {1H}
NMR contains a signal at Oppm which is for [Me;Si][SZOaz00], Figure 4.3.2.b. The FTIR
spectrum shows vcy stretches at 2958, and 2922 cm’!, Figure 4.3.2.c. This is consistent

with the formation of [Me3Si][SZO300].

4.3.3.  Synthesis of 2Ir (Halide Abstraction pathway)

[Ir(cod)Cl]z reacts with pyridine at 0°C to form Ir(cod)pyCl as a bright yellow
powder.?* Reacting [Me3Si][SZOz00] with Ir(cod)pyCl forms [Ir(cod)Py][SZO300]. This
reaction evolves 0.11 mmol/g of CISiMes. The FTIR spectrum of 2-Ir shows the vch at
2970 cm™, 2903 cm!, and 2869 cm’!, Figure 4.3.3.c. The *C{'H} MAS NMR of 2Ir,
Figure 4.3.3.a, contains signals at 153 ppm, 140 ppm, and 128 ppm, which correspond to
0-Cpyridine, M-Cpyridine, and p-Cpyridine, respectively. This indicates that [Mes3Si][SZOzo0]

reacts with Ir(cod)pyCl to form [Ir(cod)Py][SZOz00].
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Figure 4.3.2. Characterization data of [Me3Si][SZ0300] a) ?°Si{'H} CP MAS NMR: 8 kHz;
ns = 8k, d1 = 2s; b) *C{'H} CP MAS NMR: 10kHz; ns = 40k; d1 = 2s; ¢) FT-IR (solid
pellet)
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Figure 4.3.3. Characterization data of 2Ir a) 3C{'H} CP MAS NMR: 10kHz; ns = 40k; d1
= 2s; b) ’'N CP MAS NMR: 10kHz; ns = 5k; d1 = 2s; * = spinning sidebands; ¢) FT-IR
stack of [Me3Si][SZOs300] (bottom) and 2Ir (top).

4.3.4. Synthesis of 2Ir-1’N

[Ir(cod)Cl]2 reacts with '"N-pyridine at 0°C to form Ir(cod)(!*N-py)Cl as a bright
yellow powder. Reacting [Me3Si][SZOz00] with Ir(cod)(*’N-py)Cl forms [Ir(cod)(*°N-
Py)1[SZO300], 2Ir-15N. The PN{'H} CPMAS NMR contains one signal at -179 ppm
corresponding to one species present, Figure 4.3.4b. The FT-IR spectrum of 2Ir and 2Ir-
I5SN contain strong vcen stretches at 1609 and 1450 cm™! for 21Ir, which shifts to 1601 and

1442 cm! for 2-Ir'SN, Figure 4.3.4a.
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Figure 4.3.4. a) FTIR showing 2Ir (bottom) and 2Ir-'*N (top); b) "'N{!H} CPMAS NMR
of 2Ir->N

4.3.5. Dearomatization hydroboration of N-containing heteroatoms

4.3.5.1.  Reactivity with pyridine

Figure 4.3.5 shows the conversion of pyridine in the presence of 1mol% of 2Ir.
Monitoring the reaction over time shows that 2a forms without a noticeable induction
period, and is formed in preference to 2b. However, 2b is favored over with longer reaction
times. After 3 days, 2Ir gives a 77% yield of borylated products favoring 2b over 2a (2b:2a
1:10). Removal of 2Ir by filtration in 12h results in 18% conversion to 2a and 2b. Heating
this mixture at 85 °C for one week does not result in further conversion of pyridine nor a
change in the ratio of 2b:2a. This result indicates that there is no desorption of a

catalytically active species, and that 2Ir is responsible for the isomerization of 2a to 2b.
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Figure 4.3.5. Reaction of pyridine with 2Ir to from 2a and 2b (a) conversion vs time plot
showing the product selectivity over the course of 3 days (b)

4.3.5.2.  Reactivity of mono- and di-substituted pyridines

2Ir catalyzes the dearomatization hydroboration of N-containing heteroatoms in
the presence of HBpin at 85°C over the course of 2 days. Scheme 4.3.1 shows the wide
range of 1,2-dihydropryidines produced under these conditions. 2-phenylpyridine and 2-
methoxypyridine failed to undergo hydroboration whereas 2-methylpyridine and 4-
methylpyridine resulted to give a 1:10 ratio favoring the 1,4-borylated product. 3-
methoxyprydine, 3-methylpyridine, 4-phenylpyridine, and 4 — tBu-pyridine give only 1,2-
borylated products. 3-phenylpyidine reacts to give a mixture containing both isomers that

are products of 1,2-borylation and the 1,4-borylation product.
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The reaction of quinoline proceeded to yield only the 1,2-dihyrdopyrdine
exclusively with a yield of 76%. N-methylbenzimdiazole was subjected to catalytic
conditions to give 90% yield of the 1,2-reduced product in 2 hours. Acridine was
dearomatized under these catalytic conditions in good yield as well.

Experiments showed that halogenated pyridines or 2-substitued pyridines were not
compatible with this method. CN substituted groups underwent side reactions instead of

the hydroboration reaction.
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Scheme 4.3.1. Reactivity of pyridines and N-methylimdazole with HBpin and Catalyst 2Ir
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4.3.5.3.  Reactivity of pyrazines

The doubly hydroborated products of pyrazines were produced in good yields. The
reaction of pyrazine and Hbpin occurs in the absence of a transition metal catalyst.>> The
double hydroboration of pyrazine by 2Ir is comparable to the double hydroboration in the
absence of a transition metal catalyst. 2-methoxypyrazine (18) reacts with 2Ir and HBpin
to give the N,N’-diboryl-2-methoxy-1,2-dihydropyrazine product. 2Ir also catalyzes the
borylation of of N-methylimidazole (19) to give the reduced products in good yield in only

2h.
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Scheme 4.3. 2. Reactivity of pyrazines and N-methylimidazole with HBpin and catalyst
2Ir
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4.3.6. Control Reactions

Heating pyridine, HBpin, and SZO300 in CsDs over the course at 85°C over the course
of 3 days results in low conversion of pyridine and to a 1:2 mixture of 1,2- and 1,4-DHP
product. Additionally, this supported catalyst is needed for a clean reaction. Mixtures of
[Ir(cod)Cl]2 and AgOTT in the presence of pyridine and HBpin results in 4% yield of 1,4-

DHP product over the course of three days.

4.4. Conclusions

Well-defined Iridium sites supported on SZQs3p0 are accessible via two
complementary synthetic methods. "N MAS NMR and FTIR spectroscopy are consistent
with the formation of 2Ir which contains a moderately Lewis Acidic Iridium site. 2Ir is
active for the dearomative borylation of pyridines. Additionally, 2Ir shows similar
reactivity for pyrazines and N-methylimidazole. 2Ir shows comparable catalytic behavior
to homogeneous catalysts, however improvements of 2Ir would be needed to be applicable
under flow conditions. The halide abstraction methodology used to generate 2Ir provides
a general strategy to form well-defined heterogeneous catalysts from readily available
organic precursors that could generate active sites for a variety of reactions that are

important for small molecule synthesis.
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4.5. Materials and Methods

4.5.1. General Considerations

All reactions and manipulations were performed under an inert atmosphere of
nitrogen or argon using standard Schlenk techniques. C¢Ds was purchased from Cambridge
Isotope Laboratories, dried over Na/benzophenone, freeze-pump-thawed three times, and
distilled under vacuum. Solvents were purchased from Fisher Scientific, dried by passing
through a double-column J. C. Meyer solvent system and degassed before use. Et;O was
dried over Na/benzophenone, and distilled under vacuum before use. SZ0300?®, =Si—
OH:--Al(ORY)3?7, [Ir(cod)O(Si(O'Bu);]»*® were previously described. Other chemicals
were purchased from standard suppliers. Hexamethylbenzene was sublimed before use. All
heteroatoms were distilled prior to use. Solution NMR spectra were recorded on a Bruker
Avance 300 MHz spectrometer and referenced to C¢DsH peak at 7.16 ppm. Solid-state
NMR experiments were performed on a 600 MHz Bruker NEO spectrometer in 4 mm
zirconia rotors packed in an argon filled glovebox. 'H, 3C{'H} CPMAS NMR, PN{'H}
CPMAS, and ''B{'H} Hahn Echo MAS spectra were recorded in 4 mm zirconia rotors at
10 KHz magic angle spinning speed. FT-IR spectra were recorded as pressed pellets using

a Bruker Alpha IR spectrometer in an argon-filled glovebox.

4.5.2. Synthesis of [Ir(cod)('Bu)>Ph][SZ030]

[HPR3][SZO300] (1.0g, 0.13mmol OH) and [Ir(cod)OSi(O'Bu)3]2 (1.2 equiv Ir, 87.9
mg, 0.078mmol) were loaded into the same arm of a double-Schlenk flask connected by a

frit filter in an argon filled glovebox. The double-Schlenk was sealed, removed from the
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glovebox, connected to a high vacuum line equipped with a single stage diffusion pump,
and evacuated. Et;O (~ 5 mL) was condensed onto the solids at 77 K. The slurry was
warmed to room temperature. During this period the originally white [HPR3][SZO300]
evolves to an orange color and the supernatant maintains a light-yellow solution. After
stirring for 1 h at room temperature the yellow solution was filtered to the other side of the
double Schlenk flask. [Ir(cod)(P'Bu)>Ph][SZO300] was washed by condensing Et,O onto
the solid at 77 K from the other side of the double-Schlenk flask. The slurry containing
Et>0 and [Ir(cod)(P'Bu)2Ph][SZO300] was warmed to room temperature, stirred for 10 min,
and the supernatant was filtered to the other side of the double-Schlenk flask. This process
was repeated two more times. The volatiles were removed under vacuum (107 torr) at room
temperature, the dark-orange colored solid was dried for 30 min under diffusion pump
vacuum, and stored inside an argon filled glovebox at -20 °C. Analysis of the volatiles from

the reaction mixture by '"H NMR showed that 0.095 mmol/g HOSi(O'Bu)s was generated.

4.5.3. Synthesis of 21Ir

[Me3Si][SZOs300] (1.0g, 0.13mmol OH) and Ir(cod)pyCl (1.2 equiv, 64.7 mg,
0.156mmol) were loaded into the same arm of a double-Schlenk flask connected by a frit
filter in an argon filled glovebox. The double-Schlenk was sealed, removed from the
glovebox, connected to a high vacuum line equipped with a single stage diffusion pump,
and evacuated. Et;O (~ 5 mL) was condensed onto the solids at 77 K. The slurry was
warmed to room temperature. During this period the originally white [Me3Si][SZO300]

evolves to an orange color and the supernatant maintains a light-yellow solution. After
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stirring for 1 h at room temperature the yellow solution was filtered to the other side of the
double Schlenk flask. 2Ir was washed by condensing Et,O onto the solid at 77 K from the
other side of the double-Schlenk flask. The slurry containing Et2O and 2Ir was warmed to
room temperature, stirred for 10 min, and the supernatant was filtered to the other side of
the double-Schlenk flask. This process was repeated two more times. The volatiles were
removed under vacuum (107 torr) at room temperature, the orange colored solid was dried
for 30 min under diffusion pump vacuum, and stored inside an argon filled glovebox at -
20 °C. Analysis of the volatiles from the reaction mixture by 'H NMR showed that 0.11

mmol/g CISiMe; was generated.

4.5.4. Filtration Experiment

0.01mmol of 2Ir was added to a J. Young NMR tube in a nitrogen filled glovebox.
To this flask, 1.0 mmol heteroarene (1.0 equiv) and 2.5mmol HBPin (2.5 equiv.) were
added, respectively, ~0.5 mL C¢Ds, and a known amount of hexamethylbenzene was used
as an internal standard. The flask was sealed, and allowed to heat at 85°C for 12h. After
12h, the reaction slurry was filtered off over a frit under a N> atmosphere. The solution was

stored inside a clean J. Young NMR tube and monitored for 1week.
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Figure 4.5.1. Plot of time vs % conversion for filtration experiment.

4.5.5. Contacting 1Ir with pyridine

150 mg of [Ir(cod)(P'Bu)2Ph][SZO300] (1.00 equiv, 0.0165 mmol) was loaded into
a J. Young NMR tube in a Nitrogen filled glovebox. 1.2 uL (1.0 equiv, 0.0165 mmol)
pyridine and ~0.5mL CsDs was syringed into the NMR tube. The slurry was allowed to sit
for 2h at room temperature, and monitored by 'H NMR. Analysis of the reaction by 'H

NMR showed that 0.095 mmol/g P’ Bu;Ph was present in solution.
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Figure 4.5. 2. '"H NMR of the reaction of 1 with pyridine (1.0 equiv.). Pyridine: 8.53(m,
Ch2,6), 6.98(m, Chs), and 6.66(m, Cu3s). Hexamethylbenzene: 2.11(s). P'BuzPh: 7.59(m,
Ar), 7.31(d, Ar), 1.07(d, C(CH3)3).

4.5.6. General procedure for hydroboration of pyridines

0.0Ilmmol of desired catalyst (2-Ir) was added to a J. Young NMR tube in a
nitrogen filled glovebox. To this flask, 1.0 mmol heteroarene (1.0 equiv) and 2.5mmol
HBPin (2.5 equiv.) were added respectively, ~0.5 mL Cs¢Ds, and a known amount of
hexamethylbenzene were added. The flask was sealed, and allowed to heat at 85°C for the

desired time (typically 2d). The reaction was monitored periodically via '"H NMR.
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Figure 4.5. 3. '"H NMR of the reaction of pyridine and Hbpin with 2-Ir (1.0 mol%) over
the course of three days under general reaction conditions; A = N-{B(OCMe,),}-1,4-
dihydropyridine and * = N-{B(OCMe).}-1,2-dihydropyridine product peaks.

4.5.7. Characterization of products

2a: The general procedure was conducted with pyridine. The 'H NMR spectrum matched
those in the literature.? '"H NMR (300 MHz, CsDs) &: 6.70(dt, 1H, H-4,3J =7.4Hz, *J=1.3
Hz), 5.80(ddq, 1H, H-3,3J=9.3 Hz, *J = 1.3Hz) 5.10 (dtt, 1H, H-2,°J =7.4 Hz,3J = 4.3,*J
= 1.3 Hz), 5.05(dd,1H, H-5,3J = 5.4Hz, *J= 1.3Hz), 4.14 (dd, 2H, H-1,3J =4.3 Hz, *J =

1.6Hz), 1.00(s, 12H, CHs-pin). ''B NMR (96 Hz, CsDe) &: 27.0(s). 2b: 'H NMR (300 MHz,
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CeDe) 8: 6.51(dquint, 2H, H-1,3J = 7.4 Hz, *J = 1.6 Hz), 4.56 (dtt, 2H, , H-2, >J = 8.4 Hz,
3J=3.2Hz, 47 = 1.6Hz), 2.81(tt, 2H, H-3, 3J = 3.2Hz, *J = 1.6 Hz), 0.96 (s, 12H, CHs-pin).

"B NMR (96 Hz, C¢Dg) 8: 27.0(s)

3a: The general procedure was conducted with 2-methylpyridine. The 'H NMR spectrum
matched those in the literature.”? 'H NMR (300 MHz, C¢Ds) d: 5.58 (dd, 1H,3J= 9.1
Hz, 4J = 5.2Hz), 5.28 (dt, 1H, >J=9.0 Hz, *J = 4.4Hz), 5.21 (dd, 1H, 3J=4.2 Hz, *J = 1.1
Hz), 4.10 (dd, 2H, 3J = 4.4 Hz, *J= 1.1 Hz), 2.18 (s, 3H), 1.00 (s, 12H).). "B NMR (96
Hz, CsDs) 6: 27.2 (s). 3b: 'H NMR (300 MHz, CsDs) 8: 6.63(dt, 1H, H-5, 3J= 8.2 Hz, *J
= 1.7Hz), 4.62 (ddt, 1H, 3°J =8.2Hz, *J = 3.4 Hz, *J= 2.1 Hz), 4.40(dt, 1H, 3J = 5.0 Hz,
4J =2.1 Hz), 2.76 (ddd, 2H, 3J =5.0Hz,3J =3.4 Hz, *J = 1.7Hz), 1.96 (q, 3H, *J =

1.4Hz), 1.09(s,12H). ''B NMR (96 Hz, CsDs) &: 27.2 (s)

4a: The general procedure was conducted with 3-methoxypyridine. The '"H NMR spectrum
matched those in the literature.!® "H NMR (300 MHz, C¢Ds) d: 6.51(d, 1H, J = 7.2Hz),
5.11(dd, 1H, J = 7.2 Hz, J = 6.0Hz), 4.74(d, 1H, J = 6.0Hz), 4.32 (s, 2H, H-1), 3.15(s,

3H), 1.01 (s, 12H). ''B NMR (96 Hz, CsDg) 8: 27.2 (5).

5a: The general procedure was conducted with 3-methylpyridine.? The 'H NMR spectrum

matched those in the literature. "H NMR (300 MHz, C¢Ds¢) 8: 6.56 (d, 1H, 3J = 8.1 Hz),
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6.36 (s), 4.66 (m, 1H), 2.72 (m, 2H), 1.41 (s, 3H), 1.06 (s, 12H). "B NMR (96 MHz, C¢De)

0: 27.0 (s).

6a: The general procedure was conducted with 3-phenylpyridine. The 'H NMR spectrum
matched those in the literature.’® "H NMR (300 MHz, C¢Ds) &: 7.32-7.19(m, 5H), 6.78(d,
1H, J=17.2 Hz), 6.27(d, 1H, J = 5.9 Hz), 5.26-5.23(m, 1H), 4.58(s, 2H), 1.02(s, 12H). !'B
NMR (96 Hz, CsD¢) 8: 27.1 (s). 6a’: 'H NMR (300 MHz, CsDs) &: 7.32-7.19(m, 5H),
6.78(d, 1H, J = 5.9 Hz), 6.27(d,1H, J= 5.9Hz), 5.26-5.23(m, 1H), 4.58(s, 2H), 1.02(s,
12H). '"B NMR (96 Hz, C¢Ds) 8: 27.4 (s). 6b: 'H NMR (300 MHz, CsDg) 8: 7.07 (m, 5H),
7.01-6.98 (m, 1H) 6.59 (dd, 1H, J = 8.1 Hz, J = 0.8Hz), 4.83-4.71(m, 1H,), 3.15(m, 2H,),

1.00 (s, 12H). "B NMR (96 Hz, CeDe) 5:27.4(s).

7a: The general procedure was conducted with 4-phenylpyridine. The '"H NMR spectrum
matched those in the literature.? '"H NMR (300 MHz, C¢Dg): 7.14-7.35(m, 2H,), 7.08-7.18
(m, 3H,), 6.84(dd, 1H, 3*J=7.5Hz, *J 0.9Hz), 5.52 (dd, 1H, 3J = 7.5Hz, *J 1.9Hz), 5.35 (tdd,
1H, 3J = 7.5Hz, *J 0.9Hz, °J = 1.1 Hz), 4.28 (d, 2H, 3J = 4.5Hz), 1.04 (s, 12H). ''B NMR

(96 Hz, C¢Ds) 5: 27.2 (s).

8a: The general procedure was conducted with 4-Bupyridine.>! '"H NMR (300 MHz, CsDs)

8: 6.72 (d, 37 = 7.5 Hz,*J = 0.8 Hz, 1H ), 5.52 (dd, 3J = 9.69 Hz, *J = 5.76 Hz, 1H), 4.15

(d, J=4.25 Hz, 2H), 1.01(s, 9H), 1.02(s, 12H). ''B NMR (96 Hz, CsDs) &: 27.4(s).
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9a: The general procedure was conducted with 4-methylpyridine. The '"H NMR spectrum
matched those in the literature.> '"H NMR (300 MHz, C¢Ds) 8: 6.67 (d, 1H, °J = 7.6 Hz),
4.86 —4.93 (m, 1H, H-2), 4.13 (dq, 2H, *J=3.9 Hz,*J= 1.6 Hz), 1.57 (q, 3H, #°J = 1.6Hz),
1.03 (s, 12H). "B NMR (96 Hz, C¢Ds) 8: 27.4 (s). 9b: 'H NMR (300 MHz, C¢Ds) 8: 6.50
(d, 1H, 3J= 8.4 Hz, *J = 1.3 Hz), 4.56 (ddm, 2H, 3J = 8.4 Hz, *J= 3.3 Hz), 3.02 (ttq, 1H,
3J=4.6 Hz,3J = 3.3 Hz, *J= 1.3 Hz), 1.04-1.13 (m, 3H), and 1.0 (s,12H). "B NMR (96

Hz, CsDg) 6: 27.0(s).

10a: The general procedure was conducted with 3,4-dimethylpyridine. The 'H NMR
spectrum matched those in the literature.’> "H NMR (300 MHz, C¢Ds) 8: 6.44(d, 1H, J =
7.1 Hz,), 4.86(d, 1H, J = 7.2 Hz), 3.94 (2H, s), 1.41 (s, 3H), and 1.05 (s, 12H). "B NMR

(96 Hz, C¢De) 5: 23.2 (s).

11a: The general procedure was conducted with 2,5-dimethylpyridine. The 'H NMR
spectrum matched those in the literature.'® "H NMR (300 MHz, CsDs) 8: 6.79 (d, J =
7.2Hz,1H), 5.14 (d, J = 5.45 Hz), 4.31 (d, J = 0.96 Hz), 4.05 (s, 2H) 2.09 (s, 3H), 1.43 (s,

2H) 1.01 (s, 12H). ''B NMR (96 Hz, CsDs) &: 27.0 (5).

12a: The general procedure was conducted with 2,3-dimethylpyridine. The 'H NMR
spectrum matched those in the literature.!® 'H NMR (300 MHz, C¢Ds) : 6.83( d, 1H, J =
8.2Hz), 4.73 (m, 1H), 2.72 (m, 2H), 2.07(s, 3H), 1.49 (s, 3H), 1.02 (s, 12H, CHs-pin). ''B

NMR (96 Hz, CeDe) 5: 27.4 (s). 12b: "H NMR (300 MHz, CsDe) 8: 6.53 (d, 1H, J=7.32
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Hz, J = 1.07), 5.57 (d,1H, J = 4.8 Hz) 5.05 (m, 1H, J=7.26, J=5.61),4.27 (q, 1H, J=
6.4 Hz), 1.56 (s, 3H), 1.12 (s, 3H), 1.01 (s, 12H, CH;-pin). ''B NMR (96 Hz, CcDe) 5: 27.4

(s).

14a: The general procedure was conducted with acridine. The 'H NMR spectrum matched
those in the literature.>> "H NMR (300 MHz, C¢Ds) &: 7.80(t, 2H, J = 8.3 Hz), 7.14 (s, 2H).

6.99 — 6.91 (m, 4H), 3.54 (s,2H), 1.07 (s,12H). ''B NMR (96 Hz, CsDs) &: 27.6.

15a: The general procedure was conducted with quinoline. The 'H NMR spectrum matched
those in the literature.? '"H NMR (300 MHz, C¢De¢) &: 7.71 (d, 1H, H-5,3J = 8.1 Hz), 7.07
(ddd, 1H, H-6,3J = 8.1 Hz, 3J = 7.0 Hz, *J = 2.1 Hz) 6.81 (dt, 1H, H-7, 3J = 9.6Hz), 6.79
(dd, 1H, H-8,3J="17.0 Hz, *J = 2.1Hz) , 6.24 (d, 1H, H-3,3J=9.6 Hz), 5.57 (dt, 1H, H-2,
3J=9.6 Hz, *J = 4.0 Hz), 4.11(dd, 2H, H-1, 3J=4.0 Hz, *J = 1.3 Hz), 1.03 (s, 12H, CH:3-

pin). '"'B NMR (96 Hz, CsDe) 5: 27.0(s)

17a: The general procedure was conducted with pyrazine. The '"H NMR spectrum matched
those in the literature.'* "H NMR (300 MHz, C¢Dg) 8: 6.15(s, 2H), 3.49 (s, 4H), 1.04(s,

24H). "B NMR (96 Hz, CsDe) 5: 24.5 (s)

18a: The general procedure was conducted with 2-methoxypyrazine. The 'H NMR

spectrum matched those in the literature.'* "TH NMR (300 MHz, CsDs) 6: 6.32 (d, 1H, J =
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4.8 Hz,), 6.14 (d, 1H, J = 4.98 Hz), 3.95 (s, 2H), 3.55 (s, 3H), 1.01 (d, 24H). "B NMR

(96 Hz, CDg) 8: 24.5 (s)

19a: The general procedure was conducted with 1-methylbenzimidazole. The 'H NMR
spectrum matched those in the literature.’® '"H NMR (300 MHz, C¢Dg) &: 7.46-7.43(dd, 3J
— 8.7 Hz, %7 = 0.75Hz,), 6.83-6.72 (m, 2H), 6.29 (dd, 3J = 8.60, 1H), 4.73(s, 2H), 2.25(s,

3H), 1.08(s,12H, CH). "B NMR (96 Hz, C¢De) 5: 25.4
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4.5.8. 'H NMR of products
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Figure 4.5.4. "H NMR of 3 and HBpin with 1 mol % 2Ir in C¢Ds with hexamethylbenzene
used as internal standard (2.11 ppm)
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Figure 4.5.5. "H NMR of 4 and HBpin with 1 mol % 2Ir in C¢Ds with hexamethylbenzene
used as internal standard (2.11 ppm)
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Figure 4.5.6. '"H NMR isolated 4a in CsDs. The isolated yield of 4a was 80%.
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Figure 4.5.8. 'H NMR of 6 and HBpin with 1 mol % 2Ir in in Ce¢Ds with
hexamethylbenzene used as internal standard (2.11 ppm).
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Figure 4.5. 9. 'TH NMR of 7 and HBpin with 1 mol % 2Ir in C¢D¢ with hexamethylbenzene
used as internal standard (2.11 ppm)
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hexamethylbenzene used as internal standard (2.11 ppm)
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Figure 4.5. 12. 'H NMR of 10 and HBpin with 1 mol % 2Ir in CéDs¢ with

hexamethylbenzene used as internal standard (2.11 ppm)
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Figure 4.5. 16. 'H NMR of 14 and HBpin with 1 mol % 2Ir in Ce¢Ds with
hexamethylbenzene used as internal standard (2.11 ppm)
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Figure 4.5. 17. 'H NMR of 15 and HBpin with 1 mol % 2Ir in C¢Ds with
hexamethylbenzene used as internal standard (2.11 ppm)
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Figure 4.5. 18. 'H NMR of isolated 15a in C¢De.
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Figure 4.5. 20. 'H NMR of 18 and HBpin with 1

hexamethylbenzene used as internal standard (2.11 ppm).
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Chapter 5. A W(oxo)adamantylidene supported on SZO300

5.1. Abstract

The reaction of W(=0)(Adene)(2,5-Mezpyr)2 with SZOz00 results in the formation of
[W(=0)(Adene)(2,5-Me2pyr)][SZO300] (W1). W1 is a well-defined W oxo alkylidene
species that is active in the homocoupling of terminal olefins and forms the thermolytic E-
olefin products. This material is first example of a supported W oxo alkylidene on a

sulfated oxide.

5.2. Introduction

Olefin metathesis is a powerful tool to form new carbon—carbon bonds, and is used
for the synthesis of fine and bulk chemicals with some of original systems still being used
today.! It has long been presumed that prototypes of the active sites of industrial
heterogenous are supported oxo alkylidenes, but clear identification of a W=CH> has been
elusive. The two key intermediates proposed by Chauvin are a metal alkylidene and a
metallacyclobutane intermediate.*> The metathesis active trigonal bipyramidal (TBP)
metallacyclobutane intermediate is formed from a [2+2] cycloaddition of an alkene to a d°
alkylidene. Large research efforts have led to the development of highly active and
selective well-defined homogeneous systems, which can be can be divided into two classes:
i) d° high oxidation state metal alkylidenes that are focused on W and Mo (Schrock type)

8 or ii) Ru alkylidenes (Grubb’s type), Scheme 5.2.1.9!!
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Figure 5. 2. 1. Typical test substrates for metathesis of olefins (a); Design of Grubbs Type
catalysts (top) and Schrock type catalysts (bottom) where M is Mo or W (b); Chauvin
mechanism for olefin metathesis (c).

Schrock type alkylidenes have the general formula (X)(Y)M(=CHR)E where M is
Mo or W, E is either an oxo or imido ligand, both X and Y are anionic ligands. The many
studies on olefin metathesis catalysts have found that: i) electronic dissymmetry at the
metal center is import for low-energy cycloaddition/cycloreversion,'>!3 ii) strong o-donor
ligands in the coordination sphere destabilizes the metallacyclobutane intermediates,'*!°
and iii) low-lying vacant metal d-orbitals in the same plane of the metallacyclobutane
intermediate are needed to allow for efficient cycloaddition/cycloreversion.?’ Additionally,
the highest activities are achieved when there is a strongly donating E ligand and weakly
donating X and/or Y ligands.!# 19-21-25

The intermediates involved in olefin metathesis are prone to various deactivation
pathways. Discounting poisoning and the formation of metal hydrides, the loss of
alkylidene ligands via bimolecular pathways is a major deactivation pathway.?®?” This

issue can be reduced in homogenous chemistry by using bulky ligands to stabilize these
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highly reactive species. SOMC stabilizes the supported species through site isolation on
surfaces leading to more active and stable catalysts in comparison to their molecular
counterparts, Figure 5.2.2.283% Additionally, these well-defined species can operate at

room temperature, and do not require any activation steps.
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Figure 5. 2. 2. General scheme to generate a supported alkylidene on silica (a); Selected
examples of well-defined supported W species that are active for olefin metathesis. The
TOF3min is for the terminal olefins (b).

Supported species follow the same trends that were discussed above for well-
defined molecular complexes. Supported species are very sensitive to reaction conditions
(e.g. purification of substrates, quality of atmosphere, and reaction set ups). In the case of
silica support species, it is important to view the surface siloxy group as a rather small
ligand with a buried volume (20.6%) less than HMTO (24.3%) and dAdPO (36.8%). Figure
5.2.2 shows a selection of W catalysts that exhibit improved performance for the metathesis
of 1-nonene, a typical test substrate.3!** To characterize the performance of these catalysts

two descriptors are primarily used: initial turnover frequency (TOF3min) and time required
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to reach equilibrium (or the highest conversion) known as turnover (TON). Terminal
olefins can reach 100% conversion if ethylene is removed from the reaction solution, but
metathesis of internal olefins (e.g. cis-4-nonene) can only reach ~50% conversion.

Imido complexes??3> have been investigated more in comparison to their oxo
counterparts due to isolable oxo complexes being more difficult to prepare.’®>® However,
Schrock and coworkers recently reported the synthesis of a novel W oxo adamantylidene,
W(=0)(Adene)(2,5-Mezpyr)..¥ W(=0)(Adene)(2,5-Mezpyr), contains two strongly
donating 2,5-Mezpyr ligands as well as a sterically demanding adamantylidene. This
chapter discusses the reaction of W(=0)(Adene)(2,5-Mexpyr), with SZQOzg0 to form the

first supported W oxo adamantylidene on a sulfated oxide, Scheme 5.2.3.

......
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w1

Figure 5. 2. 3. Reaction of W(=0)(Adene)(2,5-Me:pyr)> with SZO300 to form W1

5.3. Results and Discussion
5.3.1. Synthesis of [W(=0)(Adene)(2,5-Me2pyr)][SZO30]
W(=0)(Adene)(2,5-Mexpyr), reacts with SZO300 in a slurry of benzene to form
[W(=0)(Adene)(2,5-Me2pyr)][SZO300] (W1). Analysis of the volatiles show that 0.078
mmol/g Mexpyr is released during the reaction. The FT-IR of W1 contains sp? vy and sp?
vy stretches at 2905, 2849, and the v_y stretch 1647 cm™. The solid-state '*C CPMAS

NMR spectrum of W1 contains signals at 134 (C-CH3zpyr), 106(CHypyr), 47(Ad), 42(Ad),
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38(Ad), 32(Ad), 22(Ad), and 15(CHspyr) ppm. The alkylidene signal is not observed in
the solid-state NMR which is unfortunately common when studying supported-materials

due to the low coverage of active sites.

100
3C NMR Chemical Shlft (ppm)

"H NMR Chemlcal Shift (ppm)

T T T T T
3500 3000 2500 2000 1500
Wavenumber (cm™)

Figure 5. 3. 1. Analytical data for W1 a) 13C{IH} CP MAS NMR; grafting reaction
performed in Cs¢Hs; 10kHz; ns= 40k; d1=1s; * = spinning sidebands; b) 'H MAS NMR;
grafting performed in C¢Hs; 10kHz; ns = 2k; d1 = 1s; ¢) FT-IR; top: W1 and bottom:
SZ.O300.
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5.3.2. Reaction of W1 with "*C-ethylene

290 220
9 TON 0o TON
sulfated oxide sulfated oxide

Figure 5. 3. 2. Reaction of W1 with *C-ethylene to form '*C-adamantylethylene and a W-
metallacyclobutane (W2); * = 3C-label

W1 reacts with 3C-ethylene to form 0.065 mmolg!1-*C-adamantylethylene
and 0.012 mmolg™! 13C labelled propylene. The 3C CPMAS NMR contains signals at 137
and 107 which are assigned to (C-CH3pyr) and CHyyr, respectively. The signals at 58, 40,
31, and 19 ppm belong to the formation of a tungstacyclobutane [W(O)(CsHe)(2,5-
Meapyr)]|[SZO300] (W2). A product rearrangement of W2 occurs to form
[W(O)(propylene)][SZOs300] which releases propylene from a reaction with free ethylene.
The 'H-3C two-dimensional (2D) heteronuclear correlation (HETCOR) spectrum is
shown in Figure 5.3.4. This spectrum contains correlations between 'H signals ~4 ppm
and 13C signals at
~20-40 ppm from the '3C-labeled metallacyclobutane in W2. In addition, the broad '3C
signal at ~50ppm correlates with 'H signals at ~ppm, which is assigned the W-propylene

species.
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Figure 5. 3. 3. Analytical data for W2 a) top: BC{'H} CP MAS NMR of W2; bottom:
BC{H} CP MAS NMR of W1; 10kHz; ns= 40k; d1=1s; b) '"H MAS NMR of W2; reaction
performed in CsHe; 10kHz; ns = 128; d1 = 1s; * = spinning sidebands.
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Figure 5.3.4. Two-dimensional 'H-'*C HETCOR spectrum of W2 zoomed to highlight the
region from 20 ppm to 80 ppm. Full spectra can be found in Figure 5.5.5.

5.3.3. Metathesis reactions with W1

5.3.3.1.  Metathesis with W1

The catalytic activities of W1 in the metathesis of 1-decene, cis-4-nonene,
methyl 10-undecenoate, and 1-octene-8-triisopropylsilane are shown in Table 5.3.1. W1
displays high activity for the metathesis of 1-decene at room temperature. At low loadings
of 0.05 mol%, 1-decene reaches 91% conversion to 9-octadecene with a of TOF3min = 24.
At 0.05mol% W1, cis-4-nonene reaches equilibrium (42% conversion) to cis/trans
mixtures of 4-octene and 4-decene in 5 hours with a TOF3uin of 23. Methyl 10-undecenoate
reaches 12% conversion with a TOF3min of 18. Additionally, 1-octene-8-triisopropylsilane

reaches 17% conversion with a TOF3min of 39. In all cases, the E-olefin is preferred in high
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selectivity. W1 exhibits competitive activity for terminal unfunctionalized olefins with
respect to neutral supported W oxo alkylidenes, Figure 5.3.6.40%! Reacting W1 with
partially dehydroxylated silica forms (=SiO)W(=0)(Adene)(Mepyr) which exhibits
superior activity in the metathesis of terminal and internal olefins with respect to W1.4?

W1 is less active than the [(=SiO)W(=0)(=CH2Ph(IMes)"][B(Art)s] where IMes = 1,3-

bis(2,4,6-trimethylphenyl)-imidazol-2-ylidene and B(Arf)s = B(3,5-(CF3)2.C¢H3)s, Figure

5.2.2.
Ph By (0] fe)
o, 3 Ll I
O\\ Z \W' — N™ ®— : N W=
/WE Ad O/ '%O R /
CI) «O—Q—Me | Q 9 ?
: Simy R S Si.
Si Ad ~=K0 =0 -0
~Ol=0 [OM —0 O30 [
N
£ o\ ;9N > ;9N
$ [ . sulfated oxide ¢ .
TOF =5 @ 3min’’ TOF = 13 @ 3min’ TOF = 12 @ 3min™ TOF = 73@ 3min’"
42% conversion in 24h 66% conversion in 8h 91% conversion in 6h full conversion in 2h

Figure 5. 3. 5. Activity of reported neutral and cationic W oxo alkylidenes at 0.1 mol%
loading
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Table 5.3. 1. Summary of % conversion, TON, and TOF values for the metathesis of
alkenes by W1

Time to equilibrium

Entry Substrate mol% % conv TON TOF*
(hrs)
1 1-decene 1 98 2 98 4
2 1-decene 0.1 98 6 980 12
3 1-decene 0.05 91 12 1800 24
4 Cis-4-nonene 0.05 42 5 850 23
5 Methyl 10-undecenoate 0.05 12 8 240 18
1-octene-8-
6 0.05 17 16 340 39
triisopropylsilane

“Turnover frequency (TOF) at 3 min, given in min’!

5.4. Conclusions
The reaction of W(=0)(Adene)(2,5-Mezpyr), with SZO3op results in the formation
of W1, which was fully characterized by FT-IR, solid-state NMR, and reactivity studies.
Reacting W1 with 3C-ethylene results in the formation of W2, which rearranges to form
a W-propylene complex. The W-propylene complex can react with free ethylene to
generate propylene. W1 is active in the metathesis for 1-decene, cis-4-nonene, and
functionalized olefins with a high preference for the E-olefin products. W1 exhibits

comparable activity to supported neutral W oxo alkylidenes.
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5.5. Materials and Methods

5.5.1. General Considerations

All reactions and manipulations were performed under an inert atmosphere of
nitrogen or argon using standard Schlenk techniques. C¢Ds was purchased from Cambridge
Isotope Laboratories, dried over Na/benzophenone, freeze-pump-thawed three times, and
distilled under vacuum. Solvents were purchased from Fisher Scientific, dried by passing
through a double-column J. C. Meyer solvent system and degassed before use. Toluene
and benzene were dried over Na/benzophenone, and distilled under vacuum before use.
Toluene was stored over Selexsorb for five hours and passed through Selexsorb
immediately before use. Cyclohexane was dried over CaH; and distilled under vacuum
before use. Other chemicals were purchased from standard suppliers. SZQO300 was prepared
as previously described.*> W(O)(Adene)(Me:Pyr): was previously described.*® 1-decene
and methyl 10-undecenoate were dried over CaH; and cis-4-nonene was dried over Na and
all were distilled under reduced pressure. After distillation, the alkenes were stored over
Selexsorb for five hours in a N; filled glovebox, filtered in the glovebox, and stored over
4A molecular sieves in the glovebox. Prior to metathesis reactions all alkenes were passed
through a short (~1 cm) column of Selexsorb immediately before use. Hexamethylbenzene
and 1,3,5-trimethylbenzene were sublimed before use. Solution NMR spectra were
recorded on a Bruker Avance 300 MHz spectrometer and referenced to CsDsH peak at 7.16
ppm. Solid-state NMR experiments were performed on a 600 MHz Bruker NEO
spectrometer in 4 mm zirconia rotors packed in an argon filled glovebox. 'H and *C{'H}

CPMAS NMR (5.50 us contact time) spectra were recorded in 4 mm zirconia rotors at 10
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KHz magic angle spinning speed. FT-IR spectra were recorded as pressed pellets using a
Bruker Alpha IR spectrometer in an argon-filled glovebox. Gas chromatography was

carried out using Agilent 7820A GC system equipped with an HP-88 Column.

5.5.2. Synthesis of W1
5.5.2.1.  Synthesis of W1

SZ.0300 (519mg, 0.065mmol OH) and W(=0)(Adene)(Me:Pyr), (1.2 equiv, 21.5
mg, 0.078 mmol) were loaded into the same arm of a double-Schlenk flask connected by a
frit filter in an argon filled glovebox. The double-Schlenk was sealed, removed from the
glovebox, connected to a high vacuum line equipped with a single stage diffusion pump,
and evacuated. C¢Hs (~ 5 mL) was condensed onto the solids at 77 K. The slurry was
warmed to room temperature. During this period the originally white SZQs300 evolves to a
dark brown color and the supernatant maintains a clear red solution. After stirring for 1 h
at room temperature the red solution was filtered to the other side of the double Schlenk
flask. W1 was washed by condensing CsHe onto the solid at 77 K from the other side of
the double-Schlenk flask. The slurry containing CsHes and W1 was warmed to room
temperature, stirred for 10 min, and the supernatant was filtered to the other side of the
double-Schlenk flask. This process was repeated two more times. The volatiles were
removed under vacuum (106 torr) at room temperature, the brown colored solid was dried
for 30 min under diffusion pump vacuum, and stored inside an argon filled glovebox at -
20 °C. Analysis of the residuals left in the flask after removing the volatiles by 'H NMR
showed that 0.078 mmol/g Me;Pyr was generated.
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Figure 5. 5. 1. 'TH NMR of the volatiles of the reaction

5.5.2.2.  Reaction of W1 with 13C-ethylene (W2)
W1 (100 mg, 7.8 pmol of W) was loaded into a high pressure valved NMR tube in
a glovebox. The tube was sealed, connected to a vacuum line, and freeze pumped thawed
three times. 30 psi of '*C,Hs (~10 equiv.) was passed through a O»/H,O purifying trap
and added to the flask at room temperature. The flask was sealed and allowed to react for

2 hours at room temperature. The slurry was decanted off and the material was washed
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five times with C¢Hs resulting in a brown solid. The solid was dried for 1h under high
vacuum and the solid was stored at -20 °C in an Ar filled glovebox. The reaction solution
was analyzed by 'H NMR in C¢Ds with CsMes as internal standard. This mixture contains
1-'*C-adamantylethylene (0.065 mmol g!). 1*C labelled propylene (0.012 mmol g!) is also
formed in this reaction, and is likely a byproduct of intramolecular metallacyclobutane

decomposition.
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Figure 5. 5. 2. Analytical data for W2 a) top: 3C{'H} CP MAS NMR of W2; 11kHz, ns
= 62k, d1 = 1s; bottom: 3C{'H} CP MAS NMR of W2; 10kHz; ns= 40k; d1=1s.
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Figure 5. 5. 3. '"H NMR of in-situ reaction between CoHs and W1. 0.068mmol/g
ethyladamantane evolves during the reaction. 0.012 mmol/g propylene is also formed
during this reaction. 3C-ethylene :5.14(d); 2'3CH,Ad: 4.27(d), 2.67(br s), 1.71-1.94 (m);
propylene: 5.84 (m-CH»), 4.93 (dm-CH>), 1.28(dt), 1.67(m-CH3); toluene: (6.96-7.01m),
(7.09m), and 2.11(s), cyclohexane: 1.43(s).
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Figure 5. 5. 4. '"H NMR of washings of the reaction of *C,Hs and W1. 0.068mmol/g
ethyladamantane evolves during the reaction. 5.41('*C-ethylene), 4.88('*C-ethylene);
BCHs 2CH,Ad: 4.27(d), 2.67(br s), 1.71-1.94 (m); hexamethylbenzene: 2.11(s);
cyclohexane (1.43s), toluene: 2.11(s).
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Figure 5. 5. 5. Two-dimensional 'H-'3C HETCOR spectrum of W2.

5.5.3. Catalytic Metathesis reactions with W1
5.5.3.1.  Catalytic metathesis

W1 was loaded into a vial equipped with a stir bar and capped with a septum and a
needle in a N> filled glovebox. Neat alkene was added to the solid and the mixture was
stirred at room temperature. An aliquot (~10 pL) was periodically removed from the
mixture and analyzed by 'H NMR spectroscopy against hexamethylbenzene as the internal
standard. All reactions were carried out in a vial plugged with a septum and pierced with a
needle to allow ethylene to escape from the mixture. For cis-4-nonene, the aliquots were
subjected to gas chromatography to determine % conversion. Product formation was

determined without taking cis/trans isomerization of the substrate into account.
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5.5.4. 'H NMR spectra of reactions
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Figure 5. 5. 6. '"H NMR of raw data for metathesis of 1-decene (1mol% W) on the olefinic
region
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Figure 5. 5. 7. Raw data of the metathesis of 1-decene (0.05mol% W)
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Figure 5. 5. 8. Zoom in of the region of 6.0ppm to 5.0 ppm of the raw data metathesis of
I-decene (0.05mol% W)

189



B

T v v Ll é L] T (-)
"H NMR Chemical Shift (ppm)

00—
o=
SN

Figure 5. 5. 9. Raw data for the metathesis of methyl 10-undeconate
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Figure 5. 5. 10. Raw data for the metathesis of 1-octene-8-triemthylsilane
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5.5.5. EvsZPlots

B % conversion
*x %Z
m %E
100 —— TOO
1 [ ]
80 80
5 2
® 60 - 60 >
o °
S o
c ] )
S ®
O 404 u L 40
) X
)
20 + 20
[ ]
1m *
* *
0 T T T T T T T T T T T T T 0
0 20 40 60 80 100 120 140
time (min)

Figure 5. 5. 11. Product conversion vs time plot for the metathesis of 1-decene (1mol%
W); black square trace = total % conversion; blue star trace = %Z conversion; red square
trace = % E conversion
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Figure 5. 5. 12. Product conversion vs time plot for the metathesis of 1-decene (0.1mol%
W); blue star trace = % conversion; red circle trace = % E selectivity; black squares =% Z

selectivity.
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Figure 5. 5. 13. Product conversion vs time plot for the metathesis of 1-decene (0.05mol%
W); blue square trace = total conversion; black square trace = % Z selectivity; red circle
trace = % E selectivity
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Figure 5. 5. 14. Product conversion vs time plot for the metathesis of 1-decene (0.05mol%
W); black trace is neat; red trace is 0.1M cyclohexane solution of 1-decene. Note 0.1M
DCM solution of 1-decene did not result in any product formation.
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Figure 5. 5. 15. Product conversion vs time plot for the metathesis of cis-4-nonene
(0.05mol% W)
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Figure 5. 5. 16. Product conversion vs time plot for the metathesis of methyl 10-
undecenoate (0.05mol% W); black square trace = overall % conversion; blue start trace =
% Z conversion; red square conversion = % E conv
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Figure 5. 5. 17. Product conversion of 1-octene-8-trimethylsilane vs time plot (0.05mol%
W)
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Figure 5. 5. 18. Product conversion of cis-3-hexene to trans-3-hexene (0.05mol% W)
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Chapter 6. Direct Synthesis of Propylene from Ethylene

6.1. Abstract

Propylene is a vital small molecule feedstock, and current methods to produce
propylene are unsustainable. This chapter shows high oxidation state W(VI)
metallacyclopentanes supported on SiO»700 ring contracts to Me-substituted
metallacyclobutanes that release propene under mild conditions. '*C MAS NMR
experiments show these intermediates are formed, and are likely responsible for the mild
ethylene to propylene reactivity. This first-generation catalyst gives 29 + 1 mol propylene

per mol W at 85°C in the presence of blue LEDs.

6.2. Introduction

The most common catalytic methods to produce propylene are steam cracking (>
850°C), propane dehydrogenation, and ethenolysis of 2-butenes. All of these methods are
energy intensive. Propane dehydrogenation is thermodynamically unfavorable at 25°C
with a AG(298) of ~ 20.9 kcalmol!, Figure 6.1.1. Ethenolysis of 2-butenes is
thermodynamically favorable, AG(298) of ~-5.7 kcalmol™!, but operates at 400°C due to
complicates with forming active sites in common industrial catalysts. This shows the need

for more energy- and atom-efficient manufacturing processes of propylene.
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Propane Dehydrogenation

AHy, ~ 29.9 keal mol™
N~ =\ + Hy, AS,~30.4cal mol' K
AG(298) ~ 20.9 kcal mol”

Catalyst: Cr''/Al,O5; Pt/Sn; T ~500°C

Ethenolysis of 2-Butene

AHy, ~—0.3 kcal mol™!
— +/—/—>2 =\ AS,y, ~ 18.0 cal mol ' K™
AG(298) ~ —5.7 kcal mol!

Catalyst: WOx/SiO,; T ~400°C
This Work
AHy, ~ —27.8 kcal mol!
3 =—>2 =\ ASpn~-298cal mol! K-
AG(298) ~—18.9 kcal mol!

Catalyst: W=CH,/Oxide; T ~25°C

Figure 6.1.1. Catalytic methods to produce propylene

This chapter describes a new reaction to synthesize propylene directly from
ethylene. This reaction 1is thermodynamically more favorable than propane
dehydrogenation or ethenolysis of 2-butenes. The proposed mechanism is shown in
Scheme 6.1.1. This mechanism involves a ring contraction of a metallacyclopentane (WCy)

to form a substituted Me—metallacyclobutane (WCs3), which releases propylene to form a

W-methylidene that reacts with ethylene to form an unsubstituted WCs. The unsubstituted

WC; rearranges to a W—propylene complex,!

and reacts with excess ethylene to form a
WC4 closing the catalytic cycle.

The first report on ring contraction showed that propylene could be dimerized to a
2,3-1,1-dimethyl-butene and 2-methyl-1,1-pentene in the prescene of Cp*Cl,Ta(propylene)

complex.? It was proposed that the head-to-tail dimer is formed from an unobservable

a,’—dimethyl tantallacyclopentane complex and the
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\— VD Ring Contraction
N
S — )

Scheme 6.1.1. Proposed catalytic cycle for ethylene to propylene

tail-to-tail dimer is formed from an observable trans-3,’-dimethyl tantallacycle, Scheme
6.1.32. Deuterium labelling studies showed that a ring contraction mechanism was
plausible for the formation of each dimer. The second report shows that the contraction of
MC;4 to MCs was a reasonable mechanistic pathway to form alkylidenes considering that
MC;s complexes may rearrange to give metathesis-type products.’ These are the only two

documented ring-contractions of MCi.
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head-to-tail dimer
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Ta*m 4__5 T&—» Ta%} — >_<

tail-to-tail dimer
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Scheme 6.1.2. Formation of 2,3-1,1-dimethyl-butene and 2-methyl-1,1-pentene via
proposed tantallacycles

Schrock and coworkers reported the first experimental evidence of a ring-
contraction in high oxidation state W chemistry, Scheme 6.1.3. W(NAr)(OSiPh3)2(CsHzs)
reacts with ethylene at room temperature in the presence of blue LEDs to give a propylene
complex and the square pyramidal tungstacyclobutane complex. The intermediates in this
reaction are proposed to be o and B—methyl tungstacyclobutane complexes. The a—methyl
tungstacyclobutane complex is the key to enter an olefin metathesis active system, since it
can cyclorevert to form the W—methylidene. The reformation of a W—methylidene in the
presence of ethylene leads to an important step in ethenolysis reactions. This chapter will
discuss the reaction of W(NAr)(C4Hg)(OSiPhs), with SiO2-700 to generate a species that is

active for catalytic cross-metathesis of ethylene to propylene.
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Scheme 6.1.3. Ring contraction of W(NAr)(C4Hg)(OSiPhs)> to form the o methyl
tungstacyclobutane that cycloreverts to form a metathesis active W-methylidene (top).
Reaction of W(NAr)(C4Hs)(OSiPh3), with  SiOz.700 to form a supported
metallacyclopentane species (bottom).

6.3. Results and Discussion

6.3.1. Synthesis of (=SiO)(W(NAr)(**C4Hs)(OSiPhs)

Under rigorous exclusions of light, W(!3C4Hs)NAr(OSiPhs), reacts with silica
partially dehydroxylated at 700°C (SiO2-700) to form (=SiO)(W(NAr)(*C4Hs)(OSiPhs),
and isomers of (=SiO)(W(NAr)('*C3HsMe)(OSiPhs), Scheme 6.3.1. This mixture of
species can be readily identified using solid-state '*C NMR methods. The 2D Dipolar
Assisted Rotational Resonance (DARR) spectra shows the correlations between Cqand Cp

as well as the characteristic coupling pattern connecting the W('*C3HsMe) fragment,

Figure 6.1.2.
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Scheme 6.3.1. Reaction of W(13C4H8)NAI‘(OSiPh3)2 with Si02-700

The "“C Dipolar Assisted Rotational Resonance (DARR) contains crosspeaks

between 3C signals

(=Si0)(W(NAr)('*C4Hs)(0SiPhs). The signals at 63.3 (Cy), 27.2(Cg), and 12.1(Me) ppm
correspond to the W(NAr)( *CsHsMe)(OSiPhs).. In rigorous exclusion of light there is no
evidence that the ethylene complex is formed, Figure 6.3.1, but in less rigorous light
exclusion, formation of the ethylene complex can be readily identified by 2D DARR

experiments, Figure 6.3.2. The signals at 60.0 and 51.7 ppm correspond to

(=Si0)(W(NAr)(13C,Hy)(0SiPhs).
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Figure 6.3.1. Expansion of the 1*C-!*C Dipolar Assisted Rotational Resonance spectrum
of the grafting reaction. The grafting reaction was performed with rigorous exclusion of
light.
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Figure 6.3.2. Expansion of the '*C—3C Dipolar Assisted Rotational Resonance Spectrum
of the grafting reaction under less rigorous light exclusion.

6.3.2. Photolysis with Blue LEDs at 85°C

Treatment of (=SiO)(W(NAr)(}3C4Hs)(OSiPhs) with LEDs at 85°C temperature
resulted in the formation of ( =SiO)W(NAr)(OSiPhs)('3C3HsMe) and (
=SiO)W(NAr)(OSiPhs)(*C,Hs). The isomers were readily distinguished by *C-13C
DARR NMR experiments. Figure 6.3.3. does not contain any signals for the W(C4Hs). The
signals in the spectra are consistent with the formation of W(C2H4), B-(WCsHsMe), and

one isomer of the ao—WCsHsMe.
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Figure 6.3.3. Expansion of the 3C-!3C Dipolar Assisted Rotational Resonance Spectrum
of the material exposed to LEDs for 6h.

6.3.3. Thermal Treatment of (=SiO)(W(NAr) ('3 C4Hs)(OSiPhs3)

(=Si0)(W(NAr)(*C4Hs)(OSiPhs) was heated at 85°C for 6 hours under rigorous
exclusion of light. Figure 6.3.4 is significantly more complex, and does not contain any
signals  for  (=SiO)(W(NAr)(!*C4Hs)(OSiPhs).  The  spectra  shows  that
(=Si0)(W(NAr)('*C,H4)(0SiPhs), one isomer of the B—W(!3C3HsMe), and two isomers of
the a—W(*CsHsMe) are formed. This NMR experiment cannot distinguish between the

two a—W('*CsHsMe) isomers.

212



ll\llAr NAr NAr ll\llAr NAr H

" "
PhSio=)e7 P07 Phsioy 7 Phasio= N~y Physio e e
(0] A OMe o H o] o
1 I 1 H + 1 Me + 1 + 1
O/Si;"o O’Si\ o O,Sl‘wo O,Sl\w-.o O,Sl\n-«o
[9) O\ o\ O\ o\
7 9N s 9N VAR s 9N VAR AN
° L[] L[] L] L[]
red pink green blue

| Y =4
//,‘:‘é:wf =~
=

3C NMR Chemical Shift (ppm)

3C NMR Chemical Shift (ppm)

Figure 6.3.4. Expansion of the 3C-!3C Dipolar Assisted Rotational Resonance Spectrum
of the material heated in the dark at 85°C for 6 hours.

6.3.4. Proposed Mechanism

Scheme 6.1.7. is the proposed mechanism for the conversion of ethylene to
propylene. In the first step, a high oxidation W(VI) metallacyclopentane undergoes a ring
contraction to form a substituted W(VI) metallacyclobutane, which occurs during the
grafting reaction. A cycloreversion of the substituted W(VI) metallacyclobutane gives a
W-methylidene. In the presence of excess ethylene, the W-methylidene forms the

unsubstituted W(IV) metallacyclobutane. Rearrangement of the unsubstituted W(IV)
213



metallacyclobutane forms the W(IV) propylene adduct that reacts with two equivalents of

ethylene to form propylene.

6.3.5. Catalytic Reaction of Ethylene to Propylene

NAr
1
Ph3Sio“7W\ -
?
Si-
0" N0
O\
./ l ]
// - > 2\
'V
1 atm 8500

Scheme 6.3.2. Photocatalytic reaction of ethylene by (=Si0O)W(NAr)(OSiPhs)(CsHs)

(=Si0)W(NAr)(OSiPh3)(CsHsMe) converts excess ethylene to 28 propylene per W
in the presence of blue LEDS over the course of 2 days, Figure 6.1.6. This reaction is
exceptionally selective, and butenes are not detected at any point during catalysis, Figure
6.1.7. A temperature dependence study was performed, and it was shown that maximum

TON occurs at 85°C, Figure 6.1.8.
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Figure 6.3.5. Plot of TON over time (h) for the reaction of ethylene to propylene at 85°C
with irradiation using (=Si0)W(NAr)(OSiPhsz)(C4Hs)
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Figure 6.3.6. Chromatogram of the reaction of ethylene to propylene with
(=S10)W(NATr)(OSiPh3)(C4Hs) at 85°C
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Figure 6.1.2. Temperature vs TON plot for the conversion of ethylene to propylene (TONs
are determined at 48h)

6.4. Conclusions

The reaction of W(NAr)(OSiPhs)2('*C4Hs) (Ar = 2,6-Pr2C¢H3) with SiOx-700 results
in  the formation of  (=SiO)(W(NAr)(!3C4Hs)(OSiPhs), isomers of
(=Si0)(W(NAr)(*C3HsMe)(0SiPhs), (=SiO)(W(NAr)(!3C2Hs)(OSiPhs), and ethylene
which can be readily distinguished by DARR NMR. A cycloreversion of the substituted
W(VI) metallacyclobutane gives a W—methylidene that generates an active unsubstituted

metallacyclobutane in the presence of ethylene. The unsubstituted metallacyclobutane
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rearranges to form a W(IV)—propylene adduct that can react with two equivalents of

ethylene to form propylene. This is the first example this new mechanism.

6.5. Materials and Methods

6.5.1. General Considerations

All reactions and manipulations were performed under an inert atmosphere of
nitrogen or argon using standard Schlenk techniques. C¢Ds was purchased from Cambridge
Isotope Laboratories, dried over Na/benzophenone, freeze-pump-thawed three times, and
distilled under vacuum. Solvents were purchased from Fisher Scientific, dried by passing
through a double-column J. C. Meyer solvent system and degassed before use. CsHs was
dried over Na/benzophenone, and distilled under vacuum before use. SZOs0,* =Si-
OH:--Al(ORY)3,% and Si02-700,% were previously described. W(NAr)(OSiPhs)2(CsHs) was
previously described. Ethylene Ultra High Purity was used as received from Airgas.
Irradiations with Blue LEDs were realized with 30 Blue 5050 SMD (nominal power 3.1
mW, on a strip), powered by a 12V DC power supply and with an inline DC dimmer.
Solution NMR spectra were recorded on a Bruker Avance 300 MHz spectrometer and
referenced to CsDsH peak at 7.16 ppm. Solid-state NMR experiments were performed on
a 600 MHz Bruker NEO spectrometer in 4 mm zirconia rotors packed in an argon filled
glovebox. 'H and *C{'H} CPMAS NMR were recorded in 4 mm zirconia rotors at 10 KHz
magic angle spinning speed. FT-IR spectra were recorded as pressed pellets using a Bruker

Alpha IR spectrometer in an argon-filled glovebox.
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6.5.2. Synthesis of (=SiO)WNAr(OSiPhs)(CsHs)

200 mg (0.04 mmol OH, 1.0 equiv) and 46.2 mg (0.048 mmol, 1.2 equiv.)
W(NATr)(OSiPh3)2(CsHs) were loaded into a teflon valved side arm flask. ~1 mL C¢Hs was
added to the flask, and the flask was wrapped in aluminum foil. The slurry was allowed to
stir at room temperature in the dark for 1 hour. During this period the originally white SiO».
700 evolves to a yellow color, and the supernatant maintained a yellow solution. CsHs was
decanted off, and the material was washed with ~1mL of CsHe until the supernatant was
clear. The material was dried under vacuum (10 torr) for 30 minutes under diffusion
pump vacuum, and stored inside an argon glovebox at -20 °C. Analysis of the supernatant

showed a 30% grafting efficiency on SiO2-700.

=Si-OH

CH

3500 3000 2500 2000 1500
Wavenumber (cm™)

Figure 6.5.1. FT-IR of (=SiO)WNAr(OSiPh;3)(CsHs)
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Figure 6.5.2. "TH NMR of the grafting reaction of (=SiO)WNAr(OSiPhs)(C4sHs) with SiO».
700. No free HOSiOPh; is seen in the spectra. I.S. = internal standard (hexamethylbenzene)
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Figure 6.5.3. BC{!H} CPMAS NMR spectrum of the grafting reaction. The grafting
reaction was performed with rigorous exclusion of light.
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Figure 6.5.4. Full *C-13C Dipolar Assisted Rotational Resonance spectrum of the grafting
reaction. The grafting reaction was performed with rigorous exclusion of light.
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Figure 6.5.5. *C{'H} CPMAS NMR spectrum of the grafting reaction under less rigorous
light exclusion.
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Figure 6.5.6. Expansion of the 1*C-13C Dipolar Assisted Rotational Resonance spectrum of
the grafting reaction under less rigorous light exclusion.
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6.5.3. Thermal Treatment

A valved NMR tube was loaded with 100 mg of material, and immediately wrapped
in aluminum foil. The NMR tube was heated at 85°C for 6 hours. During this time, the
light-yellow solid evolved into a dark orange material. The material was stored in inside

an argon glovebox at -20 °C.

200 150 100 50 0
3C NMR Chemical Shift (ppm)

Figure 6.5.7. BC{'H} CPMAS NMR spectrum of the material heated in the dark at 85 °C
for 6 hours.

6.5.4. Photolytic Treatment

A valved NMR tube was loaded with 100 mg of material, and immediately wrapped
in aluminum foil. The NMR tube was then photolyzed with blue LEDs (A,,,x = 450 nm)
at ambient temperature for 6 hours. Note: ambient temperature of reactor is 37.5 °C. During
this time, the light-yellow solid evolved into a dark orange material. After 6 hours, the
NMR tube was removed, and allowed to cool to room temperature. The material was stored

in inside an argon glovebox at -20 °C.
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6.5.5. Photocatalytic reaction of Ethylene to Propylene

A teflon-valved side arm flask (100mL) was charged with 2.3 umol (~30 mg) of
catalyst and a stir bar in the dark. The flask was immediately wrapped in aluminum foil.
The flask was placed under vacuum (10 torr) under diffusion pump vacuum for 15
minutes, and 1 atm of ethylene was added at room temperature. The flask was sealed, and
heated to the desired temperature while being photolyzed with blue LEDs (1. =
450 nm) until the reaction no longer turned over. The reaction was aliquoted (200 uL) and

volatiles were analyzed via GC.
6.5.5.1.  GC Parameters

The GC column oven was held at 150 °C for 15 min. 200 pL of gas was injected
using a split ratio of 76.926:1. He was used as the carrier gas at a flow rate of 23.5 mL/min.
The temperature of the flame ionization detector (FID) was set at 350 °C at a flow rate of
air and hydrogen at 400 mL/min and 30 mL/min, respectively. In order to quantify the
amount of gas, the response factor of the FID was calibrated to known pressures of
methane. FID response for hydrocarbons is proportional to the number of carbon atoms in
the analyte. The amount of propylene was calculated based on this equation 6.5.1:

Equation 6.5.1.

Area of peak

(
Number of Carbons x V(L) = n(mol)RT(K)
Response Factor
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6.5.5.2. Conversion Plots
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Figure 6.5.8. Plot of TON over time (h) for the reaction of ethylene to propylene at
120°C with irradiation

minutes

Figure 6.5.9. Chromatogram of the reaction of ethylene to propylene at 120°C with
irradiation
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Figure 6.5.10. Plot of TON over time (h) for the reaction of ethylene to propylene at 60°C
with irradiation

o 1 2 3 4 5 6 7 8
minutes

Figure 6.5.11. Chromatogram of the reaction of ethylene to propylene at 60°C with
irradiation
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Figure 6.5.12. Plot of TON over time (h) for the reaction of ethylene to propylene at 40°C
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Figure 6.5.13. Chromatogram of the reaction of ethylene to propylene with irradiation at
40°C
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