The Study of Late Transition Metal Catalyzed C—H Bond

Activation and Functionalization

Jungi Chen
Wouhan, China

B.S. Chemistry, Peking University, 2013

A Dissertation Presented to the Graduate Faculty
of the University of Virginia in Candidacy for the Degree of
Doctor of Philosophy

Department of Chemistry

University of Virginia
April 30, 2019



ABSTRACT
CHEN, JUNQI The Study of Late Transition Metal Catalyzed C—H Bond Activation and
Functionalization. (Under the direction of Professor T. Brent Gunnoe)

The catalytic partial oxidation of hydrocarbons using late transition metals is an
important but challenging process. Two key steps are typically involved: C-H bond
activation to form a M—C and reductive elimination to form a C—O bond. In this Dissertation,
a series of rationally designed “capping arene” supported Rh(III) complexes are
synthesized and used to study reductive functionalization of a Rh(III)-Me bond. This type
of ligand can block an axial coordination site of the Rh(III) center, which destabilizes the
complex and leads to a more facile Rh(I)/Rh(IIl) redox cycle. The complex (5-
FP)Rh(TFA):Me [5-FP = 1,2-bis(N-7-azaindolyl)benzene, TFA = trifluoroacetate] gives 94%
yield of MeTFA in acetonitrile with AgOTf (OTf = trifluoromethanesulfonate) as an
additive.

The 5-FP ligand has also been used to prevent the Rh(I) complex, (5-FP)Rh(TFA)(77-
C2H4), from undergoing undesired oxidation in the olefin hydroarylation reaction with
benzene and a-olefins. This new Rh catalyst precursor achieves efficient oxidative olefin
hydroarylation using either air or Cu(II) salts as oxidants. Under optimized conditions, the
conversion of propylene and benzene to linear alkenyl arenes is achieved with over 13,000
turnovers without evidence of catalyst decomposition after 2 weeks at 150 °C. At a lower
temperature (80 °C), a linear to branched ratio of ~18:1 has also been observed. The
longevity and stability of this catalyst is an improvement on earlier systems and the
potential commercialization of the process is being explored.

When investigating the olefin hydroarylation reaction with Rh catalysts, phenyl acetate is

produced as a byproduct through a side reaction with benzene and Cu(ll) oxidant. As



phenyl acetate is a desirable precursor for phenol production, we sought to generate it
selectively. A series of copper salts have been tested for the functionalization of the C-H
bond of benzene. Two completing mechanistic pathways are involved in the reaction.
Under the anaerobic conditions, the organometallic pathway is favored, while the reaction
occurs through the radical pathway under aerobic conditions. Interestingly, the addition of
a radical reagent, TEMPO ((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl), can shift the reaction
from the radical pathway to the non-radical mechanism under aerobic conditions. In
addition, the reaction rate is greatly increased when TEMPO is used as an additive.
Hydroamination of alkenes or alkynes is one of the most straightforward methods to
form C—N bonds and N-containing heterocycles. This method involves direct addition of
amines to carbon-carbon multiple bonds without the formation of any by-products.
Al(OTf); has been used as an effective catalyst for the intramolecular hydroamination of
unactivated alkenes. The mechanism for this transformation has been studied. Triflic acid
which is generated in situ from Al(OTf); is demonstrated to be the active catalyst for the
hydroamination reaction. In addition, other metal triflates such as Bi(OTf)3 and Mg(OT*):
have been shown to catalyze the hydroamination reaction through a similar reaction

mechanism.
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1. Introduction
1.1 General Concept of Catalysis:

Catalytic technologies make human society much better in the twentieth century. The
world without catalysis will be dirtier, hungrier and weaker against diseases. A lot of
benefits have been brought by catalysis to everyday life.!!! There are a lot of important
industrial processes that haven been developed based on catalytic technologies. The Haber-
Bosch Process is one of the most well-known technologies that can convert atmospheric
nitrogen and hydrogen to valuable ammonia. The production of ammonia today exceeds
100 million tones and is largely used as fertilizers that can help raise the yields of crops.
The development of the Haber-Bosch Process is also a history describing how human
improve the efficiency of the catalyst based on its mechanism. Scientists put over 80 years
of effort to study this complex system. For example, the iron catalyst requires several
different phases to be present, each of which has a role in the dissociation of the reactants
and in the stepwise recombination of the N and H atoms.”) Nowadays, the efficiency of the
Haber-Bosch Process is even better than the biological system for nitrogen fixation.
Catalytic technologies are highly involved in the production of everyday items. From
plastic bags to pharmaceuticals, from automobile gasoline to DNA analytical techniques,

catalytic technologies are everywhere.!!!
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Figure 1.1. Simple energy diagram of catalyzed and uncatalyzed reaction pathways.
Catalysis is the process that can increase the chemical reaction rate by adding a
substance which is known as catalyst. The term “catalyst” was first introduced in 1836 by
Berzelius and defined by Otswald in 1894. The catalyst is a substance that can accelerate
the reaction by bringing down the activation barrier without itself being consumed.”®! The
simple energy diagram of catalyzed and uncatalyzed reaction is shown in Figure 1.1. A
catalyst cannot change the thermodynamic terms such as changes in enthalpy (H), entropy
(S), Gibbs free energy (G) and equilibrium constant (Keq), which are only dependent on the
difference between products and reactants. However, catalysts can greatly reduce the
energy that is needed to overcome the activation barrier, which makes the reaction faster.
During a catalytic reaction, the catalyst undergoes a series of transformation to generate the
product and regenerate itself. We usually draw the whole series of transformation into a
cycle, which is called catalytic cycle.l*’ When the catalyst goes through the catalytic cycle
once, we call this process a turnover (TO). The total turnovers that a catalyst can reach

before it is deactivated is called turnover number (TON), which is an important term that



represents the longevity of the catalyst. The activity of a catalyst is regularly reported by
turnover frequency (TOF), which is defined as the number of turnovers (TOs) per unit time.
Different products can be produced with the same reactants through different reaction
pathways. If the catalyst can facilitate one of the routes, the reaction will selectively
produce the target compounds. The ratio of target products versus side products is called
catalyst selectivity. TON, TOF, and selectivity are three significant values to evaluate
catalyst performance.

Generally, catalysts can be categorized into two major types: homogeneous and
heterogeneous catalysts. Homogeneous catalysts are dissolved in the same phase with
reactants. Heterogeneous catalysts, usually solids, operate in a different phase than the
reactants, which are often in the gas or liquid phase. Heterogenous catalysts are responsible
for 60% to 75% of the current chemical processes due to their advantages such as high
stability and good recyclability. Many important industrial processes, including but not
limited to Haber-Bosch Process (ammonia synthesis),””) Ostwald process (nitric acid
synthesis)l®! and Ziegler-Natta polymerization (olefin polymerization),!® are based on
heterogeneous catalysis. However, the mechanism of a heterogeneous catalytic reaction is
often difficult to identify. As noted above, scientists spent over 80 years elucidating the
mechanism of the Haber-Bosch Process. Compared to heterogeneous catalysis,
homogeneous catalysts have some attractive properties, such as the possibility of tuning to
achieve higher selectivity, more accessible catalytic metal center and often more detailed
mechanistic studies are possible.”) With a deeper understanding of mechanisms, the

catalytic processes often can be further optimized with improved catalyst designs. As



described below, by utilizing late transition metal homogeneous catalysts, many industrial

processes have achieved great success.

1.2 Examples for Heterogeneous and Homogeneous Catalysts
1.2.1 Three-way Catalysts

The wide usage of automobiles offers a lot of convenience for our everyday life.
However, the significant amount of exhaust gases from the increased number of cars and
trucks have become one of the major sources of air pollution. The major components of
vehicle emissions are carbon monoxide (CO), unburned and partially oxidized
hydrocarbons (HC) and oxides of nitrogen (NOx).® In order to reduce air pollution, the
three-way catalysis was designed to convert those pollutants to less hazardous compounds

(carbon dioxide, nitrogen, and water). The detailed reactions are shown below:

2CO + 0, — 2CO, 1)
CpH, + (m + 0.25n) O, —— m CO, + 0.5n H,0 (2)
CO+NO —— 0.5N, + CO, (3)

CpHy + (2m + 0.5n) NO —— m CO, + 0.5n H,O + (m + 0.25n) N, (4)
Scheme 1.2.1. Reactions in the three-way catalysis.

In the three-way catalysis converter, the active species are precious metals (mainly
platinum, palladium, and rhodium) located on a metal oxide support. Platinum (Pt) and
palladium (Pd) are generally used for catalyzing reaction (1) and (2) in Scheme 1.2.1. The
Pt catalyst is less likely to be poisoned by sulfur and lead, while Pd has higher resistance
to high-temperature aging and more reactive at a lean cold start.!”’ Rhodium (Rh) is mainly

used in reduction steps {Scheme 1.2.1, reaction (3) and (4)}, which shows superior activity



towards NO reduction and highly selective for N2 as the product, whereas Pt and Pd tend
to form NH3 and N20 instead. Today, the three-way catalyst can reach very high conversion
of the major pollutants CO, HC and NOx, and can reduce over 80% of the overall emissions
after reaching operating temperature. However, there is still no success to replace precious

metals with less expensive metals.

1.2.2 Hydroformylation

The hydroformylation of alkenes, also known as oxo synthesis, is an important
industrial process for the production of aldehydes. The reaction adds a formyl group (CHO)
and a hydrogen atom to a carbon—carbon double bond.[*% Back in 1938, the first example
of hydroformylation was reported by Otto Roelen, using Co2(CO)s as the catalyst at high
temperature (120-170 <C) under a high pressure (200-300 bar) mixture of carbon monoxide
and hydrogen.[*] The proposed reaction mechanism for this reaction by Heck and Breslow
is shown in Scheme 1.2.2.11213 The active catalyst HCo(CO) is generated from the reaction
of Co2(CO)s dimer with Hz, then one molecule of the ligated CO is dissociated to open an
empty coordination site to allow olefin coordination. The ligated olefin inserts into the Co—
H bond to generate the RCH2CH2Co(CO)4 intermediate. Then the migratory insertion of
CO gives the RCH2CH2C(0O)Co(CO)s which leads to an open spot for H2 coordination.
Finally, after oxidative addition of Hz followed by reductive elimination of the target
aldehyde, the Co catalyst can be regenerated.™ A mixture of linear (major) and branched
(minor) aldehyde is normally observed as products from the hydroformylation reaction,
since the selectivity is determined in olefin insertion step. BASF, ExxonMobil and Shell

have developed manufacture processes based on this homogeneous Co catalysts,!*4*% and



great successes have been achieved by using medium to long chain olefins as the reactant.
However, only moderate linear selectivities were observed when using propene as the
starting material.['! Therefore the Ruhrchemie/Rhone-Poulenc process (RCRPP) was
designed to improve the selectivity. By using a rhodium catalyst with water-soluble
3,3’,3”’-phosphanetriyltris(benzenesulfonic acid) trisodium salt as the ligand, the products

were found to be up to 98% linear.[!”!
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Scheme 1.2.2. Heck-Brewslow mechanism for cobalt-catalyzed hydroformylation.

1.2.3 Acetic Acid Production (BASF, Monsanto and Cativa Process)
Acetic acid could be found in many plant and animal systems and is well known as a
important content in vinegar which was produced by fermentation of wine 5000 years

ago.l'¥ The first industrial process to produce acetic acid from non-petroleum-based



feedstocks was developed by Reppe at BASF in 1941.[12% Cobalt(II) iodide was used with
CO and H2O/Hz to in situ generate Co2(CO)s and HI, which could catalyze the
carbonylation of MeOH to produce acetic acid. By this type of processes, acetic acid could
be formed with over 90% yield based on MeOH and 70% yield based on CO. However, the
BASF process requires harsh conditions such as extreme pressure (700 bar) and high
temperature (250 °C).'22! In the late 1960s, Monsanto developed an iodide-promoted
rhodium-based catalyst system, which showed significant improvements over cobalt-based
processes. Methanol can be converted to acetic acid even at atmospheric pressure with a
yield of 99% based on MeOH and 90% based on CO respectively. In addition, the operating
condition of this process (30 bar and 180 °C) is milder compared to the BASF process.
Hence, the Monsanto process was commercialized and beat the BASF process the
competition./”*! The mechanism for the Monsanto process is shown in Scheme 1.2.3. The
catalyst [Rh(I)2(CO)z] first mediates oxidative addition of methyl iodide (Mel) to form the
[Rh(I)3(CO)2(Me)] intermediate. Then CO inserts into the Rh—Me bond followed by
coordination of another equivalent of CO to form [Rh(I);(CO)(C(O)Me)]. After
reductively eliminating acetyl iodide, the Rh catalyst is regenerated. Acetyl iodide quickly
reacts with water to produce acetic acid and regenerate HI and HI will convert MeOH to

Mel to fulfill the reagent used in the initial oxidative addition step.



Scheme 1.2.3. Catalytic cycle for Monsanto process.

Although the Monsanto process has achieved great success in acetic acid production,
a few important drawbacks remained unsolved. The Monsanto process requires high water
concentration ([H20] > 14%) to maintain the maximum rhodium catalyst ([Rh(I)2(CO)z2])
stability. However, the Rh catalyst itself can also facilitate the water gas shift reaction,
which leads to the primary byproducts and major inefficiency of CO in rhodium catalyzed
process (Scheme 1.2.4).232%1 In order to further improve acetic acid production process,
British Petroleum (BP) developed the first commercial low-pressure methanol
carbonylation process based on iridium (Ir) catalyst (H[Ir[2(CO)2]), which is called the
Cativa process.!*”) Initially, the Ir catalysts was found to be less active than Rh catalysts,
however, Ir based catalyst can be promoted by ruthenium (Ru) additive, which makes it a
superior system to Monsanto process. The switch from Rh to Ir has allowed for less water

usage which suppresses the water-gas shift reaction.



[Rhl,(CO),]" + 2 Hl—— [RhI,(CO)] + H, + CO
[Rhi,(CO)J + H,0 + 2 CO— [Rhi5(CO),] + 2 HI + CO,

Net Reaction H,0 + CO— H, + CO,

Scheme 1.2.4. Water-gas shift reaction equation.

1.2.4 Wacker Process for Acetaldehyde Production

As one of the most important aldehydes, acetaldehyde, occurs naturally in coffee,
bread, ripe fruit and can be produced by plants.!*®! The global production of acetaldehyde
is about 1 million metric tons per year. Historically, acetaldehyde was made by hydration
of acetylene catalyzed by a mercurous/mercuric sulfate system at 95 °C and atmospheric
pressure. In the 1960s, the oxidation of ethylene-based ethanol has become the primary
route to synthesize acetaldehyde, which requires high temperature (450 °C) and high
pressure (3 bar) with air over a silver catalyst. In the 1950s, chemists at Wacker Chemie
developed the Wacker process for the production of acetaldehyde, which requires a
stoichiometric amount of palladium salt as the oxidant. By adding copper(Il) chloride in
the reaction mixture, palladium catalyst can be recycled. Importantly, the copper oxidant
can be recycled with oxygen, which greatly reduces the cost of the Wacker process./*”! The

detailed mechanism is shown in Scheme 1.2.5.5%
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Scheme 1.2.5. Mechanism for Wacker process.

The reaction is initiated with ethylene coordination to the Pd center and followed by
hydroxide addition to the carbon-carbon double bond to form the intermediate 2. Then the
intermediate undergoes through B-hydride elimination to form 3 and after rearrangement
the stable intermediate 4 is found. By the deprotonation of OH group, acetaldehyde is
released, and the catalyst is recycled by CuCl.. The recycle of the copper oxidant is the key
step in the Wacker process. The regeneration can be accomplished by one step in situ or
two steps using ex situ generation. Both methods have advantages and disadvantages. The
in situ regeneration requires purified oxygen, which increases the cost. The ex situ
regeneration can utilize unpurified air, however, it needs the separation of the copper

oxidant and additional reactor space.*!!
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1.3 Alkane C—H Activation
1.3.1 General Concept for Alkane Activation

Alkanes are also called “paraffins” which is from the Latin parum affinis meaning
without affinity. Alkanes may also be called the “the noble gases of organic chemistry”
which represents that the activation of alkanes is not an easy job.[*?! Typically alkane C—H
bonds exhibit high bond dissociation energies (98-104 kcal/mol) and are non-polar, which
makes them highly unreactive. There are generally three different methods for possible
alkane activation. The first one does not involve any metals species. By applying high
temperature (900-2000 °C) or high energy irradiation to alkanes, it can in sifu generate
highly reactive radicals and carbenes."**** The second method involves solid metals or their
oxides, which play an important role in the chemical industry for oxidation,
dehydrogenation, cracking and many other processes.!*>*®! It requires a high temperature (>
200 °C) to sustain efficiency. The last method is metal complexes mediated alkane
activations, which is one focus of this thesis. Transition metal complexes have been
reported for alkanes oxidation or metal mediated H/D exchange. Examples and
mechanisms will be reviewed later in this chapter.
1.3.2 The Conversion of Methane to Methanol

In the 19" century, natural gas was obtained as a by-product of oil production.
Unwanted natural gas was a disposal problem in active oil fields. However, natural gas was
then found to be a very important energy source. The world has over 180,000 km? gas
reserves in 2013,%" and about 900,000 km® of “unconventional” gas, such as shale gas, has

been predicted.*® Many studies have predicted natural gas will be the largest energy source
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for electricity and heat generation in the future.® As the main component in natural gas,
methane, has the highest heat of combustion in hydrocarbons. However, natural gas is only
the third energy supply of world energy consumption behind oil and coal during the last 50
years.*") The expense of transportation of natural gas (especially methane) plays an
important role. Compared to oil and coal, which are in liquid and solid form, respectively,
methane’s non-polar and light molecular weight properties make it as a gas form with a
very low boiling point (-162 °C at 1 atm), hence the transportation efficiency of methane is
significantly affected. Compressed natural gas (CNG) can be transported over a short
distance, and liquefied natural gas (LNG) is preferred for long distance transportation.
However, the capital price of LNG is very high, for example, a conventional LNG tank
costs over 200 million dollars.***!1' A well-known example is the abandoned Alaska
Pipeline Project, which was a planned pipeline (by TransCanada Corp. and ExxonMobil)
from the Alaska North Slope to Alberta or Valdez to serve the natural gas from the Prudhoe
Bay Oil field for North American markets. The predicted cost is over 45 billion dollars. (4!

A possible solution is to methane’s transportation challenge the partial oxidation of
methane to methanol. Since methanol is liquid, transportation is more facile. Methanol is
also a raw material for many valuable chemicals as well as a possible gasoline replacement
and precursor to diesel fuel. Through the Formox process,!*!! methanol can be converted to
formaldehyde which is the raw material for phenolic resin. Through the Monsanto or Cativa
process, methanol can be converted to more valuable acetic acid.

The selective oxidation of methane to methanol is challenging due to the fact that the

BDE of methanol C—H bond is about ~96 kcal/mol which is significantly lower than that
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of methane (~105 kcal/mol). If the oxidation goes through the free radical pathway, the
homolytic C—H bond cleavage can be 4 times more rapid in methanol, which often leads to
over-oxidation. Another difficulty of methane partial oxidation is the low solubility of
methane (1 mM at 1 atm, 25 °C) in suitable reaction solvents such as water. As shown in
Figure 1.2, step 1 is the oxidation of methane to methanol (rate constant ki) and step 2 is
the oxidation of methanol to CO2 and water (rate constant k2). In order to achieve high
conversion of methane to methanol, we need to accelerate step 1 and kinetically suppress
step 2. However, the low solubility of methane will greatly limit the reaction rate in
methanol production. Assuming a reactor with 1:1 gas to liquid ratio and 500 psig methane
pressure, the kinetic model shows that the k1 to k2 ratio must be at least 20:1 to selectively
produce methanol with over 15% methane conversion.[*! In this case, catalyst design is

essential.

k Kk
CH,+ % 0, —— CH,OH ﬁ CO,+ 2 H,0
. 2

ki

Methane
oxidation

Methanol
2 oxidation

CH,+ %0,
CH,OH
+150,

CO, + 2 H,0

Figure 1.2. Simple energy diagram of methane oxidation.
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1.3.3 Methane to Methanol via Syngas

Currently, the most common way to convert methane to methanol is via synthesis gas
(syngas, H2 + CO). Syngas was originally commercial process obtained from the reaction
of coal with steam but more recently process to convert natural gas with steam to syngas
have been commercialized. However, the process requires a high temperature (ca. 900 <C)
and pressure. In addition, the capital expense for syngas is very high which limits its

application. 4!

Ni CO+3H,

CH, + H,0
~900 °C ~250 °C

CH3OH + H,0
Scheme 1.3.1. Current industrial production of synthesis gas and methanol.
1.3.4 Methane Functionalization via Heterogenous Catalysis

Several categories of heterogeneous catalysts have been reported for methane
functionalization, which includes coupling oxidation of methane using basic oxide, 3¢
partial oxidation by transition metal oxides,*”! and iron complexes supported on zeolites.[*®!
In order to break the strong C—H bond in methane, high temperature (> 250 °C) is often
necessary for the catalysis to achieve high conversion. However, as mentioned formerly in
this chapter, over-oxidation is the major problem for methane partial oxidation. Under high-
temperature conditions, the reaction selectivity is usually low. To the best of our knowledge,
the catalysis process with high selectivity (> 90%) at high conversion (> 70%) has not been
reported yet. For example, Hutchings and co-workers has reported a low temperature
methane conversion catalysis using Fe-silicalite-1, which can achieve 96% selectivity to

partial oxidation products (CH3OH, HCOOH, MeOOH with 8% selectivity for MeOH) at

70 °C with 10.5% conversion. With Cu additives, the reaction can selectively produce
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MeOH as the only partial oxidation product (with 7% COz as over oxidation product) with
10.1% conversion. However, the reaction requires hydrogen peroxide as the oxidant and
the best conversion is about 10%. In addition, the catalyst needs a pre-treatment at 550 °C

to maintain its reactivity.*"’

Ronny Neuman and co-workers reported a
bipyrimidinylplatinum-polyoxometalate catalyst that can access aerobic oxidation of
methane at 50 °C. However, it also suffers from poor selectivity and low conversion. Under
the optimal condition, a similar amount of CH3CHO was produced along with MeOH with
~1% overall conversion.
1.3.5 Hydrocarbon Functionalization via Organometallic Catalysis

Homogeneous catalysts have been suggested as a possible solution for methane partial
oxidation. One of the benefits of late transition metal complexes is that the formation of
M-C bonds can compensate for breaking the strong C—H bond. In this case, the reaction
conditions are usually much milder than heterogeneous catalysis, which often generate free
methyl radicals and do not form M—C bond. Another advantage is that normally there is no
free radical involved in metal complex catalyzed C—H activation, which leads to a better

product selectivity. Several recognized C—H activation mechanisms are summarized in

Figure 1.3.
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Figure 1.3. Different mechanisms for metal complex mediated C—H activation.**!

There are generally two steps required for hydrocarbon functionalization, C—H bond
activation and C—X (X = O, N, halide, etc.) bond formation, and both of them are
challenging. C—H bond activation generally involves at least two different steps: 1)
coordination of alkanes to metal center and 2) C—H bond cleavage. The coordination step
can be viewed as an inner sphere ligand displacement or interchange and is often
energetically uphill.®") Compared to other possible ligands in the reaction mixture, such as
OAc’, halide or solvent molecule, alkanes are not good ligands due to the poor binding
characteristics. In some cases, calculation shows that the AH* for methane coordination is
about 4 times higher than the AH* for C-H bond cleavage. In addition, the ligation of the
hydroxy group in partial oxidation products can compete the coordination of alkanes to
metal center, which could further hinder the C—H bond activation process. The C—X bond
formation step is not easy either. Reductive elimination is the most common strategy to

form a C—X bond, and a high oxidation state metal center is often required.
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1.3.6 Examples for Methane Functionalization via Organometallic Routes

In the 1960s, Shilov and co-workers reported methane partial oxidation to methanol
catalyzed by [PtCls]*."? The proposed mechanism for Shilov system is shown in Scheme
1.3.2. The reaction is initiated with C—H activation by a Pt" complex to generate a Pt'-Me
species. The Pt'-Me intermediate is oxidized by Pt'V oxidant to generate a Pt'Y-Me
complex, followed by reductive elimination to produce MeX or MeOH via nucleophilic
attack of OH or X™ (X = CI', OAc, etc.). However, reported reaction rates and conversions
are very low with the Shilov process. In addition, a stoichiometric amount of Pt oxidant is
required in the original report. Also, the Pt catalyst is not stable due to irreversible

decomposition to Pt(0) or insoluble, polymeric Pt salts such (PtCl2)n.

MeOH or MeX -~ pui-X
x/

~ L CH4
Reductive Functionalization CH Activation
HX
X or OH"
X L CH
]
L\F\,tIV-CHg, X>Pt”\L
XL
X \/
PN X = OAc’, CI, etc.
Pt PtV
Oxidation

Scheme 1.3.2. Proposed catalytic cycle for Shilov system.

In order to overcome challenges with the Shilov system, Periana and co-workers
developed catalysis using Pt(bpym)Cl2/H2S8O4 {bpym= x>-(2,2’ -bipyrimidyl)} which is
stable and active for converting methane to methyl bisulfate in concentrated sulfuric acid.>)
The affinity of the bpym ligand for Pt(Il) is sufficient to keep the Pt complex stable in the

hot H2SOs4 solution. In addition, bpym can convert insoluble (PtCl2)a or Pt black to soluble

Pt(IT) species, which solves primary problem of the original Shilov system. Under
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optimized conditions (3400 kPa CHs, 80 mL 102% H2SOs4+ at 220 °C), the
Pt(bpym)CIl2/H2SO4 system achieves 71% one-pass yield with 81% selectivity for

MeOSO;H based on methane. The TON is over 500 with a TOF of ~1072 s

Pt(bpym)Cl
CH, + 2 Hy80, —OPYMICla_ o 0804H + 2 H,0 + SO,
H,SO,
Y
NN, OP
Pt
NN op

~N,  OP
I Pt OF" CH Activiation
CH0P NNT
W cHe
N
Functionalization
HOP
+HOP

0
N /N// ‘ \\\OP N__N, \\\\OP
7] T
- N
NN | e, NN CH,
o ()

OP =Clor HSO,4

SO, +H,0  SOg+2HOP

Oxidation
Scheme 1.3.3. Proposed catalytic cycle for Pt(bpym)CIl2/H2SO4 system.

The reaction mechanism is similar to Shilov system except for SOs is the oxidant, and
conversion of SOz to SOs can be easily accomplished with air. Another important feature
is that the production of the methyl bisulfate has been estimated to be 100 times slower
than methane toward C—H activation by the Pt" catalyst.>* In this case, the strong electron
withdrawing group HSO4 likely protects the product from over oxidation. An issue is that
the concentration of product is limited to 1 M, which is too low for cost-effective product

separation. With the reaction proceeds, the concentration of H2SO4 drops. The methanol or



19

H:0 will present in the solution. The energy of Pt—-H2OH or Pt—-MeOH is about 5 kcal/mol
lower than Pt—-HSO4 which leads to the inhibition of the catalyst. This phenomenon is called
ground state inhibition. The catalyst will completely lose activity due to methanol or water
coordination.

With the success of Pt/H2SOas system, a series of late transitional metals including
Hg,5 Au,®® and Pd®7 complexes have been reported to be active for methane partial
oxidation. Hg complexes share a similar condition with the Pt system, however, it could
use unpurified natural gas as the reactant.’®! The “soft” metal center Au(I) and Au(IlI) are
proposed to be active for methane oxidation and by using H2SeOs as solvent as well as the
oxidant, it can reach over 30 TON with 90% selectivity.[*®! Different from other systems,
the Pd complex will selectively produce acetic acid rather than methanol.””) Recently,
Schiith and co-workers detailed a series of Pt(Il) complexes for methane functionalization.
By using 20% oleum as oxidant and solvent, simple Pt(II) salts K2PtCls proved to be very
active at low concentration. TOF, over 24,000 h!' could be reached with the optimized
conditions, which indicated possible applications in industrial production.[!

The primary issues with Periana Pt system are production inhibition and product
separation in super-acidic solvents such as oleum. In order to solve this problem,
trifluoroacetic acid (HTFA) has been considered as a possible replacement for oleum.
Trifluoroacetate has a very strong electron withdrawing ability, which can provide the
similar benefit as sulfate to prevent methyl trifluoroacetate (MeTFA), the product of
methane functionalization, from further oxidation. In addition, the boiling point of MeTFA

(43 °C) is significantly lower than that of HTFA (b.p. 72 °C), which means that the product
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can be likely removed easily from the reaction mixture by distillation.
Sen and co-workers reported Pd(II) salts catalyze methane oxidation to MeTFA using

[59:601 Strassner and co-workers reported

Pd(II) salts with hydrogen peroxide as the oxidant.
BisNHC (NHC = N-Heterocyclic Carbene) ligand supported Pd(II) complexes, which can
catalyze methane functionalization with K2S203.1162 Co(II) salts such as Co(OAc)2, CoCla,
Co(NOs3)2 have also been shown to be active catalysts for methane oxidation with oxygen
to yield MeTFA in HTFA and trifluoroacetic anhydride (TFAA) mixture.!®*) TFAA is
essential to protect the Co catalysts from deactivation. Under the optimal condition,
Co(NOs)2 turns out to be the best catalyst, which can achieve 50% MeTFA yield base on
methane. However, up to 50% of TFAA was consumed, and the formation of insoluble
cobalt fluorides results in the catalyst deactivation. Recently, Periana and co-workers
reported main-group compounds, TI(TFA); and Pb(TFA)s, can selectively
stoichiometrically oxidize the mixture of methane, ethane and propane to alcohol esters.!*¥
Pb" and TI"" are much better electrophiles especially with ethane in HTFA, which leads to
the high reactivity of those main group metal compounds towards alkane oxidation.
Although a stoichiometric amount of metal compounds are needed as the oxidant, the
oxidative conversion of TI(I) to TI(III) is potentially accessible with 0.[6%!

Our group reported a hypervalent iodine/chloride alkane oxidation (HIAO) process
that uses iodate salts with a sub-stoichiometric chlorine source in HTFA media to
selectively functionalize light alkanes.[¢*”) In the initial study, at optimal conditions, a 24%

yield of MeTFA based on methane with over 90% mono-functionalization product was

achieved (Scheme 1.3.4). The process can use a wide range of alkane pressure (240-6900
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kPa) at temperatures < 235 °C. The reaction is inefficient in the absence of chloride. The
HIAO process is proposed to occur through H-atom abstraction by free radical species
including Cle and 1Oz° to generate alkyl radicals to initiate the reaction. lodine, which forms
by in situ reduction of iodate, traps alkyl radicals as alkyl iodides that are subsequently

converted to alkyl esters in HTFA solvent.[®!

Yield based on RH
MCI/M'IO3 R =Me 24%
- —_—
R-H HTFA RTFA Et 30%
Pr 19%

Scheme 1.3.4. Iodate/chloride oxidation of alkanes which is proposed to be catalytic in
chloride.

1.3.7 Reductive Elimination of MeX

Reductive elimination (RE) of MeX (X= halide, OAc", TFA", HSO4, OH', etc.) from
metal intermediates is the key step of Shilov-type and other hydrocarbon functionalization
reactions. The rate of RE can be influenced by many factors including: 1) steric effect of
the metal complex, more sterically hindered complexes can react faster than less sterically
hindered complexes; 2) electronic effect of the metal center. Since the RE will formally
reduce the metal center, it has often been suggested that metals with less electron density
(e.g. high oxidation state) undergo more facile the RE reactions. However, effects that
influence reductive elimination and oxidative addition reactions can be more subtle.
Generally, the rate of RE is first row > second row > third row, which is likely because of
trends in M—C BDE. 3) The effect of coordination number. This effect results from changes
in frontier orbitals. Three- or five-coordinate metal complexes tend to undergo RE faster
than those of four- and six-coordinate metal complexes. The RE from four- and six-
coordinate complexes will occupy an orbital in the intermediate that is strongly metal-

ligand antibonding. However, the RE from three- and five-coordinate complexes lead to
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the occupation of a nonbonding orbital.[”) 4) The effect of geometry. Complex with less
structural reorganization will have a faster RE rate. For example, the cis orientation is
required for RE with a concerted mechanism. The complexes with two ligands located trans
to each other will undergo stepwise mechanism or isomerization to its cis isomer prior to

RE, which may lead to slower reaction rate (Scheme 1.3.5).

A
/
cs LM~ ——— LM+ A—B Concerted or stepwise (Sy2)
B
Ly
\
trans A—l\‘ﬂ—B ——> LM+ A—B Must occur stepwise
Ln

Scheme 1.3.5. The effect of geometry on RE reaction.
The RE of MeX with Pt, Pd, Rh, Au and Ni complexes will be reviewed later in this chapter.
Reductive Elimination of MeX from Pt(IV) complexes

In 1994, Goldberg and co-workers reported that the bidentate phosphine complex
(dppe)Pt(Me)sl (dppe = 1,2-Bis(diphenylphosphino)ethane) undergoes competitive RE of
Mel and ethane respectively.”"”"! The RE of Mel went through a common two-step Sx2
pathway, in which the iodide anion dissociates from Pt complex to form a cationic Pt(IV)
intermediate, and subsequent nucleophilic attack of iodide on the methyl ligand yields Mel.
The five coordinate Pt intermediate can also undergo RE of ethane, which is kinetic
competition reaction again RE of Mel. When tracing the reaction, Mel and (dppe)Pt(Me)2
will eventually all convert to (dppe)Pt(Me)l and ethane. This result indicated that the RE
of Mel is reversible and the production of ethane is thermodynamically favored pathway.

The Sn2 mechanism was further confirmed by adding an excess amount of Nal added to
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the solution. The initial rate of RE of Mel was not affected, however, the production of
ethane was greatly inhibited. The increased amount of iodide will inhibit the dissociation
of iodide from the Pt complex to form the five coordinate intermediate, which greatly limit
the RE of ethane. Increased iodide concentration can accelerate the nucleophilic attack on
the methyl, so the initial reaction rate of Mel production was unaffected. The detailed

mechanism is shown in Scheme 1.3.6.

Ph, Me Ph, Me Phy
P\‘/Me ki P\‘/Me ko[l P\ /Me
ML S Pt —_— P+ Mel
p” | “Me Kalll P Me ka P Me
Ph, | Ph, Ph,

k3
Ph, Ph, *
P Me . P Me
NS ky[l
e 2R o + CHsCHs
P | ka p”
PhAI Ph,

Scheme 1.3.6. Mechanism of RE of Mel from (dppe)Pt(Me)sl.
Reductive Elimination to Form C-X Bond with Pd Complexes

The example for RE of methyl halide from Pd complexes has not been reported,
however, there are several examples about C—X bond formation can resemble its insight.
The RE from Pd(II) is believed to often undergo through a three-centered concerted
mechanism. In this case, the heteroatom ligands with covalently bonding property is more
favored.”” Base on hard-soft-acid-base (HSAB) theory, Pd(II) complexes with softer and
more electron donating heteroatom ligands undergo RE faster than those containing harder
and less electron donating ligands.[>73! Second, reductive eliminations that form carbon-
heteroatom bonds from arylpalladium(I1) complexes are faster than those that form carbon-

heteroatom bonds from alkylpalladium(11) complexes,! The selected results are shown in
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Table 1.1.' The RE reaction rate follow the order: vinyl > aryl > alkenyl > Me. This may

be the reason why very limited example of RE of MeX has been reported.

Table 1.1. Selected result from RE from Pd(I1) thiolate complexes.

Ph,

[P\ AR PPy RSt-Bu + [Pd(DPPE),] + [Pd(PPh),]
P -Bu + +
o StBu 50-95°C 2 3

Ph,
R Temp./°C t12/min
-Me 95 580
-CHC(Me)2 50 17
-Ph 50 48
-C=C(CH2);CH3 95 87

The RE from Pd(II) to form C(sp*)-X bond has been widely studied. Hartwig and co-

workers have reported RE of aryl halide from a series of tris(o-tolyl)phosphine [P(o-tol)s]

supported Pd dimer.”¥ The results are summarized in Table 1.2, The chloride anion gives

the largest driving force for reductive elimination and iodine gives the smallest due to the

thermodynamic properties However, the reaction rates show a opposite trend. The low yield

of chloroarene from the reaction of 1d is consistent with the slow rates for the reaction of

the more hindered chloride 1a and with generally slow rates for the microscopic reverse,

oxidative addition of aryl chloride.

Table 1.2. Selected result from RE from Pd(I1) phosphine dimer.

X

(O-tol)aP\ /Y

Pd /
4 70°C
R, 2 44 P(t-Bu)s 2 Pd[P(t-Bu)z], + 2 P(o-tol)3 + 2 R1OR2
S: ;Rz

Rs
Rs Ry = t-Bu, Ry = Me, Ry = H Ry =Ry =H, Ry = t-Bu
X=Cl:1a, X=Br: 1b, X =1: 1¢ X =Cl: 1d, X=Br: 1e
complex Yield of ArX (%) Keq
la 70 9(3) x 102
1b 70 2.3(3) x 107

Ic 39 3.7(2) x 10°
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1d 30 not measured
le 75 3.3(6) x 10*

Another interesting example of reductive elimination from dinuclear Pd(lIl)
complexes {[Pd(X)z(bhq)]2, bhq = benzo[h]quinoline, X = OAc™ or CI'} has been reported
by Ritter and co-workers.[’™ The bimetallic Pd(I11) complex has a Pd—Pd bond to help
stabilizing its structure. Due to the high oxidation state of Pd, the formation of a series of
C-0O, C-Cl bond via RE can be achieved at a much lower temperature (23 °C for C-CI
bond formation). A bimetallic mechanism has been shown to be likely using experiments
and calculations. In addition, C—F bond formation can be achieved through RE from high-
valent palladium fluoride complex. Strong fluorination reagent such as XeF2, Selectfluor
and ArlF2 were essential to accomplish the transformation.[’6-78
Reductive Elimination of MeX from Rh(IIl) Complexes

Rh-based catalysis is a possible replacement for Pt-based methane functionalization
system. The Rh'/Rh""" redox couple offers a few attractive properties: 1) Rh'/Rh""" redox
cycle is easily accessible and allows for potentially air-recyclable oxidants to be used; 2)
the Rh metal center is expected to be less electrophilic than late metals might coordinate to
water and functionalized product more weakly. 3) The formation of Rh(s) is less
thermodynamically favored than Pt(s) and Pd(s).

Milstein and co-workers reported RE of Mel from a series of naphthyl-based PCP-type
ligand supported Rh(111) complexes.l”®! Reactions are shown in Scheme 1.3.7. The steric
effect is dramatically important in this type of complexes. With the addition of CO, the
(‘BuPCP)Rh(II1) complexes can irreversibly reductively eliminate Mel with high yield. In

contrast, less steric hindered (""PCP)Rh(I11) complexes does not reductively eliminate the
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Mel under the same conditions. The reverse reaction, oxidative addition, is favored
(P'PCP)by Rh(I) complex. In the presence of deuterated methyl iodide (CDsl), the exchange
between CD3s and CHs was observed in (®'PCP)the Rh(l11) complex, which indicated the
RE step is reversible without CO. With the addition of an excess amount of iodide, the
CDs/CHs rate is not affected, which indicated the RE of Mel from (PCP)Rh(II1) complexes

does not have iodide dissociation step.

Q-
% b + e
PBu,

O=(CT
F/ath Mel
PR,
P/Pr, RPr,

PR
Ol S O GV SR
O Rh—CO + Mel ——}— O _.F/ih*CO + O ,.7hfl

PR, N—pipr, oc\—pipr,
Scheme 1.3.7. Reductive elimination of Mel from PCP Rh complexes.

Recently, Milstein and co-workers reported a detailed study of a series of "PNP-type
ligand supported Rh(I111) complexes.® Steric effect (‘Bu vs 'Pr), halide ligand effect (CI,
Br, I"), ancillary ligand effect (CO, isonitriles, acetonitrile) and solvent (protic polar vs
aprotic polar) were investigated. In all different cases, the RE rate is following the trend:
I > Br > CI. The (®“PNP)Rh(I11) complexes gave better RE result than (""PNP)Rh(lII),
which again indicated the importance of steric effect. When investigating the solvent effect,
the author found (®“PNP)Rh(I11) chloride complex preferred protic polar solvent, which is
different from that of iodide and bromide. There are three possible mechanisms proposed

in Scheme 1.3.8. While polar protic solvents may increase the halide dissociation step in
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pathways (1) and (2) by hydrogen-bonding interaction, such an interaction should also be
expected to decrease the nucleophilicity of the dissociated halide. In this case, (PNP)Rh(I11)
bromide or iodide complexes are more likely to undergo the Sn2 mechanism, while RE of
MeCl from (PNP)Rh(IIT) chloride complex was predicted to go through a concerted
mechanism. The ancillary ligand effect is also investigated. The CO ligand promotes the
RE of MeX, and the reaction is irreversible. Acetonitrile can also promote the RE of MeX,
however, the reaction is reversible. The effect is different from isonitrile, excess amount of
ligand will lead to the formation of stable six coordinate Rh(Ill) complexes, which limits

the RE of MeX.

(1) Sy2 Pathway

PR, PR2 PRz PRz
- ‘ — ‘ -MeX
\ N Rh=X == N-Rh— CH3 x © NRh L. NRh L
(/| =
—PR, PR,

Me

(2) Associate Sy2 Pathway

PR2 PR2 PRy PR
| LY o _{ ] 2
Bt Rh x = N Rh x \ N- R‘h CHy x = | “MeX C NRn—L
/
/ / I b, |

PR,

(3) Concerted Pathway
PR2 PR, PRz
— ‘ X -MeX
N Rh X = \ N-Rh__ N Rh —> N Rh L
/ L] "CH,
PR, PR, F>R2 PR2

Scheme 1.3.8. Three possible pathways for RE of PNP ligated Rh complexes.

Reductive Elimination to Form C-X Bond with Other Transition Metal Complexes

The studies of RE with other metal complex are very limited. Bercaw and co-workers
reported RE of Mel from an N-heterocyclic carbene (NHC) Au(lll) monomethyl
complex.® The direct elimination of Mel from three coordinate Au(lll) through a

concerted pathway was proposed as the most likely mechanism. In addition, Au(lll)
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complexes with similar NHC ligands ware reported for RE of C—F bond with XeF: as the
fluorination reagent.’®? Sanford and co-workers reported the first example of Ar—Br bond
formation from a nickel aryl halide precursor.® By using CuBr2 and Br as the oxidant,
the nickel complex can be oxidized to high valent Ni"" intermediate, which reductively
eliminates aryl bromide in high yield.
1.4 Arene Functionalization
1.41 Overview of Alkyl Arenes

Billions of pounds of alkyl and alkenyl arenes are produced each year, and they serve
as precursors for plastics, elastomers, detergents and pharmaceuticals.’®**! For example,
the global production of ethylbenzene is over 20 million tons annually with approximately
98% of ethylbenzene converted to styrene.**!) Some products from alkyl arenes are

summarized in Scheme 1.4.1.

OH
(e}
< >—< > + A
@ O —
—_—
Fossil - +
n
resources olefins @—{: NaOﬁ@—{i
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Oy — Loy

Scheme 1.4.1. The synthesis and usage of alkyl arenes.

Ethylbenzene is one of the simplest and the most important alkyl arenes. After
dehydrogenation, ethylbenzene is converted to styrene, which is the starting material for a
series of plastics including crystalline polystyrene, rubber-modified impact polystyrene,

expandable polystyrene, acrylonitrile—butadiene—styrene copolymer (ABS), styrene—
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acrylonitrile resins (SAN), styrene—butadiene latex, styrene—butadiene rubber (qv) (SBR),
and unsaturated polyester resins.®! Currently, ethylbenzene is produced by Friedel-Crafts
or zeolite and catalytic benzene alkylation with ethylene. Use acid based catalysts, such as
AICl3 and HF or acidic zeolite), high reaction rate can be achieved. The standard
mechanism for acid catalysts is shown in Scheme 1.4.2 using HF and AICls. HF and AICl3
will form a superacid intermediate and react with ethylene to form a carbocation. The
carbocation then undergoes electrophilic addition to benzene to form a “Wheland
intermediate”. Deprotonate of the intermediate to give ethylbenzene and regenerate the acid

catalyst is the final step.

H
77N M
= + H—Q;I)F — 4 © [AICI;F] ——> O [AICI;F] —— +
W, HAICI,F

Wheland Intermediate

Scheme 1.4.2. Mechanism for acid catalyzed Friedel-Crafts alkylation.

Althrough the Friedel-Crafts alkylation has been commercialized, there are drawbacks.
Ethyl is an electron donating functional group, which makes the benzene ring more electron
rich. The increased electron density makes the ethylbenzene more reactive than benzene
towards electrophilic attack.®*! Thus, undesired polyalkylated products cannot be avoided
at high conversion. In order to convert polyalkylated products to mono-functionalized
product, distillation followed by an energy consuming process called transalkylation are
needed.”>** Another disadvantage of Friedel-Crafts alkylation is the limitation of arene
substrates. If there is an electron withdrawing functional group on the benzene ring, the
reaction rate will be highly reduced. For example, chlorobenzene is about 10 times less

reactive compared to benzene. In addition, acid catalysts (AICl; and HF) often cannot be
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recycled due to their neutralization during the product extraction process. In order to solve
this problem, solid catalysts, zeolites, have been implanted since the 1980s.1*! However,
there are still some processes, such as Monsanto/Lummus Crest, Union Carbide/Badger
and Petroflex, that use AICI3 based catalysts.[®!

When using longer chain a-olefin as the substrate, a series important alkyl arenes can
be obtained. Cumene, which accounts for about 20% of world benzene consumption,?”
can be produced through zeolite catalyzed alkylation of benzene with propylene. The
majority of cumene is converted to cumene hydroperoxide, which is the important

intermediate in the industrial synthesis of phenol and acetone.l’®

Longer chain
alkylbenzenes are converted to alkylbenzene sulfonates, which are the active components
in detergents, through alkylbenzene sulfonation. Isobutyl benzene is an important starting
material for Ibuprofen which is an analgesic, anti-inflammatory drug. However, it cannot
be directly synthesized through alkylation of benzene with isobutene. Since Friedel-Crafts
alkylation has a carbocation intermediate, the isobutene will generate the tert-butyl
carbocation intermediate, which leads to the production of tert-butylbenzene. In order to
obtain the isobutene, a sodium/potassium alloy is needed as the catalyst for the reaction of
toluene and propylene.'”! The reaction of benzene with longer chain a-olefins has the same
limitation, which makes the production of 1-aryl alkanes impossible with existing catalysts.
In the 1960s, branched alkylbenzene sulfonates (BASs), produced by sulfonation of
branched alkylbenzenes (Scheme 1.4.3), were used widely as raw materials for domestic

detergents. However, their slow biodegradation led to water pollution.!®” Linear

alkylbenzenes (LABs) were introduced in the mid-1960s as a precursor for making linear
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alkylbenzene sulfonates (LASs), which provided more facile biodegradation.!'®®!°!) The
major fractions of LABs are 2- and 3-phenyl alkanes. To differentiate the 1-phenyl alkanes
from the predominantly 2-substituted LABs, we have labeled the former super linear alkyl
benzenes (SLABs, Scheme 1.4.3), or super linear alkenyl benzenes for their unsaturated
variants. Currently, true straight-chain alkyl benzenes can only be produced through
Friedel-Crafts acylation followed by a Clemmensen or Wolft-Kishner reduction. The

expense of the substrates and the stoichiometric amount of HCl waste limits industrial

o

Branched Alkylbenzenes Linear Alkylbenzenes Super Linear Alkylbenzenes

application.

Scheme 1.4.3. Examples for branched alkyl benzenes (BABSs), linear alkyl benzenes (LABS)
and super linear alkyl benzenes (SLABS).

1.4.2 Late Transition Metal Catalyzed Hydroarylation of Olefins

Transition metal catalyzed olefin hydroarylation gives an alternative to acid-based
catalysis to produce alkyl or alkenyl arenes production The proposed mechanism for many
transition metal catalyzed olefin hydroarylation is shown in Scheme 1.4.4 with benzene
and a-olefin. The catalyst dissociates a labile ligand and coordinates an a-olefin to enter
the catalytic cycle. The a-olefin then inserts into the M—Ph bond to give a phenalkyl
intermediate. Another equivalent of benzene coordinates to the metal center and goes
through a C-H activation followed by alkyl benzene dissociation to regenerate the

catalyst,[10%104]
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Scheme 1.4.4. Proposed mechanism for transition metal catalyzed hydroarylation with
benzene and a-olefin.

Compared to Friedel-Crafts alkylation, several possible advantages of late transition
metal catalyzed olefin hydroarylation are listed below (note: assuming the mechanism is or
similar to what is shown in Scheme 1.4.4):

1) Transition metal catalyzed olefin hydroarylation does not include an electrophilic
substitution, which does not require an electron donating group to activate the arene. In
this case, a large scope of arenes potentially can be used as substrates, especially those
with electron withdrawing groups, such as nitrobenzene, chlorobenzene, etc.

2) Since the electron density of the arene might not greatly affect the reaction, the
alkylbenzene product will have similar or reduced (due to steric effects) reactivity
toward hydroarylation compared to benzene, which can limit polyalkylated arene

production.
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3) When using substituted arene as substrate, the steric effect can dominate product
selectivity with meta- and para- positions more accessible towards alkylation, which is
different from ortho- and para- selectivity of electrophilic substitution reaction.!'%!

4) Without the formation of a carbocation intermediate, straight-chain alkyl arenes can be
produced directly from alkylation with benzene and a-olefin. The linear to branched
selectivity is determined in olefin insertion step (Scheme 1.4.5).

5) Transition metal catalyzed pathways also give the possibility to directly product alkenyl

arenes.

o M
o>
2N Linear

R
Branched

Scheme 1.4.5. Linear to branched selectivity and the olefin insertion step.

Although transition metal catalyzed hydroarylation has a lot of advantages, it also
suffers from some drawbacks. Common off-cycle reactions are shown in Scheme 1.4.4.
The BDEs of benzene C—H bond (112 kcal/mol) and olefin C—H bond (112 kcal/mol) are
often similar, which leads to the possible olefin C—H activation (pathway I). Irreversible -
hydride elimination of arylalkyl intermediates may also be an issue (pathway II). The -
hydride elimination process will generate metal hydride species, which can lead to
decomposation. In order to complete the catalytic cycle, an oxidant is needed to remove
metal hydride to keep the catalyst stable. In addition, olefin polymerization can also happen

when olefin insertion is too rapid (pathway III). This can generate polymers or oligomers.
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Irreversible arene C—H oxidative addition can occur with electron-rich metals. This is
proved to be a major pathway for Pd catalyst deactivation.!'®! In order to solve those
problems, different ligands are used to tune the steric and electronic property of the metal
center.

1.4.3 Examples for Late Transition Metal Catalyzed Olefin Hydroarylation

Ir catalysts:

Periana and co-workers published a series of Ir(II) complexes that can catalyze the
hydroarylation of olefins.['"-!'2] The initial study showed that the bis-acac-O,0-Ir(III)
complex [Ir(u-acac-0,0,C®%)(acac-O,0)(acac-C?)]2 (acac = acetylacetonate) can efficiently
catalyze olefin hydroarylation. Under 1.9 MPa of ethylene at 180 °C 50 TON after 20
minutes and 455 TON after 3 hours were obtained. The reaction with benzene and longer
chain olefins under similar conditions selectively form linear products. The reaction with
propylene gives 13 TON with linear to branched (L:B) ratio of 1.6:1 and with iso-butene
gives 2 TON with L:B ratio of 4:1. The reaction with 1-hexene gives 1-phenylhexane and
2-phenylhexane with 2.2:1 ratio and 3-phenylhexane was not observed. Further, the
hydroarylation of ethylene with toluene produced m-ethyltoluene and p-ethyltoluene in a
63:37 ratio with no o-ethyl toluene observed.!'” In the follow-up paper, a series of Ir(acac)
complexes are synthesized from original Ir dimer and the mono Ir(acac) complex with
water and phenyl as ligands proves to be the fastest catalyst (Scheme 1.4.6). The reaction
rate is reduced with addition of extra pyridine, which indicates the dissociation of the ligand

is needed for catalysis.!!*%]
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Scheme 1.4.6. Ir(acac) complexes.

The proposed mechanism is similar to general late transition metal catalyzed olefin
hydroarylation in Scheme 1.4.7.129911%1 However, there are several interesting points that
need to be noted. A trans to cis transformation is needed for entering the catalytic cycle.
The barrier for this transformation is calculated to be even higher than the C—H activation
step. The reaction shows no kinetic isotope effect (KIE) for CeHs/CsDs mixture and positive
KIE for 1,3,5-CsDsHs, which indicates that the rate determining step in this transformation
is not likely C—H activation. In addition, the Ir-phenethyl species was shown to undergo
reversible B-hydride elimination based on deuterium labeling studies and the rate for the

C—H activation is about twice that of B-hydride elimination reactions.
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Scheme 1.4.7. Mechanism of Ir(acac) series complexes catalyzed olefin hydroarylation.
In order to improve their Ir(acac) system, two new complexes have been developed as
potential catalysts (Figure 1.4.1). [Ir(Ph)(py)(trop-O,0)2] (trop-O,0 = x*-0,0-tropolonato)
catalyzed H/D of toluene is at least 50 times faster than acac-O,0 analogue; however, it
shows very similar reaction rate of olefin hydroarylation to acac-O,0 analogue.[*'12 The
Rh  analogue trans-(hfac-O,0).Rh(Ph)(py) (hfac-O,0 = #*-0,0-1,1,1,55,5-
hexafluoroacetylacetonato) shows positive results in arene C-H activation, however, it
does not catalyze olefin hydroarylation. When monitoring the reaction with benzene and
styrene with trans-(hfac-O,0)2Rh(Ph)(py), dihydrostilbene is the major product in short
reaction (< 1 hour), however significant amount of polystyrene observed in long reaction

(> 1 hour).[%3
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[Ir(Ph)(py)(trop-0,0),]. trans-(hfac-0,0),Rh(Ph)(py)
Figure 1.4.1. Structure of [Ir(Ph)(py)(trop-O,0):] and trans-(hfac-O,0)Rh(Ph)(py).
Ru catalysts:

Our group has reported a series of Ru(ll) complexes that catalyze the hydroarylation
of olefins.t41241 Some important results are summarized in Figure 1.4.2. The initial report
showed that TpRu(CO)(NCMe)Ph (Tp = hydridotris(pyrazolyl)borate) could catalyze
olefin hydroarylation using benzene with ethylene and propylene.™4 At 90 <C in neat
benzene under 25 psig ethylene and with 0.1 mol% Ru catalyst loading, the reaction gave
74 TON after 24 hours. The TOF in the first 4 h is 3.5 <10 mol™ s and only a small

amount of 1,3- and 1,4- diethylbenzene were produced. In the reaction with propylene, 14

catalytic TOs of n-propylbenzene and cumene products were obtained in a 1.6:1 ratio.



Figure 1.4.2. Summarized results of Ru(ll) catalysts for olefin hydroarylation.
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In the follow-up paper, computational studies in conjunction with experimental results

benzene coordinates to the Ru and goes through a C—H activation followed by ethylene

coordination and ethylbenzene dissociation to regenerate the catalyst. The reaction rate
shows an inverse dependence on ethylene pressure, indicating that ethylene can coordinate
to the phenethyl intermediate to form the resting state, which slows down the reaction. A

KIE of 2.1(1) was found through competition experiments, indicating that C—H activation

support the mechanism depicted in Scheme 1.4.8.11*! The catalyst dissociates acetonitrile
and coordinates to one equivalent of ethylene to enter the catalytic cycle. The ethylene then

inserts into the Ru—Ph bond to give a phenethyl intermediate. Another equivalent of



39

is or precedes the rate determining step in the catalytic cycle.
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Scheme 1.4.8. Mechanism for TpRu(CO)(NCMe)Ph catalyzed olefin hydroarylation.

A series of modifications on ancillary ligand have provided more insight of the TpRu
system.[*16-1201 pMes, P(O)(OCH2).CMe, P(N-pyrrolyl)s (P(pyr)s), P(OCHs).Et and CO
were used as ancillary ligands (Figure 1.4.2). The electronics properties of the complex was
analyzed by cyclic voltammetry using reversible Ru(l11/11) potentials. The TON increases
with an increase in Ru(l11/11) potential. The complex with PMes ligand shows no activity
towards ethylene hydrophenylation. This result was investigated by DFT calculations, and
it was found that the energy difference between ethylene insertion and ethylene activation
is the smallest with PMes. TpRu(PMes)(52-C2Ha4) (*-C2Hs3) is the kinetic product of catalyst
deactivation, and this leads to the formation of TpRu(PMes)(#°-CsHsMe).1 P(pyr)s has
moderated Ru(l1l/11) potentials, however, it also shows no catalytic ability. The inactivity

is due to the steric bulk of the ligand. The cone angle of P(pyr)s (145<) is much larger than



40

other ligands (CO 95< P(OCHzs):Et 1019, which leads to a difficulty of ethylene
coordination and insertion. The combined steric and electronic impact on the ethylene
coordination/insertion step for olefin hydroarylation, the AG of P(pyr)s complex (25.0
kcal/mol) is higher than CO complex (9.9 kcal/mol), which leads to its failure to catalyze
hydroarylation of ethylene.**”! Additional study with functionalized arene initiated that the
C—H activation step likely occurs through c-bond metathesis. 28!

In addition, our group has modified the Tp ligand to look for possible improvement.
The more electron deficient ligand HC(pz°)s (HC(pz°)s = tris(5-methyl-pyrazolyl)- methane)
was used to replace Tp. This causes the catalyst to be cationic rather than neutral. The
Ru(I11/11) potential is 1.06 for the catalyst [HC(pz®)3)Ru(P(OCH:)sCEt)(NCMe)Ph][BAr's]
{ BAr's = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate}, which is found to be the most
active catalysts. Under the best conditions, it gives 565 TON of ethylbenzene with a 95%
yield based on ethylene.*?!! In order to pursue better catalysis result, an even less electron
donating tristriazole ligand, MeOTMM [MeOTMM=4,4",4"’-(methoxymethanetriyl)-
tris(1-benzyl-1H-1,2,3-triazole)], was used to replace Tp. Surprisingly, the main product is
styrene instead of ethylbenzene. In addition, the reaction shows a positive dependence on

ethylene pressure. The proposed mechanism comparison is shown in Scheme 1.4.9.0124
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Scheme 1.4.9. Mechanistic comparison between TpRu and MeOTMM based catalyst.

Pt catalysts

Goldberg and co-workers reported that a (pyridyl)pyrrolide supported Pt(I) complex
catalyzes the hydroarylation of unactivated olefins.!'**! The proposed mechanism is shown
in Scheme 1.4.10. The catalyst can achieve 26 TON ethylbenzene at 100 <C. When treated
with propylene, it gives 8 TON with L:B ratio of 14:86. The L:B ratio of alkyl chain stays
the same when switching benzene to substituted benzene. Substitution of the benzene ring

with results in meta/para selectivity over ortho position.
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Scheme 1.4.10. Proposed mechanism for (pyridyl)pyrrolide ligand supported Pt(II)
complex catalyzed hydroarylation of olefins.

In order to better understand insight of linear to branched product selectivity, a series
of Pt(II) complexes with different pyridyl pyrrolide ligands were synthesized and tested for
olefin hydroarylation reactions.['*! As shown in the Scheme 1.4.11, the complex A has a
methyl group on the 3,5 position on pyrrolide ring and the complex D has a methyl group
on the 6-position on pyridine ring. SMe: is a liable ligand, which will dissociate to leave
the empty site for olefin coordination. As shown in Scheme 1.4.11, the methyl group brings
extra steric barrier against the R group on olefin which leads to the production of branched
product. When using propylene as olefin source, complex A gives a L:B ratio of 13:84 and
complex B gives L:B ratio of 48:52. The R group on the olefin also has a steric barrier
against phenyl group at cis position, which leads to the linear selectivity of product with
complex C. The reactions with propylene, 1-hexene and neohexene as olefin source give

L:B ratio of 48:52, 57:43 and 90:9 respectively. When using complex D as the catalyst, the
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even bigger steric bulk leads to the production of vinyl benzene.
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Scheme 1.4.11. Structures of different (pyridyl)pyrrolide ligand supported Pt(IT) complexes
and steric effect on olefin insertion.

Our group has recently published a series of papers detailing ligand effects, substrate
scope, and mechanistic details of Pt(II) catalysts for olefin hydroarylation.!'*”132 The initial
Pt catalyst reported was [(‘bpy)Pt(Ph)THF][BAr'4] (‘bpy = 4,4'-di-tert-butyl-2,2'-bipyridine,
Ar' = 3,5-bis(trifluoromethyl)phenyl). At 100 T with 15 psig ethylene, using 0.1 mol% Pt
catalyst, the catalysis gives ~66 TOs of ethylbenzene and ~35 TOs of diethylbenzene after
16 h reaction. The diethylbenzene is highly selective for meta and para position. When
using propylene as olefin source, it gives ~34 TOs of n-propylbenzene and cumene with a
L:B ratio of ~1:3.'*”) By increasing the chelate size from 5- to 6-member rings with a
modified bipyridine ligand dipyridylmethane (dpm), the complex
[(dpm)Pt(Ph)(THF)|BAr's shows substantial increase in both reactivity and longevity. The
catalysis gives 469 TON of ethylbenzene after 110 h of reaction.!'?®! A series of dpm ligand
with 6,6"-substitution was used to determine their effect on catalysis.!'?’! With increased the

steric bulk on dpm ring, diethylbenzene formation is reduced. However, when investigating
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the reaction with propylene, the L:B ratio was decreased. Changing the chelate size to 7-
member ring shuts down the reaction. In order to pursue better catalysis, a series of
functional groups were used to substitute the z-butyl on the bipyridine ring.!'**!3!] The
interesting observation is that with the decrease of electron donating ability, the main
product changes from ethylbenzene to styrene. In addition, the electron withdrawing
functional group facilitates branched product formation when using propylene as reactant
(2.9:1 for OMe, 4.6:1 for NO2). In the computational study, the methyl group on the
propylene is either proximal (TS-a) or distal (TS-b) to the phenyl ring to yield branched or
linear product respectively. The energy difference is about 4 kcal/mol favored TS-a, which
is caused by steric hindrance between the methyl group on propylene and a 6-H on the
bipyridyl ligand. A mechanistic study shows that the (bpy)Pt catalyst has a small KIE (~1.4)
of ethylene hydrophenylation with C¢He and C¢Ds, Which indicates the rate determining step
does not involve direct breaking C—H bond. The coordination of C—H bond to Pt center is
most likely the rate determining step. An inverse dependence on ethylene pressure was
observed on the reaction rate. In this case, the ethylene coordinated phenethyl intermediate

132

is proposed to be the off-cycle resting state for the catalyst.['3?] Other later transition metal

catalysts, especially Rh based complexes, will be reviewed in the introduction of Chapter
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Figure 1.4.3 Structures of [(*bpy)Pt(Ph)THF][BAr's] and [(dpm)Pt(Ph)(THF)][BAr'].

1.5 Acetoxylation of Non-directed Arenes

Above challenges with C—H bond activation and C—O bond formation with methane
were presented. One of the biggest problems is the barrier for C—H bond coordination to
the metal center is often quite high. Although arene C—H bond coordination is slightly
favored compared to methane, functionalization of C—H bonds in arenes that are lack of
functionalization is still challenging. In order to circumvent the C—H coordination problem,
functional directing groups on the arene are used to increase the reactivity and selectivity
of the C—H functionalization process. Nevertheless, the use of directing groups generally
implies the addition of extra steps in the synthetic sequence, the introduction and removal
of the directing group, which frustrates the goal of this strategy. The direct oxidation of
simple arenes is an attractive process to obtain phenols. Palladium catalyzed C-H
acetoxylation of benzene is a potential route. The different methods to accomplish this

transformation is summarized in Schemel.5.1.
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Schemel.5.1. Summary of Pd(OAc): catalyzed benzene actoxylation.

In 1968, Triggs and co-workers studied a series of metal acetate mediated benzene
acetoxylations.["**] Hg(OAc)2, Pb(OAc)s+ and Pd(OAc): were shown to be effective. A 1:1
ratio of phenyl acetate and biphenyl was observed for the reaction using Pd(OAc): as the
oxidant. When reacting with toluene, Hg(OAc)2, Pb(OAc)4 selectively produced benzyl
acetate, however, tolyl acetate is the main product for Pd(OAc)2. Thus, it is likely that the
acetoxylation with Pd(OAc)2 occurs through a non-radical pathway. A year later, Downs
and co-workers showed that the Pd(OAc)2 could be used as a catalyst for acetoxylation of
benzene. When using NaNO: as the oxidant and acetic acid as solvent, Pd(OAc)2 can give
6 TON of phenyl acetate and 8 TON of nitrobenzene at 100 °C after 18 hours.!"*¥ Strong
oxidants KoCr207 and K2S20s can sufficiently oxidize Pd(0) to Pd(II) to regenerate the

(135.136] With the help of CO and water, oxygen can be used as sufficient

catalyst.
oxidant.[37138 At 180 °C with 15 bar oxygen and 15 bar CO, using 1,10-phenanthroline as
support ligand, Pd(OAc)2 can produce 5 TON of phenol and 0.2 TON of phenyl acetate

after 12h. No biphenyl is observed in the reaction. In addition, high valent iodine oxidant,
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PhI(OAc)a,is the best oxidant. At 100 °C, Pd(OAc)2 gives 37 TON phenyl acetate after 20h
with 75% yield based on oxidant.['*"!

In the past decade, Sanford and co-workers developed a series of catalysts based on
Pd(OAc): that are for acetoxylation of non-directed arenes.!'*-'*! In the initial report,
PhI(OAc)2 was used as an oxidant and acetic acid/acetic anhydride (AcOH/Ac20 9:1) was

t.14 By adding a cationic bipyridine-based ligand, the reaction rate

used as the solven
almost doubled. In a following paper, by changing additive ligand to simple pyridine, the
reaction rate was shown to be about 20 times faster than the non-additive condition.!'*!) The
amount of pyridine is essential to the catalysis, a pyridine: Pd(OAc): ratio of 0.9:1 is
optimal. Over 2 equivalents of pyridine will shut down the reaction due to blocking of Pd
coordination sites. When reducing the Pd loading to 0.01 mol%, the catalyst can achieve
4,756 TOs of phenyl acetate after 306 hours at 100 °C. In addition, substituted arenes such
as chlorobenzene, bromobenzene, dichlorobenzene and benzotrifluoride are suitable
substrates for the reaction. Through detailed kinetic studies, the mechanism in Scheme
1.5.2 was proposed.!'**) A KIE of 3.1 was observed, indicating that C-H bond activation is
likely the rate determining step. Since Pd(OAc): is a dimer in the solution without ligand
additive. The speed for transferring Pd(OAc)2 dimer to monomer process is slow, which
impacts the reaction rate. Using Pd(TFA)2 which is a monomer Pd source greatly increases
the reaction, which is consistent with this hypothesis. When using 2 equiv. of pyridine as
the additive, the Pd(OAc). dimer will quickly change to monomer with two pyridine

ligands. However, the dissociation of pyridine is slow. With electron withdrawing group

substituted pyridine ligands, a rate enhancement was observed. When using 1 eq. pyridine
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as additive, the Pd(OAc)2 dimer is still a dimer in the solution, but the rate of monomer
formation enhanced, which leads to more rapid acetoxylation. The reaction rate is not
affected by change pyridine ligand, which proves the pyridine ligand dissociation is not
involved in the catalytic cycle. By modifying pyridine ligand and change oxidant from
PhI(OAc)2 to MesI(OAc)2, control of site selectivity in the Pd-catalyzed C-H acetoxylation
of simple arenes was enhenced.!'**! Althrough PhI(OAc): is an effective oxidant for
acetoxylation, the price for this compound is very high. Sanford and co-workers designed
a pyridinium-substituted pyridine ligand which can serve as ligand as well as phase transfer
reagent to utilize K2S20s as the oxidant.[**4! Similar yields and selectivities were achieved
compared to use of PhI(OAc).. In addition, palladium-catalyzed C—H bond acetoxylation
via electrochemical oxidation has been developed,'*! which is selective for the benzyl

position of arenes.
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Scheme 1.5.2. Mechanism for Pd(OAc). catalyzed benzene actoxylation with pyridine
additive.

Fernandez-Ibafiez and co-workers utilize pyridinecarboxylic acid derivatives and S,O-
ligands as additive to improve the PhI(OAc): system.['*®!4"] Different types of ligands
including bis-N-heterocyclic carbene and trans-chelating bis(pyridyl) supported Pd(II)
complexes proved to be effective catalysts for benzene acetoxylation.!'**1%%! Recently, a

series of polymer-supported Pd(II) carbene complexes turn out to be effective catalysts for
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biphenyl and naphthalene. With the heterogeneous support, those catalysts can be recycled
four times without loss of activity. In addition, by controlling the size and structure of
heterogeneous support, the catalysts show tunable selectivity towards acetoxylation of the

e.[’% Modification of oxidants were also attempted, for

o or B position of naphthalen
example, Stahl and co-workers evaluated a series of NOx based oxidants and found that 30%
fuming HNO3 with oxygen is an effective oxidant. With this oxidant, Pd(OAc)2 can achieve
136 TON with 26:1 selectivity toward phenyl acetate over nitrobenzene.!'>!! Other
PhI(OR): type oxidants such as iodobenzene dibenzoates are used for oxidative
functionalization of benzene.'3?! By modifying the R group in the oxidant, different type
of functionalization can be achieved in the catalysis, which opens the route for possible
synthetic applications.
1.6 Summary and Thesis Aims

The research presented in this dissertation aims to develop transition metal catalysts
for C—H activation and functionalization. A series of Rh(Il1l) complexes with different
“capping arene” ligands have been synthesized and used to study the reductive
functionalization of Rh—Me bonds. By using these specially designed ligands, one of the
coordination site of the Rh(Ill) center has been blocked, which could destabilize Rh
intermediates with high oxidation states (e.g. Rh(lll)). With the success of this design
concept, a series of Rh(I) complexes with the same support ligands were used to probe the
oxidative alkenylation of benzene. With the help of the ligands, the catalyst is tolerated to

in situ dioxygen, which leads access to the aerobic conditions. With the help of air and acid,

Cu(Il) oxidant can be regenerated in situ. In addition, using the catalyst with longer chain
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a-olefins revealed that the catalysts achieved unprecedented linear to branched ratios of
18:1. For the

Rh catalyzed arene alkenylation reaction, phenylacetate was found to be a side product
produced from Cu(ll) oxidant. Different simple copper salts were then tested for the
acetoxylation of benzene. Reactions with toluene and cyclohexane showed that the copper
catalyzed acetoxylation does not likely involve radical intermediates. The addition of
TEMPO or compounds with P-O linkage increase the rate of acetoxylation reactions.

Hydroamination of alkenes or alkynes is one of the most straightforward methods to
form C-N bonds and N-containing heterocycles. This method involves direct addition of
amines to carbon-carbon multiple bonds without the formation of any by-products.
Al(OTf); was tested and proved to be an effective catalyst for intramolecular
hydroamination of unactivated alkenes. The mechanism for this transformation was then
further investigated. The Al(OTf)s can in situ generate HOTT, which is the actual catalyst
for hydroamination reaction. In addition, other metal triflates were proved to go through

the similar reaction mechanism.
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2 Reductive Functionalization of Rh—Me Bonds with “Capping Arene” Supported Rh(II1)
Complexes

2.1 Introduction

Studies of reductive elimination (RE) of MeX from high-valent metal centers have
been reviewed in Chapter 1. Many examples with Pt(IV) and Pd(IT)/(III) have been reported.
Compared with Pd and Pt, Rh shares several attractive features: 1. The less electrophilic
metal should form weaker coordination bonds to water or functionalized product. 2. The
Rh(I)/Rh(III) redox cycle are more accessible. 3. The formation of Rh(s) is less favored
comparing to Pt(s) or Pd(s).

Milstein and coworkers recently reported thatby introducing sterically bulky PCP or
PNP pincer ligands destabilize Rh™ and lead to more facile RE of alkyl halide.!' In these
reactions, m-acidic ligands (CO, CNR, MeCN) were used to trap and stabilize Rh(I)
complexes. Two critical steps in transition metal mediated hydrocarbon functionalization,
hydrocarbon C-H activation and reductive elimination of functionalized product, require
opposite steric property from the metal complex, where steric crowded ligand will facilitate
the RE by destabilizing Rh(III) but blocking the hydrocarbon from coordination to the Rh(I)
complex. In order to avoid the complication created from the sterics, tuning electronic
properties may provide an alternative approach towards an effective catalyst.

Recently, our group reported a series of terpyridine ligand supported Rh(III)
complexes which can reductively eliminate methyl halide without m-acidic ligands.*! The
electronic properties of terpyridine motif can be easily modulated without changing steric
factors by simply appending the functional groups on the 4, 4’ and 4’ positions of the ligand,

which offers an opportunity to study electronic effect on RE of Rh™-Me bonds. By
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anchoring strong electron-withdrawing nitro groups on the terpyridine ligand, the stability
of Rh'-Me complexes are reduced, which permits reductive elimination of MeX [X = ClI,
TFA (TFA = trifluoroacetic acetate)]. With excess amount (3 equiv.) of CI" or TFA™ additives,
the reaction can reach 25% and 28% MeX yield respectively. In contrast, the 4,4,4"-tri-
tert-butylterpyridine ligand supported Rh'™-Me complex did not produce any MeX under
the same reaction conditions. Due to the poor solubility of the nitro-substituted terpyridine
Rh complexes, the mechanism was only investigated by DFT calculation. Concerted
mechanism (pathway A) and CI” (pathway B) or I' (pathway C) assisted Sn2 mechanisms
were calculated (Scheme 2.1.1). Calculated energy barriers of the Sx2 pathways are
significantly lower than the concerted pathway. In addition, dissociating the trans-halide to
form a cationic complex prior to reductive functionalization lowers the transition energy
barrier to nucleophilic attack by ~5 kcal/mol. The energy difference of nucleophilic attack

with CI" and I" is very small, which indicated that pathway C is a possible mechanism.
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Pathway A

X = Cl (49.7 kcal/mol)
X =0 (48.9 kcal/mol)

+CI’
Pathway B

O2N O,N

X = CI (0 kcal/mol)
X =[(7.8 kcal/mol)

X = Cl (30.6 kcal/mol)
X =((25.9 kcal/mol)
+ [
-Cr

Pathway C
MeCl

O,N

X = Cl (33.4 kcal/mol)
X =1(27.9 kcal/mol)

Scheme 2.1.1. DFT calculation of three pathways for reductive functionalization of a
terpyridine Rh'"-Me complex.

The RE of terpyridine Rh"™-Me complex in acidic media has been systematically
studied in a follow up paper.'* Three different protic solvents (D20, DOAc and HTFA/CsDs
[5:1 v:v]) were used, 41%, 57% and 52% MeX yield were obtained, respectively, with free
I addition. DFT calculations were used to proposed a SN2 attack either by I" or conjugated
base (e.g., OAc™ or TFA") of acid solvent. The dissociation of the frans-halide slightly
inhibits the RE reaction, which contrasts to the result of RE in non-acidic media. Proton is
predicted to bind to the axial chloride through a hydrogen bond, which makes it a better
leaving group. This weaker interaction reduces the energy barrier by 5 kcal/mol in acidic
media. The RE in D20 is unusual in comparison to acetic acid or HTFA. No Mel or MeCl

was observed in the reaction. In addition, the addition of Cl” or I" additive has a negligible
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effect on the yield. This unusual observation indicates that the RE in D20 may undergo a
different pathway and water coordination is an important factor to this conversion. Methane
formation from Rh"™'-Me complex is observed from the reaction, which is undesired side
reaction. DFT calculations suggested CHs formation via Rh™-Me bond homolysis is more
favorable than simple protonation, and high temperature (150 °C) could facilitate the
generation of methyl radicals. However, experimental verification of methyl radical was
not achieved.
2.2 Results and Discussions
2.2.1 Synthesis of Rh Capping Arene Complexes

Previously, our group developed a series of “capping arene” ligands supported Rh
complexes which potentially can be a good candidate for homogenous methane partial
oxidation since a coordination site on Rh(IIT) will be blocked by an arene ring.!*! Generally,
the Rh(III) oxidation state generally favors the formation of octahedral complexes that
provide electronically saturated 18-electron structures. However, by blocking one
coordination site with a weakly coordinating arene group, the Rh(IIl) state might be

destabilized, which can make Rh(I)/Rh(III) redox cycles more feasible.

Synthesis of (5-FP)RhTFA ,Me (1)

\
5/—\\\ mN\Rh/\\ 5/—\\"\‘\2‘/:?' {}N\M?TFA
‘\/ YN — - Mel ——N— - N\ /Rh\
N RRCIC el THE, Ts ci Me ‘}T N ciagrra (N A
N N THE [~ THF SN
N N@ N N@ N Q N@

L

Synthesis of (6-FP)RhTFA ,Me (2)

( 7:\ 7:\
Q/N =\ A Q/N\MQ/TFA
N + [RCI(CoH,)l, THE, cl AgTFA ) NTRMS 1A
@% < NS
)

Figure 2.2.1. Synthetic routes for (5-FP)Rh(TFA)Me (1) and (6-FP)Rh(TFA):Me (2).

L
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Two “capping arene” ligand supported Rh complexes (5-FP)Rh(TFA)Me (1) [5-FP =
1,2-bis(N-7-azaindolyl)benzene] and (6-FP)Rh(TFA):Me (2) [6-FP = 8§,8'-(1,2-
phenylene)diquinoline]) were synthesized. Two different fragments in 5-FP and 6-FP, N-7-
azaindolyl and 8-quinoline respectively, create two different bond angles via the phenyl
linkage and result in different distances between Rh metal center and the capping benzene
ring under Rh. Both complexes were synthesized through similar synthetic routes (Figure
2.2.1). Using the synthesis of (5-FP)Rh(TFA):Me as an example, the first step is mixing
the 5-FP ligand and [Rh(u-C1)(77°-C2Ha)]2 in THF solution to form (5-FP)Rh(C1)(7?-C2Ha).
The "H NMR spectrum of this Rh(I) complex (Figure 2.2.2), reveals two broad peaks for
the coordinated ethylene, which is consistent with rapid rotation of ethylene on the
timescale of the NMR experiment. A small coupling constant (~1.5 Hz) is observed
between Rh and all the hydrogen atoms on C6 arene ring of the ligand, which indicates

weak coordination of arene moiety to the Rh center.
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Figure 2.2.2 '"H NMR spectrum for (5-FP)Rh(C1)(7>-C2H4) in DCM-d>.

An easy synthetic method to access Rh(III)-CHs complexes is through the oxidative
addition of MeX (X = OAc, TFA or halide) starting from a Rh(I) complex. However, the
(5-FP)Rh(CI)(7?-C2Hs) is inert to oxidation of MeOAc or MeTFA even at high temperature
(100 °C) and only undergoes slow oxidation with Mel. The addition of 5 equiv. of Mel is
added to the THF solution of (5-FP)Rh(C1)(77-C2Ha), a color change from brown to yellow,
which indicates the formation of Rh(IIl) complexes. (5-FP)Rh(CIl)(I)Me is synthesized
after 48 hours at room temperature. Three peaks at 3.36, 3.40 and 3.43 ppm in '"H NMR
spectrum (Figure 2.2.3) reveals the formation of three Rh—CH3 unites, each appearing as a
doublet (*Jrn-t = 2 Hz). Thus we prosped the (5-FP)Rh(CI)(I)Me is a combination of three

isomers, which leads to a complicated aromatic region.

M

L e e e e e L
3.44 3.42 3.40 3.38 3.36 3.34

1 (ppm)

N —— UL h ,MLJ N

. . . . . . . . . . . . . . . . . . . .
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05
f1 (ppm)

Figure 2.2.3 '"H NMR spectrum for three isomers of (5-FP)Rh(CI)(I)Me in DCM-d-.

The substitution of halides by TFA is accomplished by adding two equivalents AgTFA
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to a THF solution of (5-FP)Rh(CI)(I)Me. The immediate formation of a white precipitate
indicates successful ligand exchange. After stirring overnight at room temperature, the
color of solution changed to light yellow and a white solid is obtained after work-up. The
formation of complex 1 was confirmed by "H NMR spectroscopy (Figure 2.2.4), a doublet
at 3.06 ppm (*Jre-n = 2 Hz) reveals the formation of a Rh—-CH3 moiety and the
corresponding '*C nucleus resonates at 21.8 ppm ('Jrn-c = 28 Hz). The synthesis of complex
2 is nearly identical to that of complex 1 except that Mel oxidation step is completed in
only 24 hours. This observation may indicate a lower barrier for the oxidative addition of

Mel with complex 2 compared to that of complex 1.

1 6 7
A A, h; )‘LA A A
P S R S Y
o oo S - S S
5 ¢ NS 5 -
. . . . . . . . . . . . . . . . . . .
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

f1 (ppm)

Figure 2.2.4 "H NMR spectrum for (5-FP)Rh(TFA):Me (1) in DCM-d>.

2.2.2 Structure Comparison of Two Different Capping Arene Complexes

In order to further understand the complex structure and the orientation of the capping
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arene ligand, a single crystal of (6-FP)RhTFA2Me is prepared and used for X-ray diffraction
(XRD) characterization (Figure 2.2.5). When investigating the structure of complex 2, the
arene ring of the ligand is positioned with Rh—C10 and Rh—C15 distances of 2.631(2) A
and 2.572(3) A, respectively. As expected, these distances are longer than a typical Rh—C
single bond,**! which indicates a weak coordination between Rh and the arene moiety.
However, the quinoline is distorted in order to bring the C10—C15 underneath the Rh center
to make it a suitable 77 coordination. In addition, the bond length of C10—C15 is 1.415(3)

A, which is the longest bond among the benzene ring.

Figure 2.2.5. ORTEP of (6-FP)Rh(TFA).Me (2). Displacement ellipsoids are drawn at the
50% probability level, and hydrogen atoms are omitted for clarity. Selected bond lengths
(A): Rh1-N1 2.038(2), Rh1-N2 2.056(2), Rh1-01 2.046(1), R1-03 2.032(1), Rh—C25
2.074(2), Rh—C10 2.631(2), Rh1—C15 2.572(2), Selected bond angles (deg): C9—-C8-C10
122.6(2), C24-C16—C15 117.8(2), N1-Rh1-N2 88.99(6), O1-Rh1-03 80.63(5), N1-Rh1-
C2592.09(7).
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(@) (5-FP)Rh(TFA)(n?-CH) (b) (6-FP)Rh(TFA)(2-C2Hs)

Figure 2.2.6. ORTEP of (5-FP)Rh(TFA)(7*-C2Hs) and (6-FP)Rh(TFA)(7?-CzHa).
Displacement ellipsoids are drawn at the 50% probability level, and hydrogen atoms are
omitted for clarity. (a) (5-FP)Rh(TFA)(77-C2Ha): Selected bond lengths (A): Rh1-C21
2.101(3), Rh1-C22 2.096(3), C8—Rhl 3.002(3), C13—Rhl 3.008(3), N1-Rhl 2.134(2),
N4—Rh1 2.022(2). Selected bond angles (deg): C5-N2—-C8 127.0(2), C17-N3—C13
128.4(2), N1-Rh1-N4 86.94(9), C22-Rh1-C21 38.8(1). (b) (6-FP)Rh(TFA)(7?-C2Ha):
Selected bond lengths (A): Rh1-C27 2.087(2), Rh1—-C28 2.078(2), C10—-Rh1 2.509(2),
C15-Rh1 2.649(2), N1-Rh1 2.005(2), N2—Rh1 2.180 (2). Selected bond angles (deg):
C24-C16-C15 120.6(2), C9-C8-C10 122.6(2), N1-Rh1-N2 84.32(7), C27-Rh1-C28
39.86(9).

The growth of single crystal of (5-FP)Rh(TFA)2Me has not been successful so far.
Two Rh(l) complexes with a 5-FP and 6-FP ligand respectively [(5-FP)Rh(TFA)(72-C2Ha)
and (5-FP)Rh(TFA)(7-C2H4)] are used to compare the difference between two ligands
(Figure 2.2.6). When comparing the structure of complex 2 and (6-FP)Rh(TFA)(77-C2Ha),
their bond distances and bond angles are similar, which makes (5-FP)Rh(TFA)(7?-C2Ha) a
suitable replacement of complex 1 for structure comparison. The distance of the Rh center
to the benzene ring is represented by C8—Rh1 and C13—Rh which are 3.002(3), 3.008(3)
respectively in (5-FP)Rh(TFA)(7%-C2Ha4). These distances are significant longer than
similar distances (Rh—C10 and Rh—C15) in (6-FP)Rh(TFA)(72-C2Ha4) and complex 2. The

bond angle C5-N2—C8 and C17-N3—C13 in (5-FP)Rh(TFA)(7>-C2Ha) that can represent
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the linkage of N-7-azaindole to the benzene motif are larger than the corresponding angles
in 6-FP supported Rh complexes (127.0°vs 120.69. The larger angle indicates that the 5-
FP ligand positions the arene ring further from the Rh center. In addition, the bond length
of C8—-C13 is 1.398(4) A, which is nearly identical to C—C bond length in free benzene
(1.400 A). This observation indicates that the 777 coordination of benzene ring in 5-FP is
not accessible or negligible. Based on what we have learned from the crystal structures, we
predicted that 5-FP is a better ligand in terms of blocking coordination to a sixth site in

Rh'"" complexes.

2.2.3 Solvent Screening for RE of MeX from Complex 1

(5-FP)Rh(TFA):Me was tested for possible RE of MeX in a series of solvents. The
results are summarized in Table 2.2.1. All reactions were performed in J-young NMR tubes
containing the solvent indicated in the Table 2.2.1 with 0.01M complex 1 and 30 psig Na.
The reaction time was recorded when the MeX yield stop increasing or begin decreasing
due to product decomposition. The MeX yield was determined by "H NMR spectroscopy
using hexamethyldisiloxane in sealed capillary as an internal standard.

Table 2.2.1. Solvent screening for RE of MeX from complex 1.

7\ Me

QI’L\]:R‘h{FA Solvent

Y=(\ TrA 80-120 °C 30 psig N MeX

S - 2
MY
(1)
Entry Solvent Temperature (°C) Time (h) MeX & Yield

1 Benzene 120 36 N.D.
2 THF 110 36 N.D.
3 Acetone 120 36 3% MeOH
4 DCM 120 48 8(1)% MeTFA
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5 MeNO:> 110 24 5(1) % unknown
6 DMSO 120 36 N.D.

7 MeCN 80 84 48 (2)% MeTFA
8 HOAc 80 75 19(2)% MeOAc
9 HOAc 100 10 18(2)% MeOAc

When heating the complex 1 in benzene, no MeX production was observed. As shown
in Figure 2.2.7, the Rh—CH3 appears at 3.90 ppm in the "H NMR spectrum. Complex 1 is
relatively stable in benzene at 90 °C and no changes were observed in the spectra after 12
hours. When raising the temperature to 100 °C, complex 1 began to slowly decompose. All
peaks decreased simultaneously but a peak for MeX product was not detected. Elevating
the temperature to 110 or 120 °C accelerates complex decomposition, which is similar to

what we observed in THF.
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Figure 2.2.7. Stacked '"H NMR spectra for RE of MeX from complex 1 in benzene-db.
Heating complex 1 in acetone and DCM gave 3% yield of MeOH and 8% yield of

MeTFA. The reaction in MeNO2 gives an unknown peak at 3.58 ppm, which is possibly a
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MeX product, however, we cannot confirm the identity. Among all the solvents, acetonitrile
gave the best results leading to 48% yield of MeTFA after 84 hours reaction at 80 °C. In
addition, the changes in the 'H NMR spectra are quite intriguing (Figure 2.2.8). The
Rh—CH3 peak first appears at 3.78 ppm, and it shifts to 3.68 ppm upon heating. The
overlapping of peaks in the aromatic region indicated the symmetry of the complex was
reduced during the reaction. This observation indicates that MeCN likely coordinates to Rh
by displacement of a TFA ligand. The cationic [(5-FP)Rh(TFA)(MeCN)Me][TFA]
intermediate can then undergo RE of MeTFA from a 5-coordinate metal center leading to
[(5-FP)Rh(MeCN):][TFA], which is in agreement with the symmetric product obatined at

the end of reaction.

ISTD
MWFA
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Figure 2.2.8. Stacked 'H NMR spectra for RE of MeX from complex 1 in MeCN-ds at

90 °C.

Similar changes in the '"H NMR spectra during the reaction are also be observed in
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DMSO-ds (Figure 2.2.9). Instead of disreplacing one TFA, DMSO appears to replace both
TFA ligands in the first coordination sphere, which keeps the complex symmetrical. The
Rh—CH3 peak is shifted up field to 2.02 ppm. However, no MeX product was observed
upon heating at 100 °C for 12h. When raising temperature to 120 °C, the methyl peak
disappeared and still no MeX product was observed after 24 hours. This result may indicate
that the RE of MeX is inhibited by DMSO coordination. Furthermore, the complex 1 was
tested in acetic acid, obtaining 19% yield of MeOAc at 80 °C. Raising the temperature to
100 °C accelerated the reaction; however there was no increase in yield of MeOAc (Table

2.2.1, entries 8-9).

24h @ 130 °C l

24h @ 120 °C

18h @ 110 °C l j

|
12h @ 100 °C | JJ'L ‘
Oh J ‘ n . ‘

. . . . . . . . . . . . . . . . . . . . . . .
10.5 10.0 9.5 9.0 85 80 75 7.0 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 00 -0.5
f1 (ppm)

Figure 2.2.9. Stacked "H NMR spectra for RE of MeX from complex 1 in DMSO-db.
Since complex 1 gave optimal MeX yield in MeCN, (6-FP)Rh(TFA)Me (2) was tested
for possible RE of MeX. In MeCN, complex 2 is stable at 80 °C and slow reductive

elimination of MeTFA from complex 2 at 90 °C. After heating in MeCN for 72h, only 4%
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yield of MeTFA was observed with ~50% starting material remaining. This observation
indicates that complex 1 is likely undergoes RE of MeX more rapidly than complex 2 and
the result supports our hypothesis that 5-FP could effectively destabilized the Rh(III) and
significantly promotes the RE of MeX. By utilizing the steric effect around the metal center,
we can control the electronic property of the Rh. No example of this type of ligand design
was reported before.
2.2.4 Temperature Optimization for RE of MeX from Complex 1

Since MeCN proved to be the best solvent for the reductive functionalization of
Rh—Me bond in complex 1, a systematic temperature optimization was carried out.
Complex 1 was heated in MeCN from 80 to 120 °C. The yield after 24 hours and at the end
of the reaction were recorded for comparison of 80 °C, 85 °C and 90 °C. Less than 12 hours
was needed for complete conversion at 100 °C or higher temperatures. At 110 °C and
120 °C, we observed significant complex decomposition and evidence of Rh mirror on the
NMR tubes, leading to low yields of MeX. For the reaction below 100 °C, comparable yield
was observed in all the reactions, while the reaction rate increased with higher temperatures.
Throughout the reactions, 90 °C proved to be the optimal temperature.

Table 2.2.2. Temperature optimization for RE of MeX from complex 1 in MeCN.

QN:F':‘A:TFA MeCN

)jNN T 80-120 °C 30 psig N MeTFA

\VN @ - psig N,

(1)
Entry Temperature (°C) Time (h) MeTFA Yield (%)

1 80 24 33(2)
2 80 84 48(2)
3 85 24 46(1)
4 85 42 52(1)




78

5 90 24 51(1)
6 90 30 55(2)
7 100 12 42(3)
8 110 12 29(3)
9 120 12 11(2)

2.2.5 Influence of Acid Additive effect on RE of MeX from Complex 1

Acidic solvents are often used for catalytic methane functionalization, as acid media
is often poorly coordinating which reduces competition with methane for metal
coordination. Also for electrophilic C—H bond activation, the electron withdrawing
conjugate base (X) can prevent the functionalized MeX product from further oxidation.!"’
In order to investigate the effect of acid on RE of MeX from complex 1, acetic acid and
water were added to the reaction. Different amount of did not give dramatically different
results (Table 2.2.3, entries 1-5 and 7). In all cases, the acid additive can increase the MeX
yield by approximately 10%. The major effect of acetic acid is that it shifts the MeX
formation from MeTFA to MeOAc. The MeOAc : MeTFA ratio increased from 1:5 to 1:1
when increasing the acid addition from 10 pL to 100 pL. Addition of a large amount of acid
can slightly accelerate the reaction (Table 2.2.3, entry 7). In addition, the water addition
can increase the yield of MeX to a similar extent as acetic acid. If the RE and oxidative
addition of MeX is in equilibrium, the removal of MeTFA can lead to higher MeX
production. Since MeTFA can be converted to MeOH in presence of water, this may be the
reason for the increased MeX production.

Table 2.2.3. Influence of acid additiveon the RE of MeX from complex 1 in MeCN.
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QNJ l\‘AiTFA X uL DOAGc

éﬂNN ~TFA — sojgo v—" MeOAc + MeTFA

M @ e psig N,

Entry Temperature Time Acid Loading MeX Yield (%)
°O) (h) (uL) MeOAc MeTFA Total

1 80 84 0 0 48(2) 48(2)
2 80 84 10 11(1) 51(1) 62(2)
3 80 84 20 23(1) 36(3) 59(3)
4 80 84 50 23(1) 53(1) 58(2)
5 80 84 10 (D20) 7 (MeOH) 54 61
6 90 30 0 0 55(2) 55(2)
7 90 24 100 29(1) 29(5) 58(6)

2.2.6 Influence of Silver Oxidant Additives on RE of MeX from Complex 1

Another way to promote MeX production is using oxidizing additives. By adding a
strong oxidant to the reaction, Rh(III) is potentially oxidized to a higher oxidation state,
which can result in more rapid reductive elimination of MeX. Silver(Il) salts are strong
oxidants. Three Ag(Il) additives AgF2, AgO and silver picolinate were used in the reaction
of RE of MeX from complex 1. Surprisingly, the strong oxidant silver picolinate reduced
the MeTFA yield to 23% (compared to 55% yield without the Ag oxidant) and the reaction
stopped at 24 hours. Both AgF and AgF2 can push the yield to ~73%, while the reaction
with AgF> requires less reaction time than AgF (48h vs 72h). In addition, several Ag(l)
oxidants were tested for this transformation. Silver nitrite had no effect on the reaction and
AgOACc decreased the yield. Interestingly, no MeOAc was produced with AgOAc, and the
MeTFA yield was decreased after 48 hours. AgTFA has similar effect as AgF2, however,
product decomposition was also observed. Among all the oxidant additives, the AgOTf is
the most effective oxidant additive for RE of MeX from 1. With 2 equivalents of AgOTT,

the reaction can reach 94% MeTFA yield after 114 hours. This results in the highest MeX
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yield among the Rh mediated RE process. By increasing the AgOTf loading to 4 equivalents,
the MeTFA yield drops to 85%. However, the reaction rate is slightly enhanced. Through
this oxidant additive screening study, the oxidation potential of the silver salts may not be
the only factor that influence the MeX production. The counter ion may also play an
important role here.

Copper salts are considered to be a prospective replacement for silver oxidant in many
cases. However, when adding Cu(OAc)2, Cu(TFA)2 or Cu(OTf): to the acetonitrile solution
of complex 1, none of them gives over 20% MeX yield. This result may be explained by
the big oxidation potential difference between Cu(I)/Cu(Il) and Ag(I)/Ag(0) (+0.34V vs

+0.80V).

Table 2.2.4. Silver oxidants effect on RE of MeX from complex 1 in MeCN.

7 N '\‘Ae/TFA
/;H—\,,\\‘,/ ~TEA Silver Sall:s Additi\./es N
SN@ MeCN 90 °C 30 psig N,

Entry Additives Loading (eq.) Time (h) MeTFA Yield (%)
1 AgO 2 60 49(5)
2 AgOTf 2 114 94(2)
3 AgOTf 4 90 85(1)
4 AgF 2 72 73
5 Agk» 2 48 72
6  Ag(picolinate): 2 24 23(4)
7 AgNO2 2 24 43(4)
8 AgTFA 2 48 72(1)
9 AgOAc 2 48 27(3)

2.3 Conclusions

In later transition metal catalyzed methane functionalization, C—H activation and
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reductive elimination of functionalized product, require opposite steric property from the
metal complex, where steric crowded ligand will facilitate the RE by destabilizing Rh(III)
but blocking the hydrocarbon from coordination to the Rh(I) complex. In this chapter, we
want to use steric effect to control the electron property of the metal center to facilitate the
RE step without inhibition of C—H activation step. We developed two different “capping
arene” ligands, 5-FP and 6-FP, were coordinated to Rh with the goal of preventing the
coordination of a sixth strongly donating ligand to the metal center. In the “capping arene”
ligands supported Rh(IIT) complexes if the Rh-arene interaction is considered negligible,
the metal center can only have 5-coordinate 16-electron structures. Through this designed
structure, we expect that the Rh(III) oxidation state is destabilized, which could facilitate
the reductive elimination of MeX from Rh(III) methyl complexes. Two Rh(IIl) complexes,
(5-FP)Rh(TFA):Me and (6-FP)Rh(TFA).Me, were synthesized and tested for the reductive
elimination reaction. For the 5-FP ligated complex, the benzene motif in the ligand is
pushed further away from Rh center to prevent the possible 777 coordination that discovered
in 6-FP ligated complex. In this case, (5-FP)Rh(TFA)Me outperformed (6-
FP)Rh(TFA):Me in MeX elimination. With the help of AgOTf additive, (5-
FP)Rh(TFA):Me can achieve 94% of MeTFA yield in MeCN at 90 °C, which is the best

MeX yield from Rh(IIT) methyl complexes up to date.

2.4 Experimental Section

[Rh(#7*-C2Ha)2(u-Cl)]2,  1,2-bis(N-7-azaindoly)benzene (5-FP) and  8,8'-(1,2-
phenylene)diquinoline (6-FP) were prepared according to literature procedures.!!'"13 All

other reagents were purchased from commercial sources and used as received.
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Synthesis of (5-FP)RhCI(7*-C;Hs). A THF solution (10 mL) of 1,2-bis(N-7-
azaindolyl)benzene (0.0810 g, 2.61 x10™* mol) was added to a THF solution (10 mL) of
[Rh(#*-C2Ha)2(u-C1)]2 (0.0572 g, 1.47 x10* mol) dropwise and stirred for 24 h. The
reaction mixture was dried under vacuum. The resulting solid was dissolved in minimal
THF (4 mL), and pentane (30 mL) was added to the solution to give a brown precipitate.
The solid was collected by filtration, washed with pentane (3 x 10 mL), and dried under
vacuum to afford the analytically pure (5-FP)RhCI(7?-C2H4) (0.0890 g, yield = 70%). 'H
NMR (600 MHz, methylene chloride-d2) § 8.96 (dd, *Jun = 5.3, 1.3 Hz, 1H, 5 or 5°), 8.46
(d, *Jun = 5.6 Hz, 1H, 5 or 5°), 7.89 — 7.80 (m, 3H, three of 6, 6°, 7, 7°), 7.78 (dd, *Jun =
7.8,1.4Hz, 1H, 3 or 3°), 7.60 (dd, *Jun = 7.9, 1.4 Hz, 1H, 3 or 3”), 7.50 — 7.42 (m, 1H, one
of 6,6, 7and 7°), 7.27 (d, *Jun = 3.6 Hz, 1H, 1 or 1), 7.23 (d, *Jun = 3.6 Hz, 1H, 1 or 1"),
7.06 (dd, *Jur=17.9, 5.3 Hz, 1H, 4 or 4°), 6.75 (dd, *Jun = 7.8, 5.5 Hz, 1H, 4 or 4°), 6.47 (d,
3Jun = 3.6 Hz, 1H, 2 or 2°), 6.45 (d, *Jun = 3.6 Hz, 1H, 2 or 2°), 2.59 (br, 4H, ethylene).

Synthesis of (5-FP)RhCI(I)Me. Iodomethane (0.072mL, 1.16 x107* mol ) was added
to a THF solution (30 mL) of (5-FP)RhCI(7*-C2Ha) (0.1110 g, 2.32 x10** mol) dropwise
and stirred for 48 h. The reaction mixture was dried under vacuum. The resulting solid was
dissolved in minimal THF (4 mL), and pentane (30 mL) was added to the solution to give
a yellow precipitate. The solid was collected by filtration, washed with pentane (3 x 10
mL), and dried under vacuum to afford the a combination three isomers of (5-
FP)Rh(CI)(I)Me (0.101 g, yield = 74%).

Synthesis of (5-FP)Rh(TFA),Me (1). A THF solution (30 mL) of (5-FP)Rh(Cl)(I)Me
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(0.1210 g, 2.05 x10™* mol) was prepared and AgTFA (0.0906g, 4.10 x10** mol ) was added
to the solution and shielded from the light. After stirring for 24h, the reaction mixture was
filtered through Celite. The filtrate was dried under vacuum. The resulting solid was
dissolved in minimal THF (4 mL), and pentane (30 mL) was added to the solution to give
a white precipitate. The solid was collected by filtration, washed with pentane (3 x 10 mL),
and dried under vacuum to afford the analytically pure (5-FP)Rh(TFA)Me (0.127g, yield
=95%). X-ray quality crystals of 1 were grown by the vapor diffusion method using THF
and n-pentane. '"H NMR (600 MHz, methylene chloride-d>): & = 8.82 (d, *Jun = 5.3 Hz, 2H,
1), 8.14 (dd, *Jun = 8.2, °Jru 1.4 Hz, 2H, 3), 7.78 (dd, J= 5.9, 3.4 Hz, 2H, 7 or 8), 7.65 (m,
4H, and 7 or 8), 7.51 — 7.43 (m, 4H, 5 and 4 or 6), 7.31 (dd, *Jun = 8.2, 5.4 Hz, 2H, 2), 3.28
(d, 'Jrnn = 2.3 Hz, 3H, Me). °F NMR (methylene chloride-d>, 600 MHz): 8 =-73.9 (s, TFA)
ppm. °C {'H} NMR (150 MHz, methylene chloride-d2): § = 162.6 (q, 'Jrc = 35.5 Hz, CF3),
156.4 (s, Ar-C), 151.4 (s, Ar—C), 139.6 (s, Ar—C), 137.7 (s, Ar—C), 135.3 (s, Ar—C), 134.0
(s, Ar—C), 133.7 (s, Ar—C), 131.3 (s, Ar-C), 129.2 (s, Ar—C), 128.7 (s, Ar—C), 127.6 (s, Ar—

0), 122.0 (s, Ar-C), 23.6 (d, 'Jrnc = 27.1 Hz, CH3).
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Figure 2.4.1. *C NMR spectrum of (5-FP)Rh(TFA):Me (1) in DCM-d>.
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Figure 2.4.2. ’F NMR spectrum of (5-FP)Rh(TFA):Me (2) in DCM-d..

Synthesis of (6-FP)RhCI(72-C;Hs), (6-FP)Rh(CI)(I)Me and (6-FP)Rh(TFA);Me



85

are followed similar procedure with (5-FP)RhCI(7*-C2Hs), (5-FP)Rh(Cl)(I)Me and (5-
FP)Rh(TFA):Me, the 8,8'-(1,2-phenylene)diquinoline (6-FP) was used to replace 1,2-
bis(N-7-azaindoly)benzene (5-FP) in the procedure. The NMR spectra are shown below:
NMR spectra data for (6-FP)Rh(TFA),Me:

'H NMR (600 MHz, methylene chloride-d2): & = 8.82 (d, 3Jun = 5.3 Hz, 2H, 1), 8.14 (dd,
3Jun = 8.2, °Jru 1.4 Hz, 2H, 3), 7.78 (dd, J = 5.9, 3.4 Hz, 2H, 7 or 8), 7.65 (m, 4H, and 7
or 8), 7.51 - 7.43 (m, 4H, 5 and 4 or 6), 7.31 (dd, *Jun = 8.2, 5.4 Hz, 2H, 2), 3.28 (d, 2JrnH
= 2.3 Hz, 3H, Me). F NMR (methylene chloride-d2, 600 MHz): & = -73.9 (s, TFA) ppm.
BC-{*H} NMR (150 MHz, methylene chloride-d2): & = 162.6 (¢, Jrc = 35.5 Hz, CFs),

156.4 (s, Ar-C), 151.4 (s, Ar—C), 139.6 (s, Ar—C), 137.7 (s, Ar—C), 135.3 (s, Ar—C), 134.0

(s, Ar—C), 133.7 (s, Ar-C), 131.3 (s, Ar-C), 129.2 (s, Ar—C), 128.7 (s, Ar-C), 127.6 (s, Ar—
C), 122.0 (s, Ar—C), 23.6 (d, "Jrnc = 27.1 Hz, CH3).
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Figure 2.4.3. '"H NMR spectrum for (6-FP)Rh(TFA):Me (2) in DCM-d..
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Figure 2.4.4. *C NMR spectum of (6-FP)Rh(TFA):Me (2) in DCM-d..
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Figure 2.4.5. ’F NMR spectrum for (6-FP)Rh(TFA):Me (2) in DCM-d>.

NMR spectra data for (6-FP)RhCI(7>-C2Hy):
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'H NMR (600 MHz, methylene chloride-d2) & 9.91 (dd, J = 4.7, 1.6 Hz, 1H, 1 or 1°), 8.58
(d,J=5.2Hz, 1H, 1 or 1°), 8.09 (dd, J = 8.3, 1.6 Hz, 1H, 3 or 3°), 8.01 (d, J = 7.8 Hz, 1H,
3o0r3’),7.78 (dd, J=7.1, 1.5 Hz, 1H, 4 or 4°), 7.75 (dd, J = 8.2, 1.5 Hz, 1H, 4 or 4°), 7.64
—7.58 (m, 1H, one of 7, 7°, 8 and 8’), 7.57 — 7.46 (m, 5H, three of 7, 7°, 8 and 8’; 5 and 5°),
7.21-714(m,2H,20r2’ and 6 or 6°), 7.11 (d, J =7.6,1H, 6 or 6”), 6.78 (dd, J = 8.2, 5.2
Hz, 1H, 2 or 2’), 3.55 (br, 1H, ethylene, ethylene), 2.32 (br, 1H, ethylene), 1.80 (br, 1H,

ethylene), 1.53 (br, 1H, ethylene).
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Figure 2.4.6 'H-NMR spectra for (6-FP)RhCI(77>-C2Ha)
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Figure 2.4.7. '"H-NMR spectrum for three isomer of (6-FP)Rh(CI)(I)Me in DCM-d..
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3 The Development and Study of Rh(I) Complexes with “Capping Arene” ligands for
Hydroarylation with Benzene and a-Olefins
This chapter is adapted from “Chen, J.; Nielsen, R. J.; Goddard, W. A.; McKeown, B. A.;
Dickie, D. A.; Gunnoe, T. B. Catalytic Synthesis of Superlinear Alkenyl Arenes Using a Rh
(1) Catalyst Supported by a “Capping Arene” Ligand: Access to Aerobic Catalysis. J. Am.
Chem. Soc., 2018, 140, 17007-17018.” Copyright 2018 American Chemical Society
3.1 Basic Concept for Rh Catalyzed Hydroarylation

Late transition metal complex catalyzed hydroarylation is considered to be a potential
alternative to Friedel Crafts arene alkylation. Using styrene as an example, current
industrial processes include several steps: 1. Friedel Crafts alkylation of benzene with
ethylene to produce ethylbenzenes or polyethylbenzenes. 2. Distillation to separate
ethylbenzene from polyethylbenzenes. 3. Transalkylation of benzene with
polyethylbenzenes to optimize the yield of ethylbenzene. 4. Dehydrogenation of
ethylbenzene to produce styrene.['*! The overall process is energy consuming. A potential
advantageous route is a single-step oxidative benzene alkenylation that uses benzene and
ethylene to directly produce styrene. The process comparison is summarized in Scheme

3.1.1.
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Current processes

R R R
AICI3/HX or Zeolite Transalkylation Dehydrogenation
+ B — - >
> ° > 350 °C for EtPh
R

mostly 2- and 3-phenyl
alkanes when R = alkyl

Rh catalyst Hydrogenatlon
Cu (II) oxidant air in situ
80 - 150 °C

[ Desired processes
forR=H for R = alkyl

Scheme 3.1.1. Current processes for the synthesis of styrene, linear alkyl benzenes (LABS)
the synthesis of alkenyl benzenes such as styrene, that can be hydrogenated to form super
linear alkyl benzenes (SLABS).

Yoshida and co-workers reported that Rh(acac)(CO): (acac = acetylacetone) can
catalyze oxidative hydrophenylation of ethylene to produce styrene using purified oxygen
and Cu(OAc)2 as the oxidant. At 180 °C in 10.6 M acetic acid solution of benzene with 1.55
MPa ethylene and 2.10 MPa oxygen, the catalyst can achieve 29 turnover number (TON)
of styrene after 20 minutes reaction. Approximately 10 TON of vinylacetate was produced
as a side product. With the addition of excess acacH, vinylacetate production is suppressed;
however, the TON of styrene was reduced to 22. Rh(III) complexes ([(Cp*)RhCL:]2 (Cp* =
pentamethylcyclopentadiene) and [Rh(ppy)Cl]2 (ppy = 2-phenylpyridine)) are also
capable of catalyzing olefin hydroarylation reactions, however, the reaction rate is one tenth
to that of Rh(I) complexes, such as Rh(acac)(ethylene)..!”! Several different Rh(I), Rh(III),
Ir(IlT) and Pd(IT) complexes were tested for the hydrophenylation of ethylene with or
without acacH ligand.®®! The addition of acacH can help reduce the production of
vinylacetate. Pd(OAc)2 was elucidated to be the most active catalyst; however a significant

amount of vinylacetate was produced even with acacH additive. The reactivity with Ir
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complexes such as [Ir(acac)s]2 and IrCp*(acac): is very limited and Rh complexes give much
promising catalysis result. With the addition of acacH, all of the Rh complexes such as
Rh(acac)(CO),, Rh(ppy)2(OAc), [RhCp*CL2]» and RhCp*(acac)Cl give no vinyl acetate
production. Among all the Rh complexes, Rh(acac)(CO), stood out as the best catalyst for
ethylene hydrophenylation. At the best condition, the maximum TON of styrene is 22.5
without ant vinylacetate production. The longevity of the catalyst is not good.

Recently, our group reported that ("DAB)Rh(TFA)(7*-C:Hs) (F'DAB = N,N’-
bis(pentafluorophenyl)-2,3-dimethyl-1,4-diaza-1,3-butadiene; TFA = trifluoroacetate)
serves as a catalyst precursor for the oxidative hydrophenylation of ethylene to produce
styrene using Cu(Il) salts as the in situ oxidant.””) The detailed proposed mechanism using
a generic metal “M” is shown in Figure 3.1.1. Benzene coordinates to the Rh center and
undergoes a C—H activation step to release HX (X = OAc or TFA) and form a Rh—Ph
intermediate. Ethylene coordination followed by ethylene insertion into the Rh—Ph bond
forms a Rh—CH2CH:Ph intermediate, and f-hydride elimination generates coordinated
styrene and a Rh-hydride complex. Cu(II) salts are used as in sifu oxidants to regenerate
the catalyst and complete the cycle. Cu(Il) salts are attractive as in situ oxidants because
the reduced Cu(I) complexes with acid can be re-oxidized to Cu(Il) with dioxygen, which
is demonstrated by the Wacker-Hoechst process for ethylene oxidation.[®! Under optimal
condition, over 800 TOs can be reached after 96 h reaction time and no ethylbenzene or

vinyl acetate production was detected.
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Figure 3.1.1. Proposed cycle for transition metal—catalyzed styrene production from
benzene and ethylene using CuXz as an oxidant.!

Another advantage of transition metal catalyzed olefin hydroarylation is the
opportunity for selective production of linear alkylbenzene. Using traditional Friedel Craft
alkylation, carboncationic intermediates are generated, which will go through the
rearrangement to form the most stable carboncation. The stability follows the order of

[10,11

primary < secondary < tertiary.l'®"") Thus the production of 1-aryl alkanes from a-olefin is

not impossible (Scheme 3.1.2).

R R
H
/—\ m Rearrangement . ‘\
/= *+ H—AICIF RN+ R/\‘\/© [AICIF] — O [AICIF] —— + HAICI,F
R
Wheland Intermediate

Scheme 3.1.2. Mechanism for Friedel-Crafts alkylation with an o-olefin.

Transition metal catalyzed olefin hydroarylation often involves an olefin insertion into
metal-aryl bond, which offers the opportunity for selectivity of linear products. By
controlling the regioselectivity of the olefin insertion step (i.e., 1,2- vs 2,1-insertion), it is
possible to selectively produce 1-phenyl alkanes or their unsaturated alkenyl variants.
During the past decades, a lot of effort has been put into this field. Ru(II) and Ir(III) catalysts

have been reported to convert benzene and a-olefins such as propylene or 1-hexene to alkyl
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arenes with ~1.6:1 L:B ratios.['>!%) In contrast, Pt complexes have been shown to catalyze
olefin hydroarylation, slightly favoring the generation of branched products in most
cases.!'”?%1 However, similar to the Ru(II) and Ir(III) catalysts, Goldberg and co-worker
reports one example of a Pt catalyst that achieves a L:B ratio of 1.6:1 with 1-hexene as
olefin source.”!! An in situ formed Ni(II) N-heterocyclic carbene (NHC) complex can
mediate olefin hydroarylation with trifluoromethyl-substituted arenes with a L:B ratio up
to 19:1; however, a stoichiometric amount of Ni is required to complete the conversion.?!
In an alternative route, 1-aryl n-alkanes can be prepared through dehydrogenation of alkyl
arenes followed by olefin cross-metathesis.[**** In addition, Kim and co-workers showed
that a Rh complex could generate linear products using hetero-functionalized 2-
phenylpyridine and terminal alkenes.” Thus, to the best of our knowledge, the L:B
selectivity for catalytic benzene alkylation when using simple a-olefins (e.g., propylene, 1-
hexene) either favors branched products or is only modestly selective for linear products
with best 1.6:1 L:B ratios.

Recently our group reported that the simple Rh complex [Rh(z-OAc)(77-C2Ha)]2 is a
catalyst precursor to convert a-olefins and arenes to alkenyl arenes with high anti-
Markovnikov selectivity (up to a 10:1 L:B ratio) using Cu(Il) as oxidant.[®! The catalytic
results with different olefins and arenes are summarized in Table 3.1.1. Catalysis results are
dramatically different between AlCls and the Rh catalyst. All the catalysis results with A1CI3
shows 100% selectivity towards branched product.[?’*!! The catalytic results with the Rh

complex are highly selective of linear product and the reaction with isobutylene and

neohexene only produce linear alkyl arenes. The two catalysts exhibit different product
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distribution of ortho:meta:para (o:m:p) in catalysis with toluene. AICIl3 catalyzed
alkylation is highly selective for ortho and para, but Rh complex shows meta and para
selectivity. The o.m:p selectivity is likely due to the electronic and steric effects for AICI3
and Rh complex, respectively. In addition, Rh complex catalyzed oxidative olefin
hydroarylation is not sensitive to the functional group on the arene. The reaction with
chlorobenzene and benzene have similar reaction rate. In contrast, the rate of AICl;
catalyzed chlorobenzene alkylation (with propylene in nitromethane at 25 °C) is
approximately 10 times slower relative to benzene. Under the best conditions, [Rh(u-
OAc)(77-C2H4)]: catalyzed oxidative hydroarylation with benzene and propylene can reach

over 1400 TON with an &8:1 L:B ratio.

Table 3.1.1. Comparison of arene alkylation using AICl3 as the primary catalyst versus
[Rh(1-OAc)(172-C2Ha)2 ]2

Arene Coupling Partner | o:m:p L:B TON Product
AICl; toluene propylene 3:1:2.6 >98% B n.r.
() .
Rh toluene propylene 1:8.9:9.3 9.4:1 86(17) ﬁ\ \/r
AICl; chlorobenzene 2-chloropropane 6.4:1:5.1 100% B n.r.

Rh chlorobenzene propylene 1:11:7 10:1 116(3)

AICl; anisole 2-chloropropane 62:4:34 100% B n.r.

AICl; benzene propylene n/a 100% B 95

Rh benzene propylene n/a 8:1 80(4)

Cl
X
OMe
X
Rh anisole propylene 1:2.4:6.4 7.8:1 92(7) 1

AlCl; benzene 1-hexene n/a 100% B 67




Rh benzene 1-pentenel®! n/a 8:1 122(10) R
Ej 5

R = propyl

Rh benzene neohexene!¥! n/a 100% L 30(8)

AlCl; benzene isobutylene n/a 100% B n.r.

Rh benzene isobutylene!¥ n/a 100% L 100(2) @—%

* The AIC; results are from references. Rh = [Rh(u-OAc)(77-C,H,),],. Unsaturated products are produced from Rh catalyzed reaction and all

the products results shown in the table are after hydrogenation.

3.2 Result and Discussion
3.2.1 Catalysts Design, Synthesis and Characterization

The ligand 1,2-bis(N-7-azaindolyl)benzene (5-FP) was synthesized according to a
published procedure.?! The (5-FP)Rh(TFA)(7*-C,Ha) (1) was synthesized by mixing 5-FP
and [Rh(u-TFA)(77-C2H4)]z in THF. Complex 1 has been characterized by **C and 'H
NMR spectroscopy, elemental analysis and a single crystal X-ray diffraction study. The *C
and *H NMR spectra are shown in Figure 3.2.1 and 3.2.2. The spectra show that complex
1 is an asymmetric complex. For coordinated ethylene, the *H NMR spectrum reveals two
broad peaks, which is consistent with rapid rotation of ethylene on the timescale of the
NMR experiment. A small coupling constant (~1.5 Hz) is observed between Rh and all
hydrogens on the C6 arene ring of the 5-FP ligand in *H NMR spectrum, which indicates

weak interaction between arene moiety and Rh center.
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Figure 3.2.1. 1H NMR spectrum of (5-FP)Rh(TFA)( 772-C2H4) lin DCM-dZ.
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Figure 3.2.2. 13C NMR spectrum of (5-FP)Rh(TFA)( 7]2—C2H4) lin DCM—dz.
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The structure of complex 1 was confirmed by single crystal X-ray diffraction. Figure
3.2.3 shows an ORTEP of complex 1. The arene of the 5-FP ligand is located near the Rh
center, and the arene ring of the ligand is positioned with Rh-C8 and Rh-C13 distances of
3.002(3) A and 3.008(3) A, respectively. These distances are much longer than a typical
Rh—C single bond,3381 which is consistent with weak coordination between Rh and the
arene moiety or intermediates by the *H NMR spectrum (see above). The coordinated
ethylene is oriented approximately perpendicular to the Rh square plane. This is a typical
orientation for four-coordinate and d® 7?-olefin transition metal complexes.”%?1 Previously,
our group reported a similar crystal structure in which the ligand has a quinoline other than
7-azaindole group.“®! The structure comparison of these two complexes is shown in Figure
3.2.4. The distances between Rh and arene rings were modeled by constructing a centroid
with the 6 carbon atoms of the arene ring and then measuring the distance between the Rh
atom and the centroid. The measured distance is significant longer for complex 1 (3.354 A
vs. 3.019 A Figure 3.2.4) than for the other complex. For 1, the coordination of the arene
ring is likely best described as an 77 interaction with Rh. Thus, the five-member nitrogen
heterocycle of the 7-azaindole group appears to weak the Rh-arene bonding interaction by
positioning the arene group farther from the Rh center than the six-member ring of the
quinoline-based ligand. This feature seemingly provides an ability to fine-tune the Rh-arene

interaction, which could be important to future efforts to control Rh-based redox chemistry.
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Figure 3.2.3. ORTEP of (5-FP)Rh(TFA)(72-CzHa) (1). Ellipsoids are drawn at the 50%
probability level, and hydrogen atoms are omitted for clarity. Selected bond lengths (A):
Rh1-C21 2.101(3), Rh1-C22 2.096(3), C8—Rh1 3.002(3), C13—Rh1 3.008(3), N1-Rhl
2.134(2), N2—-Rhl 2.022(2). Selected bond angles (deg): C5-N2-C8 127.0(2),
C17-N3—C13 128.4(2), N1-Rh1-N4 86.94(9), C22-Rh1-C21 38.8(1).

This paper Previously reported

VANY BN N

N\ gy

J=N—RN1Ea

I N | 3.354 A
N~

(5-FP)Rh(TFA)(7%-C2Hy) (Q,X)Rh(TFA)(COE)
5-FP = 1,2-bis(N-7-azaindolyl)benzene Q,X = 8,8'-(4,5-0-Xylene)diquinoline

Figure 3.2.4. Structure comparison between (5-FP)Rh(TFA)(7>-C2Ha) (1) and previously
reported “capping arene" complex (6-FP)Rh(COE)(TFA) [6-FP = 8,8'-(1,2-
phenylene)diquinoline, COE = cyclooctene].[**]
3.2.2 Catalytic Oxidative Olefin Hydroarylation

In order to investigate the reactivity of complex 1 as a catalyst precursor for olefin
hydroarylation, the oxidative hydrophenylation of ethylene is used as a model reaction.

Some reaction results are summarized in Table 3.2.1. Heating a 10 mL benzene solution of

complex 1 (0.001 mol% relative to benzene) with 50 psig ethylene and Cu(OPiv)2 (240
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equivalents relative to 1, OPiv = trimethylacedic acetate) at 150 °C affords 114(1) TOs of
styrene after 1 hour (for all catalytic reactions the average TOs and standard deviations
based on at least three independent experiments are given). The percent yields in Table
3.2.1 are based on Cu(ll) oxidants as the limiting regent. Two equivalents of Cu(ll) oxidant
are required for 1 equivalent styrene production. Trace amounts of phenyl pivalate (PhOPiv)
and biphenyl were observed as side products. Biphenyl likely forms from a Rh mediated
oxidative benzene coupling reaction, and 1.6 TOs (relative to Rh) of PhOPiv results from
a slow background reaction that occurs upon heating Cu(OPiv)2 to 150 <T in benzene,
which has been confirmed by heating (150 °C) same amout of Cu(OPiv)2 in benzene
without Rh complex. A similar amount of PhOPiv was produced. The conversion of
benzene, ethylene and Cu(OPiv): to styrene using complex 1 can achieve > 90% yield with
high selectivity for styrene (no ethylbenzene was observed in the reactions). Under most
conditions, small amounts of trans-stilbene from the hydrophenylation of styrene were also

detected as shown in Table 3.2.1.

Table 3.2.1 Results for oxidative hydrophenylation of ethylene using (5-FP)Rh(TFA)(7-

C2Ha4) (1) as catalyst precursor.
/7 N\

7N N\

N
/N —Rh
)jlr\\: “~TFA
0.001 mol% IS O
\//
N N N
O~ +

240 eq. Cu(OPiv), Temp. Additive

X psig
Temp./T Acidll/eq. CHa/psig Time/h Products/TOs % Yield
Styrene trans-Stilbene  Styrene
1 120 / 50 16 109(9) 0.6 01
2 130 / 50 10 107(3) 0.2 89
3 150 / 50 1 114(1) 13 95
4 180 / 50 05  83(@8) 5.2 69
5 150 / 15 4 113(7) 0.4 94
6 150 / 25 2 108(3) 1.0 90
7 150 / 70 1 109(4) 0.2 01
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8 150 240 50 0.5 109(2) 1.6 91
9 150 480 50 0.5 108(1) 2.0 90
10 150 2400 50 0.5 108(6) 2.2 90
111150 2400 50 7 671(42) 124(12) 56
12fedl 150 / 500 6 632(5) 4 53
13F1 150 480 50 40 96(5) 1.4 80

[a] Acid additive is HOPiv for entries 8-11, HOAc for entry 13. [b] Yields are relative to the limiting
reagent Cu(ll) oxidant. [c] 2400 eq. Cu(OPiv), were used in the reaction. [d] The reaction is carried out
in a stainless steel Parr reactor [e] 240 eq. Cu(OAc), were used in the reaction.

The influence of temperature on the reaction (Table 3.2.1, entries 1-4) was
investigated. The reaction time is greatly reduced by raising the temperature from 120 <C
to 180 <C; however, the yield decreases at 180 <C with an increase in production of trans-
stilbene (0.6 TOs vs. 5.2 TOs) and PhOPiv (1.6 TOs and 6.8 TOs). Among the condition
studies, optimal temperature is 150 <C, which provides 95% vyield of styrene as well as high
TOF. Higher ethylene pressure can facilitate the reaction (Table 3.2.1, entries 3, 5-7). The
reaction time to achieve > 90% yield was reduced from 4 hours at 15 psig of ethylene (entry
5) to 1 hour at 70 psig of ethylene (entry 7). Now the main focus of chemistry in this Chapter
is to access possible in situ Cu(ll) oxidant regeneration, and acid additive is essential to
recycle the Cu. Entries 8-10 in Table 3.2.1 demonstrate the influence of pivalic acid
additive. The reaction rate is enhanced and the > 90% yield can be achieved. For example,
at 50 psig of ethylene at 150 <C without added pivalic acid, the reaction requires about 1
hour to reach > 90% yield (entry 3), but with added pivalic acid the time to achieve > 90%
yield is reduced to 0.5 hour (entries 8-10). Two possible benefits are suggested the pivalic
acid addition. First, the solubility of the Cu(OPiv)z in benzene is increased with the addition
of HOPiv. Secondly, it is known that Cu(OAc) and water will undergo hydrolysis reaction

to generate acetic acid and Cu oxide (Scheme 3.2.1).%4 Oxidation of Cu(l) salts and acid
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(pivalic or acetic acid) to Cu(ll) produces water. Thus, the inhibition of Cu(l) hydrolysis
by the addition of acid could enhance the longevity of the catalysis.(see below for studies

of catalyst longevity).

150 °C
-2 HOAG - H,0
Cu(OAc), + 2 H,0 Cu(OH), ——— Cu0
+2 HOAGC
+2 HOAC
- Hzo

Scheme 3.2.1. Cu(OAc)2 thermo decomposition.

Using a large amount of Cu(ll) (2400 eq. relative to 1, entry 11) results in decreased
yield of styrene (~56%) due to the formation of trans-stilbene, which is likely produced by
styrene hydrophenylation. To suppress the stilbene production, high ethylene pressure (500
psig) was used to inhibit styrene coordination. These conditions result in > 99:1 selectivity
for styrene over trans-stilbene (entry 12). Interestingly, an increase in % vyield is not
observed with high ethylene pressure. This could be due to the undesired olefin activation
reaction which produces vinyl pivalate under higher ethylene concentrations. In addition,
the reaction in entry 12 used stainless steel reactors, which gives rise to a difference in
heating compared to the glass Fischer-Porter vessels. The use of Cu(ll) acetate reduces the
yield from ~90% with Cu(OPiv)2 to ~80%, and the reaction requires much longer time to
reach the completion (entries 9 and 13, Table 3.2.1). Compared with Cu(OAc)z, Cu(OPiv)2
is a better Cu(ll) oxidant.

Next, we probed the use of 1 for the oxidative hydrophenylation of propylene to
investigate the anti-Markovnikov selectivity. (Table 3.2.2) Heating a 10 mL of benzene
solution of complex 1 (0.001 mol% relative to benzene) to 150 <T with 30 psig of propylene

with Cu(OPiv)2 (240 eq. relative to 1) and HOPiv (480 eq. relative to 1) over 0.5 h affords
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86 TOs with a L:B ratio of ~11:1. Four different alkenyl benzenes are produced from
reaction. After hydrogenation of allylbenzene, p-cis-methylstyrene and p-trans-
methylstyrene would produce n-propylbenzene, and hydrogenation of a-methylstyrene
would yield cumene. Thus, the L:B ratio is determined based on the ratio of n-
propylbenzene precursors to cumene precursor ( sss, the ratio of allylbenzene and f-
methylstyrenes to amount of a-methylstyrene). When the temperature is decreased from
150 €T to 80 T, the L:B ratio increases from 11:1 to 18:1. However, catalyst activity and
yield are also decreased with lower temperature (Table 3.2.2, entries 1-5). No
alkenylbenzene products were produced from reaction when the temperature is under 60 <C.

In order to test catalyst longevity, a large amount of Cu(OPiv)2 (2400 eq. relative to 1)
was used in the reaction with benzene and propylene. This resulted in 900 TOs (79% yield
based on copper) after 10 h. The yield is even greater than reaction with lower Cu(ll)
oxidant loading (Table 3.2.2, entry 1 and 6). Compared to the oxidative hydrophenylation
of ethylene to produce styrene under similar condition (Table 3.2.1, entry11), which only
gives 671 TOs with > 120 TOs stilbene production, the oxidative hydrophenylation of
propylene only yields ~20 TOs of 1,1'-(E)-1-propene-1,3-diylbis[benzene]. Since the
amount of ethylene and propylene is likely similar, the rate of hydrophenylation of propenyl
benzenes is likely slower than the hydroarylation of styrene. This rate difference may due
to the steric bulk of methyl group on propenyl arenes and electronic difference between

styrene and propenyl benzenes (Scheme 3.2.2).
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Scheme 3.2.2. Possible steric or electronic effect on oxidative hydrophenylation with
styrene and propenyl benzenes.

Table 3.2.2. Catalytic oxidative hydrophenylation of propylene using 1.

V2R

/ A\Y

(/—\'N\Rh/\\ |

/NTT S TR = “
0.001 mol% AN

X N@ + + +

O
[

. X eq. Cu(OPiv), Acid additive Temp.
30 psig | Branched
Linear Products Product

Temp./T  Acid®/eq.  Time/h Products/TOs  L:BRatio  Yield/%!/!

1 150 480 0.5 86(7) 11 72
2 120 480 4 77(1) 13 64
3 100 480 16 66(3) 15 55
4 80 480 144 38(10) 18 32
5 60 480 110 0 N/A 0

69 150 2400 10 953(48) 11 79
74150 480 24 49(2) 9 41

[a] Acid additive is HOPiv for entries 1-6, HOAc for entry 7. [b] Yield is relative to Cu(Il). [c] 2400 eq. Cu(OPiv)z were
added to the reaction. [d] 240 eq. Cu(OAc): were added to the reaction.

3.2.3 Attempt to Copper Oxidant Recycle

One of the drawbacks of our previously reported Rh catalysts is that the catalytic
activity is maintained only under inert (dinitrogen) atmosphere. In addition, when heating
the non-liganded Rh complex [Rh(u-OAc)(77°-C2Ha)]2 in benzene without Cu(ll) oxidant,
it rapid decomposion to Rh(0), acetic acid and free ethylene occurs. Since the "capping

arene" ligand was selected to protect Rh against oxidative degradation or suppression of
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catalysis in the presence of air, reaction with in situ aerobic Cu(ll) regeneration was probed
with 0.001 mol% complex 1, 30 psig propylene, 240 eq. Cu(OPiv)2 and 480 eg. HOPiv at
150 <C. Two equivalents copper required to produce one equivalent alkenylbenzene. Thus,
without regeneration of Cu(ll), using 240 eq. of Cu(OPiv). the maximum TON of
alkenylarene is 120. In order to recycle the Cu(ll) oxidant, air was added to the reactor after
consumption of Cu(ll) oxidant, and the reaction mixture was heated at 120 <C for in situ
Cu(OPiv)2 regeneration. The color changes are shown in Figure 3.2.5. The original color
of the reaction mixture was deep blue, which is the color of soluble copper(ll) oxidant.
After the reaction reached the completion, all the Cu(ll) oxidant were transferred to Cu(l)
species and the solution color is little brown. After the addition of air into the reactor, the
Cu(Il) oxidant was regenerated by oxygen and acid and the solution color came back. After
regeneration of Cu(ll), air was removed with a propylene purge, and the mixture was again
heated at 150 <C after repressurising with propylene to continue oxidative propylene
hydrophenylation. Both complex 1 and [Rh(u-OAc)(7-C2Ha)]2 were tested to provide a
direct comparison of the impact of the “capping arene” ligand to the [Rh(u-OAc)(7?-
C2Ha)]2 catalyst precursor (Figure 3.2.6). Complex 1 maintains activity through 10 air-
recycle procedures and 800 TOs of alkenylarene are produced, however, the reaction with
[Rh(1-OAc)(77°-C2Ha4)]2 stopped after 5 air-recycle procedures with about 300 TOs.
Complex 1 clearly outperforms [Rh(u-OAc)(72-C2Ha)]2 in both activity and longevity.
As can be seen in Figure 2, after ~800 TOs have been reached, catalytic activity decreases;
however, upon addition of pivalic acid and more benzene, catalyst activity resumes (Figure

3.2.7). Thus, the decrease in activity of 1 in Figure 3.2.6 is not due to catalyst deactivation.
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Since the addition of pivalic acid can remove the decrease in catalyst reactivity, the
equilibrium between Cu(OPiv) and water with pivalic acid and Cu oxide may be the reason

for this observation, which inhibit the recyling of the oxidant not the catalyst.

Inltlal F)omglete Recycled

catalytic reaction air reoxidation

Cuz+ Cu* Cuz

Figure 3.2.5. Photographs of reactors over the course of the reaction.
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Figure 3.2.6. Oxidative hydrophenylation of propylene with in situ Cu oxidant
regeneration. A Plot of turnovers of all akenylarene products versus time, reaction
conditions: [Rh] = 0.001 mol% of complex 1 or [Rh(z-OACc)(72-C2H4)]2 in 10 mL benzene,
240 eqg. Cu(OPiv)z2, 480 eq. HOPiv, 30 psig propylene. The reactor is refilled with air and
50 psig N2 at every sampling point for regenerating Cu oxidant at 120 <C and then removed
all air and pressurized with 30 psig propylene.
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Figure 3.2.7. Plot of turnovers versus time for catalytic oxidative hydrophenylation of
propylene with Cu(Il) oxidant that is regenerated in situ (using (5-FP)Rh(TFA)(7-C2Ha)
(1) as catalyst). Reaction conditions: 0.001 mol % Rh, 240 equiv. Cu(OPiv)2, 480 equiv.
HOPiv, 30 psig propylene, at 150 °C. After sampling at the 92h time point, an additional
480 equiv. HOPiv were added.
3.2.4 Access to Aerobic Reaction Condition and in situ Copper Oxidant Regeneration

Next, we tested the reactivity of complex 1 for benzene alkenylation under aerobic
conditions through the combination of benzene, propylene, Cu(OPiv)2 and HOPiv in the
presence of air. In this case, Cu(Il) oxidant was regenerated with air and acid in situ during
the catalysis. When performing the reaction, the reactor was firstly purged with 1 atm
unpurified air and then pressured with propylene. Figure 3.2.8A shows TOs and L:B ratios
versus time for 0.001 mol% complex 1, 30 psig propylene with 1 atm air, 240 eq. Cu(OPiv)2
and 2400 eq. HOPiv at 150 °C. In the absence of air, the maximum TOs are 120. Catalysis
continues over a period of at least two days and linear TOs versus time plot was observed
to give > 1200 TOs after 48 hours, which indicated no apparent catalyst deactivation. The

L:B ratio is ~7 (Figure 3.2.8B), which is reduced comparing to catalysis under anaerobic

conditions (L:B = ~11). As catalysis progresses, the L:B ratio increased from 6:1 (4 h plot)
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to 8:1 (48 h plot). One of the possibilities is that the branched product a-methylstyrene is
slowly decomposing in the presence of air. In order to test this hypothesis, .1000 eq. allyl
benzene and 200 eq. a.-methylstyrene were added to the reactor with 0.001 mol% complex
1 and 240 eq. Cu(OPiv)2. The 1 atm air with 85 psig N2 were used to replace the propylene.
The amount of allyl benzene and a-methylstyrene was monitored during the reaction.
(Figure 3.2.9) The a-methylstyrene was consumed over time and the concentration of allyl
benzene stayed the same. This result indicates that the increase in L:B ratio is due to the
decomposition of branched product. The observed TOF (TOF = turnover frequency,
calculated from Table 3.2.1, entry 8 and the first data point in Figure 3.2.8A) is decreased
from 0.06 s™' for catalysis under anaerobic conditions to 0.01 s when for catalysis under
aerobic conditions.

The longevity of the catalyst was further attempted with lower catalyst loading (0.0001
mol% of 1 relative to benzene) and > 13,000 TOs can be reached after 336 hours catalysis
with no evidence of catalyst deactivation (Figure 3.2.8C). The results suggest that the
complex 1 is quite stable under aerobic conditions using unpurified air at 150 °C. Rh and
Ru catalysts are reported to produce alkenyl arenes using purified oxygen as the oxidant,””
8451 complex 1 was investigated using 1 atm unpurified air as the sole oxidant in the
absence of Cu(Il) oxidant. A large amount of acid is essential for the catalysis and the L:B
ratio was reduced. Under the best condition we found > 500 TOs after 240 h with L:B ratio
of ~5 (see Figure 3.2.10). Thus, complex 1 can catalyze oxidative alkenylarene formation
by direct use of the oxygen from air. The observed TOF, however, decreased to 6 x 107 s™!

(calculated with the 240h time plot).
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Figure 3.2.8. Hydrophenylation of propylene under aerobic conditions. (A) Plot of
turnovers versus time, reaction conditions: [Rh] =0.001 mol% 1 in 10 mL benzene, 240 eq.
Cu(OPiv)2, 2400 eq. HOPiv, 30 psig propylene with 1 atm air at 150 °C. The reactor is
refilled with air at every sampling point. (B) L:B ratio versus time plot, reaction condition
is the same as A. (C) Plot of turnovers versus time, reaction conditions: 0.0001 mol % Rh,
2400 equiv. Cu(OPiv)2, 48000 equiv. HOPiv, 1 atm air, 30 psig propylene, at 150 °C. Fresh
air was purged to the reactor every 24 hours and the reaction mixture was sampled every
48 hours at every sample point. The data are from four separate experiments with standard
deviations given. (D) L:B ratio versus time plot, reaction condition is the same as C.

(A)

1200

1000 W [ | ] [ | [ | L

800

m Allyl benzene
600
® a-Methylstyrene

400

Eq. Relative to [Rh]

200 ¢ ° °

0

0 20 40 60 80 100 120
Time (h)



111

(B)

Linear to Brached Ratio
o = N w H ol (o)) ~ (0] [{e)

0 20 40 60 80 100 120 140
Time (h)

Figure 3.2.9. Alkenyl arenes products decomposition study with (5-FP)Rh(TFA)(7-C2H4)
(1). (A) Plot of remained alkenyl arenes products versus time, reaction conditions: Reaction
conditions: 0.001 mol % Rh, 1 atm air, 85 psig N2, 240 eq. Cu(OPiv)2 at 150 °C with initial
ally benzene (~1000 equivalents to [Rh]) and a-methylstyrene (~200 equivalents to [Rh])
addition. Reactions were sampled every 24 hours and fresh air was purged into reactor with
at every sample point. The data are from three separate experiments with standard
deviations given. (B) L:B ratio versus time plot, reaction condition is the same as A.
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Figure 3.2.10. Catalytic oxidative hydrophenylation of propylene using air as oxidant with
(5-FP)Rh(TFA)(777-C2Ha4) (1). Reaction conditions: 0.001 mol % Rh 4800 equiv. HOPiv, 1
atm air, 30 psig propylene, at 150 °C. Reactions were sampled every 48 hours and fresh air
was purged into reactor with at every sample point. The data are from three separate
experiments with standard deviations given.
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3.2.5 Investigation of Product Inhibition and Cu(Il) Oxidant Dependence

The oxidative hydrophenylation with propylene and ethylene shows different results
when using 2400 eq. Cu(OPiv)2 as oxidant. Increasing the Cu(ll) amount (relative to
complex 1) for the ethylene oxidative hydrophenylation resulted in a decrease in the yield
compared to lower Cu(ll) amounts. For example, the yield drops form 90% to 56% when
2400 eq. Cu(OPiv)2 was applied comparing with 240 eq. Cu(OPiv)2 (Table 3.2.1, entries
10 and 11). However, the yield for oxidative hydrophenylation of propylene is not affected
by increasing the amount of Cu(ll). The yield increased from 72% to 79% when using 2400
eq. Cu(OPiv)2 compared to 240 eq. Cu(OPiv)2 (Table 3.2.2, entries 1 and 6). Based on these
observations, possible product inhibition was investigated with initial styrene and
allylbenzene addition for the hydrophenylation of ethylene and propylene, respectively.
Different amounts of styrene and allylbenzene were added at the beginning of the reaction,
and the results are summarized in Table 3.2.3. The reaction was greatly inhibited with
styrene addition. When 480 eq. of styrene (relative to 1) were added at the start of the
reaction, the percent yield decreased from 95% to 44% after 1 hour (Table 3.2.3, entries 1
and 3). The addition of 960 eq. of styrene nearly terminated the production of styrene, and
trans-stilbene is the major product. Interestingly, we found that addition of pivalic acid can
help moderate the product inhibition, with an increase the percent yield of styrene from 44%
to 58% after 1 hour when 480 eq. of pivalic acid (relative to 1) are added to the reaction
(Table 3.2.3, entries 3 and 5). However, the yield still decreases ~40% compared with non-
styrene addition trial (Table 3.2.3, entries 1 and 5). Comparing with styrene, allylbenzene

exhibits less inhibition, the percent yield decreased from 72% to 57% when 480 eq. of
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allylbenzene are added at the beginning of the reaction with propylene and benzene (Table
3.2.3, entries 5 and 7). At this point we cannot assign the increased inhibition of styrene
relative to allylbenzene to steric or electronic effects. But it might be expected that other
products from hydrophenylation of propylene (a-methylstyrene, cis-p-methylstyrene and
trans-B-methylstyrene), which have less sterically accessible double bonds, will exhibit less

product inhibition on the rate of catalysis. (Scheme 3.2.2)

Table 3.2.3. Study of product inhibition of Rh catalyzed oxidative hydrophenylation of
ethylene or propylene using styrene and allylbenzene.®

Amount of added HOPiv/eq. Time/h Products/TOs L:B
vinyl arene/eq.P! [ alkenyl benzene  trans-Stilbene  Ratio

1/ / 1 114(1) 13 /

2 240 / 1 78(3) 5(1) /

3 480 / 1 53(3) 9(1) /

4 960 / 1 3(13) 22(4) /

5 480 480 1 69(7) 7(1) /

6 |/ 480 0.5 86(4) / 11

7 480 480 0.5 68(2) / 10

[a] Reaction conditions: 0.001 mol% complex 1 relative to benzene, 240 eq. Cu(OPiv)2, 50 psig ethylene or 30 psig
propylene reacted at 150 <C. [b] Styrene is added for entries 1-5 and allylbenzene is added for entry 7. Loading is relative

to complex 1.

In order to investigate the influence of Cu(Il) oxidant loading, the oxidative
hydrophenylation of propylene using (5-FP)Rh(TFA)(7-C2H4) (1) with different amount
of Cu(OPiv): has performed. The reactor was charged with 10 mL benzene solution of
complex 1 (0.001 mol% relative to benzene) with 30 psig propylene, 1 atm air, different
amount of Cu(OPiv)2 (60, 120, 240 and 360 equivalents relative to 1) and HOPiv (4800
equivalents relative to 1). Catalysis was monitored at 150 °C and the solution was sampled
every 6h. With the addition of excess HOPiv, Cu(OPiv): is completely dissolved in the
benzene solution and the concentration of the Cu(Il) oxidant is constant along with the

reaction. The results are shown in Figure 3.2.11. All the reactions show a linear relation
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between products turnovers and reaction time, which indicate no catalyst deactivation
(Figure 3.2.11A).When plotting the TOF with Cu(II) oxidant loading, a linear relation was
observed. Thus, the reaction rate is likely the first order in Cu(Il) oxidant. This result is
different from Rh catalyzed olefin hydroarylation under different conditions,””! which
indicates the catalysis by complex 1 may undergoes a different reaction pathway or, at least,
the energetics are altered. This change in dependence of Cu(II) concentration is consistent

with our hypothesis to the capping arene ligand inhibits Rh oxidation.
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Figure 3.2.11. Catalytic oxidative hydrophenylation of propylene using (5-FP)Rh(TFA)(7-
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C2Ha4) (1) with different Cu(OPiv)2 loading. Reaction conditions: 0.001 mol % Rh 4800
equiv. HOPiv, 1 atm air, 30 psig propylene, Cu(OPiv)2 (60 eq., 120 eq., 240 eq., 360 eq.) at
150 °C. Reactions were sampled every 6 hours and fresh air was purged into reactor with
at every sample point. The data are from three separate experiments with standard
deviations given. (A) Turnover versus time plot of four different Cu(OPiv)2 loading. (B)
TOF versus Cu(OPiv)2 loading plot.

3.3 Computational Studies

In this part, all the computational results are from our collaborate Nielsen, R. J. and
Goddard, W. A. in Caltech.

3.3.1 Reaction Pathway Prediction

DFT calculations (M06/6-311G**++ including implicit solvation) were used to
predict the elementary steps that could be responsible for the reactions of oxidative ethylene
and propylene hydrophenylation catalyzed by complex 1. The predicted free energy
surfaces at experimental conditions suggest an oxidative arylation mechanism comprised
of benzene C—H activation, olefin insertion, B-hydride elimination and regeneration by Oz
or Cu(II) oxidant. Our predicted L:B ratio of 11:1 from the relative free energies of propene
insertion transition states, is consistent with the experimentally observed ratio of 11:1
(Table 3.2.2), which supports the mechanism from the DFT calculations.

At concentrations mimicking reaction conditions, displacement of ethylene from 2 by
benzene is predicted from the DFT to be endergonic by 9.2 kcal/mol (Figure 3.3.1).
Benzene C—H activation by a concerted metalation-deprotonation (CMD) mechanism has
a DFT predicted barrier of 30.6 kcal/mol. Alternatively, oxidative insertion of Rh(I) into a
C—H bond followed by reductive elimination of pivalic acid leads to barriers that are lower

for both the C—H oxidative addition step (24.4 kcal/mol) and the O—H reductive elimination

(26.6 kcal/mol). Thus, despite the observation for many other reactions that the concerted
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metalation-deprotonation (CMD) pathway is favored for C—H activation,*! the DFT
calculations predict that for this system the oxidative addition/reductive elimination process

is favored by 4 kcal/mol.
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Figure 3.3.1. Free energies (kcal/mol) at 423 K from DFT calculations (M06, including
PBF solvation) of the proposed catalytic cycle for conversion of ethylene and benzene to
styrene. Conditions: [Rh]=0.11 mM, [HOPiv] =0.053 M, 4.4 atm C2H4, 1 atm O, [styrene]
= [ethylbenzene] = 0.1 M, in benzene.

Liberation of HOPiv and coordination of ethylene generates a Rh(I) phenyl species (5)
that can form a C—C bond via olefin insertion. The DFT predicted transition state for
ethylene insertion (TS3) lies 26.4 kcal/mol above starting complex 2 and 22.6 kcal/mol
above the precursor 5. The three-coordinate Rh(I) alkyl complex 6 leads to styrene
formation via a facile B-hydride elimination through TS4, although this can be inhibited by
the favorable coordination of an additional ethylene to form 6'. The resulting Rh(I) hydride
with styrene coordinated 7 can undergo ligand exchange with ethylene to form free styrene
and complex 8. Either complex 7 or 8 can potentially react with Cu(Il) to regenerate

complex 2.

Minor products can result from branches off this pathway. Protonolysis of the Rh—C
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bond in 6 would divert the reaction to produce ethylbenzene. However, using pivalic acid
or benzene as a proton source, the barriers for this reaction are predicted to be 8 or 18
kcal/mol higher, respectively, than the -hydride elimination reaction that leads to the
observed product styrene. A more competitive detour is the generation of stilbene by the
insertion of styrene in §' via TS3'. The barrier for the insertion of styrene is only 5 kcal/mol
higher than the insertion of ethylene, which is consistent with the experimental observation
of stilbene formation once styrene is formed by catalysis. Within the accuracy of DFT
calculations we can be distinguish whether C—H activation (specifically the reductive
elimination transition state TS2 at 26.6 kcal/mol) or subsequent olefin insertion limits the
rate of the overall reaction. Furthermore, the relative rates of these branches are sensitive
to the evolving concentrations of ethylene and styrene over the course of reaction.
3.3.2 Linear Selectivity Modeling

Figure 3.3.2 shows the DFT results for the conversion of propylene to linear and
branched products. Since propylene is easier to displace by benzene than ethylene, the
computed C—H activation barriers are effectively reduced. The resulting phenyl complex
lies about 4 kcal/mol uphill and precedes olefin insertion transition states that lead to linear
or branched products. The four distinct arrangements of the Cs-symmetric ligand,
propylene and phenyl group were predicted by DFT to have free energies of activation
within 3 kcal/mol. Both transition states with linear regiochemistry lead to lower activation
barriers (24.0 and 25.2 kcal/mol) than those leading to the branched product (26.2 and 26.8
kcal/mol). The ratio of the summed rates through the linear and branched paths predicted

using transition state theory at 150 °C predicts a linear:branched ratio of 11.2:1. The lowest-
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energy transition state also has a higher vibrational entropy, suggesting the fragments in
this arrangement are less tightly packed. The calculated L:B ratio of 11, which is consistent
with the value (11:1) observed from experimental observations (see Table 3.2.2), derives
from a factor of ~2 from the entropic difference and a factor of ~5 from the enthalpy
differences. The activation energies for -hydride elimination transition states producing
branched or linear olefin are more than 10 kcal/mol lower than the olefin insertion barriers.
Therefore, the selectivity determined in the insertion step is not expected to be obscured by

B-hydride elimination or product dissociation.

Olefin insertion transition states
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Figure 3.3.2. Free energies (kcal/mol) at 423 K from DFT calculations of our proposed
catalytic cycle for the oxidative hydroarylation of propene (conditions as in Figure 3.3.1).
The inset displays isomers of the olefin insertion transition state, with the propene and
phenyl units drawn as cylinders.

3.3.3 Resistance Towards Oxidation Explanation

As a first step towards understanding the regeneration of 1 by O2 and Cu(Il),
intermediates that might result from the reaction of these with the most exergonic, and
likely reducing, state in Figure 3.3.1 were considered (Figure 3.3.3). One feasible route

involves the Cu(IT)/Cu() couple, represented computationally by
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Cu(OPiv)2/Cu(OPiv)(CsHe). The hydride complex 8 undergoes an exergonic single
electron oxidation by Cu(OPiv)2 via a net carboxyl group transfer. Reductive elimination
of pivalic acid to form the the Rh(0) complex 10 is also exergonic. A second oxidation to
regenerate 2 is highly exergonic. Direct complexation of Oz to 8 is unlikely: no complex
forms on the triplet surface and the singlet 11 is highly exergonic. A role for the capping
arene in activating O2 was considered, but a singlet Rh(IIl) complex 12 with Oz bridging
the Rh(III) and an arene carbon lies 26 kcal/mol uphill. Dissociation of ethylene from 8 to
create a vacancy is also unlikely (AG = 27.7 kcal/mol, 13). The transition state for an
associative substitution of O; for ethylene was found (TS5), which could be the entry to
rearrangements that exergonically produce a rhodium peroxide 18. The activation barrier
(AG* = 25.5 kcal/mol) is high but comparable to those earlier in the mechanism. Slightly
more favorable is a direct hydrogen-atom abstraction by >0z (TS6, AG* = 22.2 kcal/mol).[*”
311 However, a radical chain mechanism for converting the hydride is perhaps more likely
than the direct involvement of O2. For example, reaction of 8 with a hydroperoxyl radical
(generated photochemically or via decomposition of a peroxide intermediate) yields the
Rh(II) complex 14. The weakened Rh—H bond can easily be broken by 02 to yield 18,
effecting a net insertion of Oz into the Rh'-H bond. Alternatively, the Rh(I) superoxide
complex 19 is able to abstract a hydrogen atom from 8 exergonically to yield the Rh(0) 10,
which regenerates 19 spontaneously via reaction with 02.”® A full mechanistic study
including ligands that do not facilitate aerobic oxidation is beyond the scope of this paper,

but these DFT calculations indicate that both anaerobic and aerobic pathways are viable.
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Figure 3.3.3. Free energies (kcal/mol) at 423 K from DFT calculations for reactions of
oxidants with the thodium hydride 8. Conditions: [Cu"'] = [Cu'] = [Rh] =[-OOH] =0.11mM,
[HOPiv] = 0.053M, 4.4 atm C:H4, 1 atm Oz, in benzene. Superscripts denote spin
multiplicities.

3.4 Conclusion

To our knowledge, there are no previous example of catalytic conversion of benzene
and propylene to linear alkylbenzene with high selectivity for anti-Markovnikov products
under aerobic conditions. We have reported that a "capping arene" ligand supported Rh(I)
complex (5-FP)Rh(TFA)(7?-C2Ha) serves as catalyst precursor under anaerobic or aerobic
conditions. The special designed ligand can prevent Rh(I) center from oxidation. The Rh
catalyst is quite stable in air at 150 °C and the catalysis can use air as the direct oxidant
without any Cu(II) salts. The Rh catalyst shows a remarkable longevity and stability. Under
optimized condition, a significant turnover number (> 13,000) can be reached without
obvious catalyst deactivation at 150 °C for at least 2 weeks of reaction, and the catalyst can
achieve a linear to branched ratio up to 18:1, which is to our knowledge the highest ratio

for conversion of hydrocarbon substrates.
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3.5 Experimental Section
[Rh(#*-C2Ha)2(u-TFA)]> and 1,2-bis(N-7-azaindoly)benzene (5-FP) were prepared

5132331 All other reagents were purchased from commercial

according to literature procedure
sources and used as received.
Synthesis of (5-FP)Rh(TFA)(77?-C2Hs) (1). A THF solution (10 mL) of 1,2-bis(N-7-
azaindolyl)benzene (0.0810 g, 2.61 x10™* mol) was added to a THF solution (10 mL) of
[Rh(#*-C2Ha)2(u-TFA)]2 (0.0800 g, 1.47 x10* mol) dropwise and stirred for 48 h. The
reaction mixture was dried under vacuum. The resulting solid was dissolved in minimal
THF (2 mL), and pentane (30 mL) was added to the solution to give a yellow precipitate.
The solid was collected by filtration, washed with pentane (3 x 10 mL), and dried under
vacuum to afford the analytically pure 1 (0.110 g, yield = 76%). X-ray quality crystals of 1
were grown by the vapor diffusion method using THF and n-pentane. '"H NMR (CD:Cl>,
600 MHz): § = 9.27 (dd, *Jun = 5.3 Hz, 1.4 Hz, 1H, 5 or 5'), 8.37 (d, *Jun = 5.5 Hz, 1H, 5
or 5"), 7.91 (td, *Jun = 7.7 Hz, 1.5 Hz, 1H, 7 or 7"), 7.86 (dd, *Jun = 7.9 Hz, 1.6 Hz, 1H, 6
or 6'), 7.77-7.81 (m,2H, 1H of 6 or 6' and 1H of 7 or 7"), 7.58 (dd, *Jun = 7.8Hz , 1.3 Hz,
1H, 3 or 3"), 7.45 (dd, *Jun = 7.9, 1.4 Hz, 1H, 3 or 3"), 7.31 (d, *Jun = 3.6 Hz, 1H, 1 or 1"),
7.23 (d, *Jun=3.5 Hz, 1H, 1 or 1'), 7.08 (dd, *Jun = 7.9 Hz, 5.3 Hz, 1H, 4 or 4), 6.73 (dd,
3Jun = 7.8 Hz, 5.5 Hz, 1H, 4 or 4'), 6.48 (d, *Jun = 3.6 Hz, 1H, 2 or 2"), 6.46 (d, >Jun = 3.6
Hz, 1H, 2 or 2'), 2.75 (br, 2H, ethylene-H), and 2.54 (br, 2H, ethylene-H) ppm. '’F NMR
(CD2Clz, 600 MHz): & = -74.0 (s, TFA) ppm. *C-{'"H} NMR (CD:Clz, 150 MHz): § =
161.9 (g, OC(O)CFs,%Jcr =34 Hz, 151.9 (s, Ar-C), 150.4 (s, Ar—C), 148.8 (s, Ar—C), 146.2

(s, Ar-C), 131.2 (s, Ar-C), 134.8 (s, Ar—C), 131.9 (s, Ar—C), 131.1 (s, Ar-C), 131.0 (s, Ar—
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C), 130.6 (s, Ar-C), 130.5 (s, Ar-C), 130.4 (s, Ar—C), 130.0 (s, Ar—C), 128.8 (s, Ar-C),
121.8 (s, Ar—C), 121.1 (s, Ar—C), 117.4 (s, Ar—C), 116.6 (s, Ar-C), 103.0 (s, ethylene-C),
102.7 (s, ethylene-C) ppm. Peak of OC(O)CF; is overlapped with some Ar-C peaks.
Elemental analysis for C24Hi1sF3N4O2Rh: Calculated; C: 52.00%; H: 3.27%; N: 10.11%,
Found; C: 51.21%; H: 3.26%; N: 10.00%.

Catalytic Oxidative Hydrophenylation of Ethylene. A representative catalytic
reaction is described (Table 3.2.1, entry 9). A stock solution containing 1 (0.0156 g, 0.0280
mmol, 0.001 mol % of rhodium catalyst), hexamethylbenzene (0.0911 g, 0.561 mmol), and
benzene (250 mL) was prepared in a volumetric flask. Thick-walled glass Fisher-Porter
reactors were charged with stock solution (10 mL), pivalic acid (0.0550 g, 0.539mmol) and
Cu(OPiv)2 (0.0716 g, 0.269 mmol). The vessels were sealed, pressurized with ethylene (50
psig), and subsequently stirred and heated to 150 °C. The color of the reaction mixture is
deep blue at the beginning of the reaction and turns to colorless when all Cu oxidant is
consumed. The reaction was sampled when the solution turned colorless. The reactors were
cooled to room temperature and aliquots of the reaction mixture (< 200 uL) were analyzed
by GC/FID using relative peak areas versus the internal standard (hexamethylbenzene).

Catalytic Oxidative Hydrophenylation of Propylene. A representative catalytic
reaction is described (Table 3.2.2, entry 1). A stock solution containing 1 (0.0156 g, 0.0280
mmol, 0.001 mol % of rhodium catalyst), hexamethylbenzene (0.0911 g, 0.561 mmol), and
benzene (250 mL) was prepared in a volumetric flask. Thick-walled glass Fisher-Porter
reactors were charged with stock solution (10 mL), pivalic acid (0.0550 g, 0.539mmol) and

Cu(OPiv)2 (0.0716 g, 0.269 mmol). The vessels were sealed, pressurized with propylene
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(30 psig), and subsequently stirred and heated to 150 °C. The color of the reaction mixture
is deep blue at the beginning of the reaction and turns to colorless when all Cu oxidant is
consumed. The reaction was sampled when the solution turned colorless. The reactors were
cooled to room temperature and aliquots of the reaction (< 200 uL) mixture were analyzed

by GC/FID using relative peak areas versus the internal standard (hexamethylbenzene).

Catalytic Oxidative Hydrophenylation of Propylene with Cu(II) Oxidant Using in
situ Regeneration. A representative catalytic reaction is described (using 1 as the catalyst).
A stock solution containing 1 (0.0156 g, 0.0280 mmol, 0.001 mol % of rhodium catalyst),
hexamethylbenzene (0.0911 g, 0.561 mmol), and benzene (250 mL) was prepared in a
volumetric flask. Thick-walled glass Fisher-Porter reactors were charged with stock
solution (10 mL), pivalic acid (0.0550 g, 0.539mmol) and Cu(OPiv)2 (0.0716 g, 0.269
mmol). The vessels were sealed, pressurized with propylene (30 psig), and subsequently
stirred and heated to 150 °C. The color of the reaction mixture is deep blue at the beginning
of the reaction and turns to colorless when all Cu oxidant is consumed. The reaction was
sampled when the solution turned colorless. The reactors were cooled to room temperature
and aliquots of the reaction mixture (< 200 pL) were analyzed by GC/FID using relative
peak areas versus the internal standard (hexamethylbenzene). After the sampling, 1 atm
fresh air was purged into the reactor. Then the reactor was pressurized with 50 psig N2. The
reactor was heated to 120 °C for 15 min for in situ Cu(Il) oxidant regeneration. After the
regeneration, the reactors were cooled to room temperature and purged and pressurized
with propylene (30 psig). The vessels were subsequently stirred and heated to 150 °C for

the reaction.



124

Air in situ Catalytic Oxidative Hydrophenylation of Propylene. A representative
catalytic reaction is described (Figure 3.2.8A). A stock solution containing 1 (0.0156 g,
0.0280 mmol, 0.001 mol % of rhodium catalyst), hexamethylbenzene (0.455 g, 2.24 mmol),
and benzene (250 mL) was prepared in a volumetric flask. Thick-walled glass Fisher-Porter
reactors were charged with stock solution (1 mL) and benzene (9 mL), pivalic acid (0.550
g, 5.38 mmol) and Cu(OPiv)2 (0.0716 g, 0.269 mmol). The vessels were sealed and purged
with 1 atm air, pressurized with propylene (30 psig), and subsequently stirred and heated
to 150 °C. After every 24h, the reactors were cooled down to room temperature first and to
0°C with ice bath. Then the reactor was purged with air (1 atm) and pressurized with
propylene (30 psig), and reheated. The reaction mixture was sampled every 48h. Aliquots
of the reaction (< 200 pL) mixture were analyzed by GC/FID using relative peak areas
versus the internal standard (hexamethylbenzene).

Catalytic Oxidative Hydrophenylation of Propylene Using Air as Oxidant. A stock
solution containing 1 (0.0156 g, 0.0280 mmol, 0.001 mol % of rhodium catalyst),
hexamethylbenzene (0.0911 g, 0.561 mmol), and benzene (250 mL) was prepared in a
volumetric flask. Thick-walled glass Fisher-Porter reactors were charged with stock
solution (10 mL) and pivalic acid (0.5500 g, 5.39 mmol). The vessels were sealed and
purged with 1 atm air, pressurized with propylene (30 psig), and subsequently stirred and
heated to 150 °C. The reaction was sampled every 48 h. At each time point, the reactors
were cooled to room temperature, sampled, purged with air (1 atm) and pressurized with
propylene (30 psig), and reheated. Aliquots of the reaction mixture (< 200 uL) were

analyzed by GC/FID using relative peak areas versus the internal standard
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(hexamethylbenzene).
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4 Undirected Arene Acetoxylation with Cu Catalysts
4.1 Introduction

Acetoxylation of benzene is considered to be a possible alternative to phenol production.
Currently 95% of phenol was produced through Hock process, which uses benzene and
propylene as feedstock and involved the partial oxidation of cumene via Hock
rearrangement.!'! The problem with this process is same amount of phenol and acetone were
produced, however, the demand for phenol is higher than acetone which cause the price of
acetone to fall and penalizes the economics of the entire process. The process developed by
Dutch State Mines (DSM) and Solutia utilize N2O to direct oxidize benzene to phenol.
However, the difficulty in finding a low-cost route to N2O limit its application.?!
ExxonMobil developed a process in which benzene and hydrogen were used as feedstock.
Benzene is firstly hydrogenated to cyclohexene and hydrophenylated to produce
cyclohexylbenzene. The latter product is oxidized to hydroperoxide and then cleaved to

phenol and cyclohexanone.? (Scheme 4.1.1)

Hock process

mé _.5+02_> 6_, 6—%5)1
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DSM and Solutia process
OH
wo o 0) - )
ExxonMobil process

hydroalkylatlon Oxidation Cleavage
2H, + — > HO-O
zeollte O,, NHPI H2S0,

Scheme 4.1.1. Industrial processes for phenol production.

Pd(OAc):-based acetoxylation of benzene has been reviewed in great detail. Although
Pd(OAc): catalyzed arene acetoxylation has achieved great success during the past several
years, the high price of Pd and easily accessible decomposition to Pd(0) limit its practical
use. Copper is considered to be a potential substitute for noble metals; however, its use for
catalytic C-H bond functionalization has traditionally been limited as C-H bond
functionalization by Cu complexes generally requires the presence of a directing group.l**

In 2006, Jinquan Yu and co-workers reported functionalization of an inert C—H bond
using pyridine as the directing group with Cu(OAc): as the promoter.’] The use of a
stoichiometric amount of Cu(OAc): with different anion sources produced a variety of
substituted arene products (Table 4.1.1). Although the acetoxylation product was not
observed in the reaction, the hydroxylation product could be obtained with moderate yield
(Table 4.1.1, entry 9). In addition, by lowering the Cu(OAc)2 loading to 10 mol% in the
presence of Oz, acetoxylation and diacetoxylation products were obtained with 37% and
56% yields, respectively. No kinetic isotope effect (KIE) was observed in an intramolecular
competition reaction, which indicates that the reaction likely undergoes a different

mechanism than Pd-catalyzed acetoxylation or at least has different energetic parameters.
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A single electron transfer (SET) from the aryl ring to the coordinated Cu(Il) to produce a
radical cation intermediate was suggested as the rate-determining step for the reaction.
Cheng and co-workers have utilized anhydride additives to help the acetoxylation with
same substrate motif." In contrast to the report by Yu and co-workers, functionalization
was proposed to occur through the disproportionation of Cu(II) to form Cu(III) intermediate

rather than through the formation of a radical cation intermediate via SET.[*

Table 4.1.1. Cu(OAc)2-mediated C—H functionalization with pyridine as the directing

group.?!
‘ t 1 equiv. Cu(OAc),, air ‘ \/
N nucleophilic anion source N
X
Entry  Anion Source  Solvent Product (X) Yield (%)
1 / Br.CHCHB2 Br 65
2 I CICH2CH:Cl1 I 61
3 TMSCN MeCN CN 42
4 / MeNO2 CN 67
5 TsNH2 MeCN TsNH 74
6 p-CN-PhOH MeCN p-CN-PhO 35
7 PhSH DMSO PhS 40
8 MeSSMe DMSO MeS 51
9 H>O DMSO OH 22

During the past decade, additional directing groups have been developed to facilitate Cu
catalyzed hydroxylation (Figure 4.1.1).5* Yu’s group also reported hydroxylation using a
series of substituted amide groups as directing groups.””) Unfortunately, none of the
substrates with N-OMe, N-isopropyl, N-phenyl or N-(4-NO:2)-phenyl groups were
hydroxylated. However, by using the substrate with a more electron deficient N-aryl group
(Figure 4.1.1, Arr), 23% yield of the hydroxylation product was obtained when using CuBr

as an additive. In addition, a the quinoline-based supporting ligand and added base (Cs2CO3
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with 1-adamantanecarboxylic acid), the reaction achieves up to 80% yield based on the
substrate and demonstrates good functional group tolerance for substituents on the benzene
ring. In 2015, Yu and co-workers reported oxazolyamide as a directing group for Cu
catalyzed hydroxylation.!! In this study, no supporting ligand was required, and water was
shown to be essential for this transformation. As opposed to their initial study, the kinetic
isotope effect (KIE) study of this reaction showed a kn/kp value of 3.2. The addition of the
common radical trap TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl) had a negligible
effect on the reaction, which indicates that the hydroxylation mechanism most likely

involves a Cu mediated C—H bond cleavage rather than a pathway involving free radical

formation.
Jinquan Yu
F
f | o of CF3
H H N\—/O y F
pyridrine oxazolyamide(Oxa) Arg=4-(CF3)CqF,

Daugulis S

hi i
! o)
o)
o) O OH
N =
H | Hov
N& H X
H H

8-aminoquinoline  2-(pyridine-2-yl)isopropylamine (PIP)  benzoic acid

Figure 4.1.1. Directing groups for Cu mediated hydroxylation.!'”)

Shi and co-workers utilized 2-(pyridine-2-yl)isopropylamine (PIP) as a directing group
for Cu catalyzed hydroxylation and acetoxylation.l”! In this reaction, Ag(I) or Cu(Il)
oxidants were used with a phase transfer catalyst, tetrabutylammonium iodide (TBAI), to
promote the generation of a Cu(Ill) intermediate. The proposed mechanism is shown in

Scheme 4.1.2. Coordination of the Cu(II) salt to the substrate is followed by C—H activation
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of the substrate, generating a tri-coordinate Cu(Il) intermediate. Then, the Cu(Il)
intermediate is oxidized by Ag(I) or Cu(II) oxidant to give Cu(III). The Cu(IlI) intermediate
reductively eliminates the product and regenerates the catalyst precursor, thus completing
the catalytic cycle. The reaction with Ag(I) or Cu(Il) oxidants achieved higher yield and a
faster reaction rate than Yu’s system which used O as the oxidant.*> In support of the
proposed mechanism, a high KIE of 5.3 was observed in actoxylation with PIP directed
benzene, and the presence of radical traps did not have an effect on either the yield or the

reaction rate.

==Voe. % e %
0
Reductlve /[—LCUXZ thath
Ellmlnatlon

@*%
uIII_N
Cu' or Ag® C H Activation
u”—N

cu' or Ag' HX

Scheme 4.1.2. Proposed mechanism for PIP group directed Cu catalyzed
hydroxylation/acetoxylation."’

In addition to the common practice of using an amide group to direct the hydroxylation
reaction, benzoic acid has also proven to be a suitable candidate.’® In contrast to utilizing
an amide directing group, a stoichiometric amount of benzoyl peroxide is required to
achieve high conversion. The proposed mechanism is quite different from the PIP group
directed Cu catalyzed hydroxylation/acetoxylation based on a much smaller KIE (1.22
versus 5.3) and the inhibition by radical traps. The proposed mechanism is shown in

Scheme 4.1.3. The addition of Cu(Il) and [PhCOz]z generates a square-planar or square-
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pyramidal Cu(Ill) intermediate. An aryl radical is then formed and undergoes CO:2
extraction from the phenyl radical. The formed free radical in the reaction mixture then
triggers an H-atom abstraction from the ortho position of the benzene ring. Finally, the
radical intermediate with the Cu(IIl) metal center engages in intramolecular C—O bond

formation and regenerates the Cu(Il) catalyst.

CuX, + [PhCO,],

O COOH f O CO,Cu"'X, PhCO, PhCO,H cOo,CuX,

o J ®

PhCO, + PhCO,H

-CUXZ

0O

COOH ;
E—
-
SO 9

Scheme 4.1.3. Proposed mechanism for benzoic acid group directed Cu catalyzed
hydroxylation.

Another well-known directing group for Cu catalyzed C—H bond functionalization is
Daugulis’s 8-aminoquinoline benzamide motif, which was originally used for Pd-catalyzed
sp> and sp® C-H bond arylation.”! Jana and co-workers reported Cu catalyzed
hydroxylation based on this directing group. An excess amount (10 equiv. relative to Cu)
of pyridine additive is required to facilitate this transformation. Without the pyridine
additive, the only observed product is the result of substrate dimerization. In addition to the
hydroxylation, Cu catalyzed fluorination, nitration, phosphorylation, etherification,
sulfenylation, and amination were reported with Daugulis’s directing group.l'*'6! The
functional group structures are shown in Scheme 4.1.4. Shannon Stahl and co-workers have
published a detailed study of Cu mediated etherification and chlorination using Daugulis’s

directing group as well.'" Under acidic conditions, the B position of the quinoline ring is
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chlorinated, while the ortho position of the benzene ring is etherified under basic conditions.
KIE values of 1 and 5.7 were observed for chlorination and etherification, respectively.
Chlorination is proposed to occur through SET, while an organometallic mechanism was
proposed for etherification.

0] 0

Cu(ll) salts
N N
H \ ligand, solvent and oxidant/additives H ‘
H Nx X I

9 ny —
X = OH, F, NO,, SCF3, OMe, ;Z‘%OIPW 0 LN 0
/
NH,

OiPr
Scheme 4.1.4. Cu catalyzed C—H bond functionalization with Daugulis’s directing group.
Although Cu catalyzed C—H bond functionalization using directing groups has been
studied thoroughly, to our knowledge there are no reported examples of non-directed
hydroxylation or acetoxylation catalyzed by Cu. In this Chapter, the acetoxylation of
benzene mediated by Cu(Il) salts is discussed.
4.2 Results and Discussions
4.2.1 Cu(OAc); Mediated Benzene Acetoxylation and Optimization of Reaction
Conditions
Phenyl acetates have been observed as a side product in our Rh catalyzed olefin
hydrophenylation as the result of a reaction of the CuX2 (X = OAc, OPiyv, etc.) with benzene.
Because this conversion occurs in the absence of a directing group, this oxidation
phenomenon is interesting. The reaction conditions were optimized using Cu(OAc)2 and
benzene. Heating a 10 mL benzene solution of 0.48 mol% Cu(OAc): with 75 psig nitrogen
at 180 °C, phenyl acetate was obtained in 51% yield after 24 h based on the Cu(II) oxidant

as the limiting reagent. For all reactions, the average yields and standard deviations are
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calculated from the results of at least three separate experiments. Two equivalents of Cu(II)
oxidant are required for the production of one equivalent of phenyl acetate. Some results
are summarized in Table 4.2.1.

Acetic acid has been shown to stabilize Cu(OAc)2 and prevent thermal decomposition.!'”)
The addition of one equivalent of acetic acid increased the yield of phenyl acetate from 51%
to 65%, but the addition of larger amounts of acetic acid did not lead to a further increase
inyield (Table 4.2.1, entries 2, 4 and 5). The influence of temperature on the reaction (Table
4.2.1, entries 1-3) was also investigated. No significant production of phenyl acetate was
detected when lowering the reaction temperature to 150 °C. When raising the temperature
to 200 °C, the nitrogen pressure was reduced to 50 psig due to the pressure limit of the
Fisher-Porter reactor. No significant effect on the yield or reaction rate was observed at
200 °C. Because the benzene was refluxing during the reaction, the actual temperature of
the solution likely was lower than 200 °C. As a result, the optimal temperature was chosen
to be 180 °C. The effect of varying Cu(OAc)2 concentration was examined using a range
of loadings 0.24 to 4.8 mol% (Table 4.2.1, entries 6-7). The amount time required for the
reaction to reach completion was proportional to the Cu(Il) oxidant loading, indicating that
the reaction rate is likely zero order in the Cu(II) oxidant. The phenyl acetate yield increased
from 65% to 84% when using a larger amount of Cu(OAc)2. The prolonged reaction time
at high temperatures could increase the possibiliy of the reduced copper(I) salt to undergo
disproportionation to generate one half of an equivalent of a copper(Il) species. In order to
perform catalytic acetoxylation, regeneration of Cu(OAc)2 during the reaction is necessary.

As Cu(I) and Brensted acid can be re-oxidized with Oz, one atmosphere of air was purged
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into the reactor in an effort to regenerate Cu(OAc): in situ. However, the reaction rate is
significantly inhibited by the air, and the yield after 24 h of reaction dropped from 65% to

9% (Table 4.2.1, entry 8).

Table 4.2.1. Cu(OAc)2 mediated benzene acetoxylation.

© 0.48 mol% Cu(OAc), QAe
150-200 °C 75 psig N, or N, + Air
Temp. HOAc Cu loading Yield Time
Entry ©C) (equiv.)’ (mol%) Atmosphere %) (h)
1 150 1 0.48 75 psig N2 <1 24
2 180 1 0.48 75 psig N2 60 (5) 24
3 200 1 0.48 50 psig N2 65 (5) 24
4 180 0 0.48 75 psig N2 51(4) 24
5 180 2 0.48 75 psig N2 65 (2) 24
6 180 2 0.24 75 psig N2 60 (2) 12
7 180 1 4.8 75 psig N2 84 (2) 132
8 180 1 0.48 1 atm Air + N2° 9(2) 24

“ The acid loading is relative to Cu(OAc),. ® The total pressure is 75 psig for gas mixture.

4.2.2 Cu(Il) Oxidant Screening for Benzene C—H Functionalization

In our hypothesis, the Cu(II) salts likely plays two possible roles in the reaction: 1) Cu(II)
could serve as a catalyst that activates a C—H bond of benzene to generate a Cu(Il)-Ph
intermediate; and 2) Cu(Il) could serve as an oxidant to oxidize the Cu(Il) metal center to
Cu(IIT) which could promote the reductive elimination of phenyl acetate. By using more
soluble Cu(II) salts, benzene C—H functionalization might be facilitated.

Two Cu(Il) salts that are soluble in benzene, copper(Il) pivalate (Cu(OPiv)2) and
copper(Il) 2-ethylhexanoate (Cu(OHex)2), were tested for the benzene acetoxylation
reaction. The results are summarized in Table 4.2.2. Compared with Cu(OAc)2, the
conversion to phenyl acetate was achieved at lower temperatures with both of the soluble

Cu(Il) salts than with Cu(OAc).. With Cu(OPiv)2, benzene C—H functionalization was
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observed between 150 and 180 °C. Raising the reaction temperature from 150 °C to 160 °C
significantly improves the reaction rate without affecting the yield of phenyl pivalate.
However, raising the temperature further to 180 °C resultes in a lower yield of the product
(Table 4.2.2, entries 1, 3 and 4). Compared to Cu(OAc)2, Cu(OPiv)2 produces lower yields
of functionalized products. For example, the reaction with Cu(OPiv)2 give 40% yield after
28 h at 160 °C while with Cu(OAc):2 gives 51% yield after 24h at 180 °C. Since a 3° carbon
is adjacent to the carboxylate group in the pivalate, it may undergo C—C homolysis more
ripidly, which would lead to the undesired decomposition of the Cu(OPiv).. In contrast to
Cu(OPiv)2, Cu(OHex)2 only has a 2° carbon adjacent to the carboxylate group, and as such
should exhibit improved thermal stability. In agreement with this hypothesis, Cu(OHex)2
mediated C—H functionalization gave a 78% yield at 170 °C after 16 h, outperforming the
yields obtained using Cu(OAc)2 (50%) and Cu(OPiv)z (40%). Moreover, the use of acid
additive inhibits the reaction rate with both Cu(OPiv)2 and Cu(OHex): (Table 4.2.2, entries
1, 2, 6 and 8), which is in contrast to observations with Cu(OAc).. The lower acidity of the
acid additive may result in competition between benzene and acid coordination to Cu,
which could reduce the rate of the reaction. In addition, the presence of air inhibits the
Cu(OHex)2 mediated reaction with or without acid additives (Table 4.2.2, entries 7 and 9).

Table 4.2.2. Cu(Il) oxidant screening for benzene C—H functionalization.

0.48 mol% Cu(OPiv), or Cu(OHex), OPiv OHex

© acid additives or not
or
150-180 °C 75 psig N, or N, + Air

Temp. Acid Yield Time
Ent At h
ntry o) (equiv.)’ Cu Source mosphere %) (h)
1 150 0 Cu(OPiv)2 75 psig N2 44(2) 110
2 150 2 Cu(OPiv)2 75 psig N2 6 78

3 160 0 Cu(OPivy 75 psig Na 40(1) 28
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4 180 1 Cu(OPiv): 75 psig N2 28(1) 6
5 160 0 Cu(OHex)2 75 psig N2 86(2) 44
6 170 0 Cu(OHex)2 75 psig N2 78(2) 16
7 170 0 Cu(OHex)2 1 atm Air + N2 49(8) 16
8 170 6 Cu(OHex)2 75 psig N2 10 16
9 170 6 Cu(OHex)2 1 atm Air + N2 8 16

“The acid loading is relative to Cu(Il) salts. HOPiv for Cu(OPiv), and HOHex for Cu(OHex),.

4.2.3 Ligand Additives Screening

Ligand additives can be essential to achieve Cu mediated hydroxylation.?*7 In this
work, Cu(OAc): mediated acetoxylation was studied with a variety of ligands as additives.
The results are summarized in Table 4.2.3 and the structures of the ligands are shown in
Figure 4.2.1. The majority of the added ligands have a negative effect on the reaction.
Ligand decomposition was observed immediately with DMPE, B"PNP and "'DAB. The
decomposed products such as oxidized DMPE was observed with GC-MS analysis. A
moderate amount of biphenyl was produced in the reaction with added F-FP, indicating that
the C—H cleavage occurred during the reaction. The PO ligand (L6, Figure 4.2.1) was the
only one that accelerated the reaction without decreasing the yield of functionalized product.
The L6 loading was then optimized (Table 4.2.4). 1.6 (0.1-0.5 equivalents) was added to
the reaction and an acceleration of the reaction was observed under all studied conditions
relative to the reaction without added ligand. The higher loading of the ligand resulted in a
slightly higher reaction rate, but a decrease in the product yield also observed. The reactions
with 0.4 and 0.5 equivalents of L6 (relative to Cu(OAc)2) were complete within 16 h, and
the reaction with 0.1 to 0.3 equivalents .6 were complete within 19 hours. Under optimized
conditions with 0.1 equivalents L6, 83% yield of phenyl acetate was achieved. In addition,

the yield can be increased further on the addition of acetic acid (Table 4.2.4, entry 6).
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Table 4.2.3. Ligand additive screening for Cu(OAc)2 mediated benzene acetoxylation.

© 0.48 mol% Cu(OAc), Qe
0.5 eq. ligand additive 180 °C 75 psig N,

Entry Ligand 8 hYield (%) 16 h Yield (%) 24 hYield (%)
1 Bipyridine 3.2 3.5 3.9
2 Tripyridine 0.8 2.0 2.2
3 FDAB 0.9 0.8 0.5
4 F-FP 15 1.4 15
5 DMPE N/A N/A N/A
6 PO ligand 38 58 59
7 BUPNP N/A N/A N/A
8 KTp 0.5 0.6 0.6
9 No ligand 17(3) 26(5) 51(4)

‘\ F F FF
N /= = 2
X X
N N _N N~
F F F F

Bipyridine (L1) Tripyridine (L2) FIDAB (L3)
. P('Bu),
\ R—'Bu —
SpSPN ©: 'Bu NN
| ? P(‘Bu),
DMPE (L5) PO Ligand (L6) t-BuPNP (L7) KTp (L8)

Figure 4.2.1 Ligands structures.

Table 4.2.4. Optimization of the L6 loading on Cu(OAc). mediated benzene acetoxylation.

Entry Ligand Acid 16 h Yield 19 h Yield

(equiv.)®*  Additive (%) (%)
1 0.1 N/A 71 83
2 0.2 N/A 51 53
3 0.3 N/A 53 67
4 0.4 N/A 47 47
5 0.5 N/A 58 58
6 0.5 1 equiv. 73 76

“The ligand loading is relative to Cu(Il) salts.

In order to understand the nature of the acceleration of the reaction by the L6, di-tert-

butylphenylphosphine (L.9) was used for comparison. Ligands L6 and L9 share a similar
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motif, however L6 has a P=0 linkage. Different amounts of L9 were added to the reaction
and an increase in the rate of the reaction was similar to L6 observed (Table 4.2.5). The
reaction with L9 was complete after 14 h; however, the yield under each condition was
lower when compared to reactions with ligand L6. Because phosphines are often readily
oxidized, the structure of oxidized L9 would be very similar to L6. Based on the charge
transfer, the oxidation of one equivalent of L9 would require two equivalents of Cu(Il)
oxidant, which may account for the decrease in the yield of phenyl acetate. Since the P=O
linkage could be very beneficial for the acetoxylation reaction, a series of phosphines and
phosphine oxides were studied (Figure 4.2.2). A 10 mL benzene solution of 0.48 mol%
Cu(OAc): with 0.1 equivalent of ligand was heated at 180 °C for 12 hours under 75 psig
nitrogen. The yield of phenyl acetate after 12 h was used to compare each of the ligands.
The results of a control reaction with Cu(OAc): in the absence or presence of 1 equivalent
of acetic acid as additive are presented in Figure 4.2.2. Most of the phosphines and
phosphine oxides have a positive impact on the reaction rate. However, triphenylphosphine
(PPh3) does not, which could be the result of its ability to act as a strong reducing reagent.
The phosphine oxide ligands, generally result in higher yields of functionalized product
than the phosphine additives, with the exception of triphenyl phosphite (P(OPh)s), which
achieves over 70% yield in 4 h. When heating the Cu(OAc)2 with P(OPh); in benzene at
150 °C, 40% yield of phenyl acetate could be observed after 12 h. However, when heating
the mixture through 72 h, only 4% additional phenyl acetate was produced compared to 12
hours, which indicated that most of the phenyl acetate was produced from ligand

decomposition. After accounting for the production of phenyl acetate from ligand
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decomposition, the actual yield using P(OPh)s is 34%, which is slightly lower than the
reaction in the absence of additives. In general, the less electron donating phosphine ligands
lead to an improvement in the yield of phenyl acetate. Of all of the ligands that have been
studied, the highest yields and reaction rates are obtained when using L.6. The improved
reaction rates observed when using phosphine oxide additives supports our hypothesis that
the P=O linkage of the phosphine oxide ligand assists in the electron transfer in the
oxidation process from Cu(Il) to Cu(IIl). During the reaction, the P=O linkage may be
converted to P-O radical which may have a suitable redox potential to mediated

transformation from Cu(Il) to Cu(III).

Table 4.2.5. Comparison of the effects of various ligands with L6 and L9.

L6 L9

?
P\t—‘Bu R—'Bu
ligand: Bu or ©/ 'Bu
0
| OAc
© 0.48 mol% Cu(OAc), 0.1-0.3 eq. ligand
180 °C 75 psig N,

L6 L9
Loading Time Loading Time Loading Yield
(equiv.) (h) (equiv.) (h) (equiv.) (%)
0.1 19 0.1 19 0.1 35
0.2 19 0.2 19 0.2 46
0.3 19 0.3 19 0.3 37
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OAc
© 0.48 mol% Cu(OAc),
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Figure 4.2.2. The results of the acetoxylation reaction with different phosphines and
phosphine oxide ligands.

/tBu

00 R
9 ‘ o o Ph/O\P/O\Ph Ph.__Ph — tBu
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Bu P P ph ~o 0" “Ph Ph [Bu

\ Ph (O P

(0] \
[ tBu

PO ligand 0=P(Me); 0=P(Ph); 0=P(OMe); P(OCH,);CEt P(OPh)3 P(Ph); tBuPNP

Figure 4.2.3. The structures of phosphine and phosphine oxide ligands.
4.2.4 Elucidation of the Reaction Mechanism

Previous reports of Cu mediated arene hydroxylation with directing groups have
proposed reaction mechanisms involving free radical, SET or organometallic pathways.[""
°I'In order to elucidate the mechanism of Cu(Il) salt mediated acetoxylation of benzene,
one equivalent of various radical traps (e.g., benzoquinone (benzo), TEMPO and I2) were
added to the reaction mixture (Figure 4.2.4). In order to better represent the effect of radical
trap, soluble Cu(OHex): was used as the oxidant. The result with 1 atm of air is also

included to serve as a comparison since oxygen could also serve as a possible radical trap
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in the reaction. The reaction was carried out at 170 °C with 0.48 mol% Cu(OHex): loading
and was sampled every 4 h until completion. As presented in Figure 4.2.4, benzoquinone
had no effect after the first 8 h, but decreased the yield from 66% to 50% after 12 h. The
presence of air resulted in significant inhibition of the reaction, and the reaction rate is
approximately two-fold slower than under anaerobic conditions. The addition of I» resulted
in minimal phenyl hexanoate production; however, a large amount of iodobenzene was
produced as the major product. This observation is similar to Jinquan Yu’s study of 2-
phenylpyridines, in which C—X formation occurs rather than C—O formation in the presence
of nucleophilic anions. Notably, the addition of TEMPO accelerated the rate of the reaction
and resulted in an approximate two-fold increase in the product yield. This observation
suggests that TEMPO itself can serve as an oxidant for this reaction with higher oxidative
efficiency than that of the disproportionation of the Cu(Il) salt. TEMPO assisted Cu
mediated oxidation was previously developed by Shannon Stahl’s group for the aerobic
oxidation of alcohols.!'®?%) The addition of TEMPO under their conditions reduced the
reaction barrier and enabled the use of aerobic reaction conditions. Although the system
achieved success for alcohol oxidation, this method was not applied to the oxidation of C—
H bonds. Since the Cu(Il) salt mediated functionalization of benzene’s C—H bonds was
inhibited by air, we considered that the addition of TEMPO might reduce this inhibition.
When reducing the TEMPO loading to 0.2 equivalents, the reaction rate was identical to
that of 1 equivalent addition until all of the Cu(OHex)2 was consumed. The result indicated
that the acceleration effect is not dependent on the TEMPO loading. In order to test the

oxygen tolerance, the same reaction was carried out with 1 atm of air purged into the reactor.
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The 8 h yield decreased from 88% to 65%, and the result remained 20% higher than those

of anaerobic reactions without added TEMPO. When the reaction time of the aerobic

reaction was extended to 24 h, no significant decrease in the rate of the reaction was

observed. With added TEMPO, Cu(OHex): is an effective catalyst for the aerobic oxidation

of benzene C—H bonds.

© 0.48mol% Cu(OHex),
75 psig N, 1 eq. Radical trap 170 °C

250 r
200 | s
S 150 | e Without O2
S
o ° With 02
(O] .
< 100 }+ Benzoquinone
4 12
_
7 I P ® TEMPO
50 t I Q g -
® 4 =
0 1 1 1 1 J
0 5 10 15 20 25

Time (h)

Figure 4.2.4. Cu(OHex): mediated benzene C—H functionalization with different radical

traps.
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OHex
© 0.48 mol% Cu(OHex),
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Figure 4.2.5. Cu(OHex)2 mediated benzene C—H functionalization with different TEMPO
loadings.

Two potential explanations of air inhibition on the reaction are: 1) oxygen in air serves
as a radical trap to slow down the reaction, 2) the Cu mediated acetoxylation undergoes
different pathways under aerobic and anaerobic conditions. The reaction could operate via
an organometallic pathway under anaerobic conditions and a radical pathway in the
presence of air. The first pathway is predicted to be faster than the second one, and the
presence of oxygen facilitates the radical pathway. The first hypothesis regarding oxygen
as a radical trap is in disagreement with the radical trap experiment (Figure 4.2.5). In order
to evaluate the second assumption, two substrates, cyclohexane and toluene, were used for
C—H functionalization.

The rationale for using cyclohexane as the substrate is due to the significant difference
in its C—H bond dissociation energy (BDE) compared to those of arenes. The BDE of

cyclohexane is ~96 kcal/mol, while the BDE of benzene is ~113 kcal/mol.[*>2% If the
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reaction were to operate through a radical pathway, the reaction rate likely would be highly
dependent on the C—H BDE. The acetoxylation with cyclohexane should be much quicker
than that of benzene. If the reaction were to undergo an organometallic pathway, the
coordination of a sp? C—H bond of benzene to the Cu center would be much easier than that
of a sp> C—H bond in cyclohexane. In addition, the Cu—C bond for a phenyl group will be
stronger than that for a cyclohexyl group, which facilitates C—H activation. In this case, the
acetoxylation of benzene is more accessible than that of cyclohexane. The reaction results
with Cu(OAc): and cyclohexane are summarized in Table 4.2.6. In the absence of air, no
acetoxylated product was detected in the reaction mixture, regardless of acid addition after
24 hours, while 52% cyclohexyl acetate was obtained with 1 atm air in situ. Acetoxylation
of benzene was more accessible under anaerobic conditions (51% phenyl acetate vs < 1%
cyclohexyl acetate), but cyclohexane functionalization was more favorable under aerobic
conditions (9% phenyl acetate vs 52% cyclohexyl acetate). This result supports our
hypothesis that the reaction occurs through an organometallic pathway under anaerobic
conditions and a radical pathway in the presence of air.

Table 4.2.6. Cu(OAc): catalyzed acetoxylation of cyclohexane.

O 0.58 mol% Cu(OAc),
24h 180 °C 85 psig N, or N, + air  0.5ml HOAc

Entry Atmosphere Acid (mL) CyOAc Yield (%) CyOH Yield (%)

OAc

1 1 atm Air + N2 0.5 52 <1%
2 85 psig N2 0.5 <1 ND
3 85 psig N2 0 ND ND

Toluene was also used as a substrate to further investigate the mechanism. The ratio of

benzyl-acetate vs tolyl acetate was used to study the selectivity between the two reaction
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pathways. A radical-based pathway should favor C—H activation at the benzyl position,
while the organometallic pathway should be more likely to functionalize sp?> C—H bonds.
In addition, the ortho:meta:para (o:m:p) selectivity could be informative. If C—H activation
occurred through bond coordination to the metal center, the steric bulk of the methyl group
might inhibit coordination at the ortho position, which would favor the formation of meta
and para products over ortho products.! If C—H activation occurs through bond homolysis,
to generate free radicals the o.m:p selectivity will be approximately 2:2:1 following the
statistical distribution. Therefore, the Cu(OAc): catalyzed acetoxylation of toluene under
different conditions was tested in order to help elucidating the reaction mechanism (Table
4.2.7). As a result, when using Cu(OAc)2 without additives under 70 psig. N2 at 180 °C, a
meta-selective acetoxylation was observed with a 1:1.9(0):1.1(0):0.9(1) o.m:p:benzyl ratio
at 16 h, and after heating for 24 hours more sp>-selective product was formed with an
o:m:p:benzyl ratio of 1:1.8(0):1.1(0):0.5(0) (Table 4.2.7, Entry 1). In the presence of 1 atm
of air, there was a dramatic increase in the yield of the benzy!/ product with an o:m:p:benzyl
ratio of 1:2.1(0):1.0(2):14.4(9) after 16 h (Table 4.2.7, Entry 2). Hence, it could be
hypothesized that the non-radical and radical pathways are in competition during the
acetoxylation reaction. Under anaerobic conditions the non-radical pathway is favored,
while the reaction is dominated by the radical pathway under aerobic conditions.

The effect of TEMPO as an additive was also investigated with the Cu(OAc): catalyzed
acetoxylation with toluene under anaerobic and aerobic conditions (Table 4.2.7, Entries 3-
4), and the major product was found to be the meta-tolyl acetate. This observation also

supports our hypothesis of competing non-radical and radical mechanisms, and the meta-
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selective reaction with TEMPO under aerobic conditions may lead to an air-recyclable Cu
catalyzed acetoxylation reaction.

Table 4.2.7. Cu(OAc): catalyzed acetoxylation of toluene.

OAc
é 0.57 mol% CU(OAC)Z dj/OAC
+ + +
180 °C [ j\ OAc
OAc

Condtions
Entry Atmosphere Additive o m:p:benzyl (16 h) o:m:p:benzyl (24 h)
1 70 pisg N2 No 1:1.9(0):1.1(0):0.9(1) 1:1.8(0):1.1(0):0.5(0)
2 1 atm Air + 70 pisg N2 No 1:2.1(0):1.0(2):14(1) 1:1.7(0):0.8(1):14(1)
3ab 70 pisg N2 TEMPO 1:1.6:0.9:0.6 1:1.5:0.9:1.1
44¢ 1 atm Air + 70 pisg N2 TEMPO 1:1.4:1.0:0.2 1:1.3:0.9:0.6

“Using 1 equiv. of TEMPO relative to Cu(OAc),. ® The meta-selective reaction seems to be completed at 8 h with a o:m:p:benzyl

ratio of 1:1.6:1.0:0.1. ¢ The o:m:p:benzyl ratio at 8 h is 1:1.5:1.0:0.0.

4.2.5 Attempt Towards Obtaining Catalytic Turnovers

In order to achieve catalytic turnovers for the Cu mediated acetoxylation reaction, 10
mL of benzene containing 0.01 mol% Cu(OAc)2 and 200 equivalents of acetic acid were
heated at 190 °C under 50 psig N2 and 1 atm air as top pressure. The reaction was sampled
at 12, 36, 60, 84, 108 and 142 h (Figure 4.2.6). Two separate trials are included in the
turnover versus time plot. The increase in turnovers is linear with respect to time, indicating
that no product inhibition or catalyst deactivation was observed during catalysis. However,

the significant deviation between the two trials demonstrates inconsistent results.
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Figure 4.2.6. Catalytic acetoxylation of benzene with Cu(OAc).. Reaction condition: 0.01
mol% Cu(OAc)2 and 200 equivalents of acetic acid were heated at 190 °C under 50 psig
N2 and 1 atm air as top pressure.

4.3 Conclusions

To our knowledge, there are no examples of Cu(II) salt mediated acetoxylation with un-
directed arenes. We have demonstrated the acetoxylation of benzene using Cu(II) oxidants.
Phenyl acetate was generated in 83% yield (based on Cu(Il) salts) under optimized
conditions with 0.1 equivalents of phosphine oxide ligand after 19 h. The P=O linkage in
the phosphine oxide is proposed to accelerate the reaction. The reaction rate was
significantly higher under aerobic conditions than under anaerobic conditions, which
indicates that the reaction operates by different pathways under each condition. Using
cyclohexane and toluene as substrates, the reaction has been demonstrated to likely operate
via a free radical pathway in the presence of oxygen and an organometallic pathway in its
absence. In addition, the radical trap, TEMPO, was found to facilitate electron transfer
during the reaction even under aerobic conditions. Over 60 TOs of phenyl acetate have
been achieved with lower Cu(OAc): loading and no catalyst deactivation was observed

after 142 h of reaction.



152

4.4 Experimental Section

Ligands L3, L4, L6 and L7 were prepared according to literature procedures.!*52%! All
other reagents were purchased from commercial sources and used as received.

Phenylacetate, phenyl pivalate, cyclohexyl acetate, cyclohexanol, benzo acetate, o-
tolyl acetate, m-tolyl acetate, p-tolyl acetate production was quantified using linear
regression analysis of gas chromatograms of standard samples of authentic product. A
plot of peak area ratios versus molar ratios gave a regression line using
hexamethylbenzene (HMB) as the internal standard.

Cu(II) salt mediated benzene C—H functionalization under anaerobic conditions.
A representative reaction is described (Table 4.2.1, entry 8). A stock solution containing
hexamethylbenzene (0.1818 g, 1.12 mmol), and benzene (200 mL) was prepared in a
volumetric flask. Thick-walled glass Fisher-Porter reactors were charged with stock
solution (10 mL), acetic acid (31 pL, 0.539 mmol) and Cu(OAc)2 (0.0979 g, 0.539 mmol).
The vessels were sealed, pressurized with nitrogen (75 psig) and subsequently stirred and
heated to 180 °C. The color of the reaction mixture was deep blue at the beginning of the
reaction and turned to yellow when all of the Cu oxidant was consumed. The reaction was
sampled when the solution turned colorless. The reactors were cooled to room temperature
and aliquots of the reaction mixture (< 200 pL) were analyzed by GC/FID using relative
peak areas versus the internal standard (hexamethylbenzene).

Cu(II) salt mediated benzene C—H functionalization under aerobic conditions. A
representative reaction is described (Table 4.2.1, entry 2). A stock solution containing

hexamethylbenzene (0.1818 g, 1.12 mmol), and benzene (200 mL) was prepared in a
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volumetric flask. Thick-walled glass Fisher-Porter reactors were charged with stock
solution (10 mL), acetic acid (31 pL, 0.539 mmol) and Cu(OAc)2 (0.0979 g, 0.539 mmol).
The vessels were sealed and purged with 1 atm air, pressurized with nitrogen (75 psig) and
subsequently stirred and heated to 180 °C. The color of the reaction mixture was deep blue
throughout the entire reaction. The reaction was sampled at 24 hours. The reactors were
cooled to room temperature and aliquots of the reaction mixture (< 200 uL) were analyzed
by GC/FID using relative peak areas versus the internal standard (hexamethylbenzene).

Catalytic reaction with Cu(Il) salt mediated benzene C—H functionalization. A
stock solution containing hexamethylbenzene (0.1818 g, 1.12 mmol), and benzene (200
mL) was prepared in a volumetric flask. Thick-walled glass Fisher-Porter reactors were
charged with stock solution (10 mL), acetic acid (128 pL, 0.539 mmol) and Cu(OAc):
(0.0020 g, 0.0112 mmol). The vessels were sealed and purged with 1 atm air, pressurized
with nitrogen (50 psig) and subsequently stirred and heated to 190 °C. The color of the
reaction mixture was deep blue at the beginning of the reaction and turned to yellow when
all of the Cu oxidant and oxygen were consumed. The reaction was sampled at 12, 36, 60,
84, 108 and 142 h. At each time point, the reactors were cooled to room temperature,
sampled, purged with air (1 atm) and pressurized with nitrogen (50 psig) and reheated. The
reactors were cooled to room temperature and aliquots of the reaction mixture (< 200 pL)
were analyzed by GC/FID using relative peak areas versus the internal standard
(hexamethylbenzene).

Cu(Il) salt mediated cyclohexane C—H functionalization. A representative reaction

is described (Table 4.2.6, entry 2) for anaerobic conditions. A stock solution containing
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hexamethylbenzene (0.1818 g, 1.12 mmol), and cyclohexane (200 mL) was prepared in a
volumetric flask. Thick-walled glass Fisher-Porter reactors were charged with stock
solution (10 mL), acetic acid (0.5 mL, 8.73 mmol) and Cu(OAc)2 (0.0979 g, 0.539 mmol).
The vessels were sealed, pressurized with nitrogen (85 psig) and subsequently stirred and
heated to 180 °C. The color of the reaction mixture was deep blue at the beginning of the
reaction and turned to light yellow when all of the Cu oxidant was consumed. The reaction
was sampled at 24 h. The reactors were cooled to room temperature and aliquots of the
reaction mixture (< 200 uL) were analyzed by GC/FID using relative peak areas versus the
internal standard (hexamethylbenzene). The process of the reaction under aerobic
conditions is similar except the reactor was purged with 1 atm air before pressurizing with

nitrogen.
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5 Brensted acid-catalysed intramolecular hydroamination of unactivated alkenes

This chapter is adapted from “Chen J., Goforth S. K., McKeown B. A., et al. Bronsted acid-
catalysed intramolecular hydroamination of unactivated alkenes: metal triflates as an in
situ source of triflic acid. Dalton Transactions, 2017, 46: 2884-2891.” Copyright 2017
Royal Society of Chemistry

5.1 Introduction

Heterocyclic fragments are common moieties in a wide range of bioactive compounds.
According to an analysis of drug candidates prepared by three leading pharmaceutical
companies, the synthesis of 84 of 128 (65%) drug candidates involves C—N bond
formation.[!! “Amide formation avoiding poor atom economy reagents” has been listed as
a key green chemistry research area.! In order to construct nitrogen-containing
heterocyclic frameworks, substantial effort has been devoted towards effective formation
of C—N bonds. Currently, most synthetic methods are based on acid chloride intermediates
or coupling reagents such as N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide
hydrochloride.!”! However, those methods are not “atom economical” due to the production
of stoichiometric by-products such as SO2 and HCI. As a result, atom economical methods
of C—N bonds formation are highly desired.

Hydroamination of alkenes or alkynes is one of the most straightforward methods to
form C—N bonds and N-containing heterocycles. This method involves direct addition of
amines to carbon-carbon multiple bonds. In the absence of catalysts, hydroamination of
unactivated olefins is generally unfavorable due to a high activation energy barrier caused

by repulsion between the lone pair of the amine nitrogen and the electron-rich carbon-
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carbon multiple bond.
A variety of efficient catalysts have been developed for hydroamination of C-C multiple
bonds. Two mechanisms are often suggested for these catalysts, where C—N bond formation

is initiated by the activation of either N-H or C=C moiety (Scheme 5.1.1).1*!

R
|
RHN/\(\’);\\ Catalysts (_NJ/
In
Ln M’N
(when R=H)

U\/

Scheme 5.1.1. Proposed mechanisms for intramolecular hydroamination of alkene with
different types of catalysts

Traditionally, the most widely used catalysts are rare-earth and alkaline earth
complexes./*!? The general mechanism is initiated by activation of the N-H bond to form
a M—N bond followed by rate-determining C=C multiple bond insertion into the M—N bond,
after which the catalyst is regenerated by rapid protonolysis with other amine substrate
(Scheme 5.1.1, route A). The reaction intermediates are consistent with Baldwin’s
guidelines for ring formation, the ease of the catalytic reactions increases with decreasing
ring size (5 > 6 > 7).°! For alkaline earth complexes, strong electron-donating ligands are
needed for stabilizing the structure and ligands such as N(SiMes)2 or CH(SiMes)2 are
needed to initialize the reaction. In addition, Ca complexes are generally more reactive than
those of Mg. Rare-earth complexes are the earliest reported and most reactive catalysts for

hydroamination.!">!>) Marks and co-workers developed a series of organolanthanide
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complexes to accomplish this conversion.!!” Both inter- and intra- molecular
hydroamination can be catalyzed by organolanthanide complexes.!'>!! In addition,
bicyclization through hydroamination of C-C multiple bonds can be achieved, and a
simplified mechanism is shown in Scheme 5.1.2. With the help of asymmetric aminodiolate
ligands, the rare-earth-metal complexes can catalyze intermolecular asymmetric
hydroamination of alkenes with over 90% ee value.!'!! However, short catalyst lifetimes
due to catalyst poisoning by amine substrates, limited scope and modest selectivity are

known as disadvantages of organolanthanide catalysts.

Scheme 5.1.2. Simplified mechanism for organolanthanide catalyzed bicyclization.

Group 4 metal complexes follow a similar pathway and substrate scope. The
difference is that the catalytically active species are often proposed to be metal imido
complexes generated by a-elimination of metal amides.!'?*! Although those metal catalysts
have many attractive features including high turnover frequencies and excellent
stereoselectivities, their sensitivity to oxygen and moisture has limited their use.

There is a push towards less oxophillic late transition metals (e.g., Rh, Pd, Au)
catalysts!?*~*?! developed as a mean of decreasing sensitivity to oxygen and moisture as well
as expanding substrate functional group tolerance. Conversely, those catalysts often are

proposed to initiate the catalytic cycle by m-coordination of the carbon-carbon multiple
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bond to reduce its electron density, which is followed by exo-metallic attack of the
nucleophilic amine (Scheme 5.1.1, route B). Among those catalysts, Lewis acidic metal
complexes with d® and d'° electron configurations exhibit high activities. Protonolysis of
Pd-C bond is proposed to be the turnover-limiting step due to inhibition by amine
substrates.”*!! Late transition metal catalysts are often more effective with secondary amine
than prime amines. Tobisch and co-workers reported a special designed pyrazolato ligand
supported Ir complex, which can catalyze intramolecular hydroamination through a
cooperative activation of amino alkenes. In the catalytic cycle the pyrazolato ligand can
benefit the proton transfer and lead to lower reaction barrier.””) Although late transition
metal catalysts have better longevity and oxygen and moisture tolerance, the high price of
the catalysts limits of their use.

Copper complexes are considered as prospective low-cost catalysts. Hii and co-workers
reported the use of copper triflates for hydroamination of arylsulfonamides to vinylarenes,
norbornene, and cyclohexadiene.[** Sawarmura and co-workers reported an effective
copper alkoxide catalyst in different intramolecular hydroamination reactions. With the
help of alcohol solvent, the reaction can bear primary and secondary amino group.*

Our group have reported NHC—Cu—amido complexes (monomeric Cu complexes
supported by N-heterocyclic carbene (NHC) ligand) for the intermolecular addition of
amines to electron-deficient olefins.!*>*®! Recently our group expanded the use of the

(NHC)—Cu—Me complex as a catalyst precursor for intramolecular hydroalkoxylation and
hydroamination of alkynes.!*” It was proposed that the Cu complex first reacts with an -

OH group to release methane and form a Cu—O bond. The Cu coordinates to the carbon-
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carbon triple bond to initiate an alkyne insertion into the Cu—O bond. In the last step,
protonolysis of Cu—C bond produces the product and regenerate the catalyst. However,
the same mechanism cannot be applied to hydroamination, since kinetic studies suggested
a different mechanism. In addition, when catalytic amounts metal triflates are added, a
significant increase in the reaction rate could be observed. Two different proposed

pathways are shown in Scheme 5.1.3.
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HzN : N
(IPr)Ci N -~
H— % (f
Insertion Mechanism Lewis Acid Mechanism

Scheme 5.1.3. Proposed two different mechanisms for NHC ligand supported Cu
complexes catalyzed hydroamination.

Metal triflates or a combination of metal halides and silver triflate have been reported
to catalyze intramolecular addition of N-H bonds across alkenes. However, the
mechanisms for the reactions are undetermined. For example, Bi(OTf); has been shwon to
generate HOTS in situ, which the catalyst,**! however, with a PFs counter ion, the
mechanism is proposed to be Lewis acid catalyzed hydroamination.[*>*! In addition,
Hartwig and co-workers found that triflic acid is an effective catalyst for hydroamination

of protected alkenylamines and compared catalysis result with metal triflate based
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reactions.[***! Other Bronsted acids are catalysts for the hydroamination of unsaturated
C—C bonds. Salicylic acid, triflic acid, phosphoric acid, trifluoroacetic acid and other protic
catalysts, or even ionic liquids, can be used to catalyze inter- or intramolecular
hydroamination with secondary or activated amines.[**>”! Ackermann and co-workers
reported that ammonium salts such as [PhMe2NH][B(CcFs)4] catalyze intramolecular olefin
hydroamination. The majority of their amine substrates were secondary, although primary
amines could be converted to cyclic fluorinated amides with the aid of two equivalents of
trifluoracetic anhydride.

Al(IIT) complexes with supporting ligands have been demonstrated to be competent

5.13%600 A]1-C bond is not cleaved during

catalysts for the hydroamination of alkenylamine
the reaction and the reaction is not inhibited by base additives, which indicates that the Al
complex is possibly the true catalyst during the reaction. The inexpensive and commercially
available AI(IIT) reagent AI(OTf)s (OTf = trifluoromethanesulfonate) is known to catalyze
related hydroalkoxylations of alkenylalcohols.[®!! The proposed mechanism is shown in
Scheme 5.1.4. HOTT can reach the similar catalytic results to Al(OTf)s;. However, with base
additive, AI(OTf)s catalyzed hydroalkoxylation was not affected but the reaction with
HOTf was quenched. We investigated Al(OTf); as a catalyst for hydroamination of

alkenylamines and we found evidence that the mechanism is different from that of

hydroalkoxylation.



163

/
el
o)
AI(OTH;
=

@?H —_— @?‘Ai(oms
| |
H

AI(OTf)3

AI(OT);

Scheme 5.1.4. Proposed mechanisms for AI(OTf)s catalyzed hydroalkoxylations.

5.2 Results and Discussion
5.2.1 Al(OTf);s Catalyzed Hydroamination: Alkenylamine Substrate Scope

A series of primary and secondary alkenylamine substrates were tested for
hydroamination. Detailed substrate structure and catalysis result are summarized in
Table 5.2.1. All reactions were performed in sealed NMR tubes with 5 mol%
AIl(OTf)s as catalyst and ds-nitrobenzene as solvent with 0.8 M amine substrate.
Preliminary investigations demonstrated successful cyclization of both secondary
amines, 1a and 1b, and primary amine, 1c. The reaction of secondary amine substrate
1a shows the highest reaction rate, likely aided by the Thorpe-Ingold effect, and was
converted in 24 h at 110 <C (entry 1). 1b requires a higher temperature of 150 <C as
well as a longer reaction time (46 h) to reach similar conversion (entry 2). The
reaction of 1c, a primary alkenylamine, also required a high temperature (150 <C,
entry 4) to promote the reaction. After only 16 h at 150 <C, the cyclic amine 2c was
produced in 76% vyield, which is nearly identical to that reported for the same
reaction catalyzed by a phenylene-diamine ligated Al complex after 38 h at the same

temperature.® In addition, product 2c is not stable at extended times under reaction
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conditions and begins to decompose into multiple products which could not be
clearly identified through analysis of the NMR spectra.

Table 5.2.1. Al(OTf)s-catalysed hydroamination of alkenylamines.*
R1

! CR1= 2
R\NW 5 mol% AI(OTf); N \R2 1a, 2a: R1 : Bn, R2 : Ph
H Rr2'R2 Temp, Time, CgDsNO, 2 1b,2b:R'=Bn, R°=H

1c, 2c:R'=H, R? = Ph

1 2

Entry  Substrate Product Temp. (°C) Time (h)” NMR Yield”

1 la 2a 110 24 &9
2 1b 2b 150 46 74
3 lc 2c 110 24 0
4 lc 2c 150 16 76

AAIl reactions were performed in sealed NMR tubes containing CsDsNO, with 0.8 M substrate and 5 mol% AI(OTf)s.
®Final times and yields/conversions were recorded when either the conversion reached 95% or the percent yield began
decreasing due to product decomposition. “Determined by *H NMR spectroscopy using hexamethyldisiloxane as internal
standard (the standard deviations for % yields are < 5%).

With promising results from our initial investigations, a series of secondary amine
substrates with different functional groups at the para position of the benzylamine group
of 1a were used to study the tolerance towards electron-withdrawing and electron-donating
groups (Table 5.2.2). In all cases, the intramolecular olefin hydroamination proceeded with
good to excellent yield, indicating good scope and functional group tolerance in the phenyl
ring. Electron-withdrawing groups such as -Br~, -NOz and -COOMe appear to reduce the
rate of the reaction or the reaction times are significantly longer to reach the completion
(Table 5.2.2 entries 1-3). Electron-donating group such as -OMe can facilitate the reaction;
however, the effect is not significant compared to the phenyl derivative giving 93%
conversion and 89% yield after 24 h respectively (Table 5.2.2 entry 4 and Table 5.2.1 entry
1). The correlation between decreasing amine basicity and decreasing reaction rate suggests
that the basicity of the amine moiety may be an important attribute to facilitate

intramolecular nucleophilic attack of nitrogen on the olefin (vide infra). This result is
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different from that of Pd catalyzed olefin hydroamination, in which protonolysis of Pd—C

bond is the turnover-limiting step. Decreased basicity of the amine moiety will increase the

reaction rate and yield.*!

Table 5.2.2. Effect of electron-withdrawing and electron-donating groups in the para
position of the phenyl ring for hydroamination of alkenylamines using AI(OTf)3.

/@ANW 5 mol% Al(OTf)3 /@/\N Ph
H -
" PH Ph 110 °C, Time, CeDsNO, R Qph

24 h NMR Yield Final NMR Yield
Ent -R Ti h)?

iy (Conv.) ime (h) (Conv.)"
1 _NO» 73 (74) 52 92 (>95)

2 Br 78 (83) 38 93 (>95)

; 70 (70)
3 2 > >

COMe 5 95 (>95)

4  -OMe 93 (95) 28 >95 (>95)

JAIl reactions were performed in sealed NMR tubes containing CsDsNO, with 0.8 M substrate and 5 mol% AI(OTf)s.
®Final times and yields/conversions were recorded when either the conversion reached 95% or the percent yield began
decreasing due to product decomposition. “Determined by *H NMR spectroscopy using hexamethyldisiloxane as internal
standard (the standard deviations for % yields are < 5%).

5.2.2 Lewis and Bronsted Acid Catalyzed Hydroamination: Catalyst Screening

In order to determine the role of the Al species in the reaction, a variety of other simple
Lewis acids were tested as catalysts for the hydroamination of 1¢ (Table 5.2.3). When
comparing the 16 h yield, AI(OTf)s gives 76% yield (Table 5.2.3, entry 1). However, only
moderate yields were observed for most of other metal salts with the exception of Bi(OTf)3,
which provided a comparable yield (78%) of 2¢ after 16 h (Table 5.2.3, entry 3). Product
decomposition is observed with Bi(OTf); after 16h, which leads to a lower final yield
compared to AI(OTf)s. AgOTf and Mg(OTf)2 show comparable final yield, but the reaction
rates are much slower (Table 5.2.3, entry 8 and 11). Interestingly, even very weak Lewis
acid such as KOTf and NaOTf show some reactivity. The wide range of activity by the
various catalysts suggests two possible catalysis pathways: (1) the metal is directly

involved in the olefin hydroamination mechanism, and AI(OTf)s and Bi(OTf)3 are the most
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active catalysts; or (2) the metal triflates generate another species that is the actual catalyst,
and the Al and Bi triflates are more efficient than the other metal triflates in catalyst
generation. In a related study involving stoichiometric Zn salts for the amination of alkenyl
benzylamines, balanced Lewis acidity was a crucial factor for higher yield and conversion.
The reaction with Zn(OTf)2 being outperformed by the weaker Lewis acids ZnCl> and
Znl.*"' The non-metal Lewis acid BBr3 can also catalyze the reaction, which suggests that
a strong Lewis acid is capable of mediating the intramolecular olefin hydroamination or
that BBr3 reacts with amine to generate HBr or other Brensted acid intermediate in situ,
which catalyzes the reaction.

Table 5.2.3. Screening Lewis acids as catalyst precursors for intramolecular olefin
hydroamination using 2,2-diphenyl-4-pentenylamine (1¢).¢

HZNW Catalyst %\Ph

PH Ph 150 °C, C4DsNO, Ph
1c 2c
Entry Catalyst (mol%)  ° hgﬁifdd Time (h)" Fm"‘(l Ciﬁibfleld

I Al(OTs (5) 76 (82) 24 83 (>95)
2 AIOTH: (1) 32 (36) - —

3 Bi(OTHs(5) 78 (82) 24 71 (> 95)
4 AICL(5) 14 (19) 170 46 (56)
5 Cu(OTf)(CeHs) (5) 24 (36) 45 55 (67)
6  Cu(MeCN):PFs(5) 45 (55) 52 37 (95)
7 Zn(OTHa(5) 49 (60) 36 50 (> 95)
8 Mg(OT(5) 47 (57) 52 81 (95)
9 NaOTf(5) 21 (24) 82 22 (44)
10 KOTE(5) 12 (15) 70 24 (40)
11 AgOTE(5) 44 (48) 82 79 (95)
12 BBn(5) 42 (47) - —

JAII reactions were performed in sealed NMR tubes containing CsDsNO, with 0.8 M substrate and different loading of
catalyst. ®Final times and yields/conversions were recorded when either the conversion reached 95% or the percent yield began
decreasing due to product decomposition. “Determined by *H NMR spectroscopy using hexamethyldisiloxane as internal
standard (the standard deviations for % yields are < 5%).

We need to be cautious when making a conclusion on the mechanism with metal

triflate catalyzed olefin or alkyne hydroamination and hydroalkoxylation. Metal
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triflates have been shown to generate HOTf in situ under reaction conditions. In
addition, HOTT is an effective catalyst for hydroamination and hydroalkoxylation with
specific classes of substrates.[**$!"6*] This has been observed for the hydroamination of
more reactive amide substrates, particularly sulphonamides,“®! as well as the
hydroalkoxylation of unactivated alcohol substrates.!®*! These papers particularly
noted that more than 1 mol% of HOT{ is essential to the reaction and more than 5 mol%
HOTT is harmful to the reaction. For the primary alkenylamine in this study, we have
found that the intramolecular hydroamination is more effective with a higher
concentration of HOTTf. Using 1 mol% HOTT, the yield of 2¢ is 25% after 16 h at 150
°C but increased to 64% when the amount of HOTf was increased to 5 mol% (Table
5.2.4, entries 7 and 8). The acceleration continues with high loading of HOTf and
reaction is complete with over 15 mol% HOTT at 16h. In a related study by Michon
and coworkers, HBF4, can be generated in situ from AgBF4 and was able to catalyze
the hydroamination of more reactive secondary alkenylamines but failed in the case of

[65] In addition, Li and coworkers identified trifluoroacetic

the primary alkenylamines.
acid (HTFA) as a hydroamination catalyst for secondary alkenylamines.*” When using
10 mol% HTFA in CsDsNO2, we observed a comparable but slightly decreased yield
of 84% versus the previously reported 89% for hydroamination of secondary amine 1a
in 1,4-dioxane. In order to compare the catalytic ability between two Brensted acids,
a range of HTFA concentrations was tested using 1c as substrate (Table 5.2.4, entries

1-4). However, the reactions resulted in < 16% yield of 2¢ under all conditions. This

reduced activity, compared to our observations with HOTf, was initially surprising
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noting that Li and coworkers observed HTFA to be the superior catalyst for the
hydroamination of 1a. However, the solvents are different in the two studies. Their
catalyst optimization was performed in xylene, and we have observed that non-polar
solvents diminish the performance of HOTT (vide infra). Other common acids, such as
acetic acid and HCI are reported as catalysts for hydroxylation or hydroamination of
C-C multi bonds using activated amines; however, some of them are not a catalyst for
hydroamination reaction with 1c¢ (Table 5.2.4, entries 5 and 6). These observations may
be explained by a difference in mechanism. In the hydroxylations of alkenyl alcohols
or hydroaminations of sulphonamides, the triflic acid or other strong Brensted acid
may be regenerated in the catalytic cycle due to the weak basicity of the substrate.
However, for hydroaminations of amines, the substrates’ stronger basicity precludes
the presence of a strong acid like HOTT in the solution. The real catalyst may be an
ammonium triflate salt formed from the combination of triflic acid and amine substrate.

The data from base additive experiment supports this hypothesis.

Table 5.2.4. Screening Brensted acid as catalyst precursors for intramolecular olefin
hydroamination using 2,2-diphenyl-4-pentenylamine (1¢).*

= Catalyst HN «Ph
H2N/>(\/ Yy — FFJ:>\
5NU3

Ph Ph 150 °C, C¢D Ph
1c 2c
Entry Catalyst (mol%) toh (Ij:l:)/ili;(leld Time (h)” Fma(lcl\g)lr\:figleld

I HTFA(5) 4(14) 90 11(46)
2 HTFA (10) 5(22) 90 12(47)
3 HTFA (20) 8(31) 90 16(49)
4  HTFA (30) 14(45) 90 15(57)
5 HOAc (5) — 67 <10(25)
6  HCI(5) — 50 20(30)
7 HOTf(5) 60 (64) 24 74 (85)
8§  HOTf(1) 25 (32) — —

9 HOTH(10) 76 (81) — —
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10 HOTH(15) 84 (95) — —
11 HOTf(20) 87 (95) — —

AAII reactions were performed in sealed NMR tubes containing CsDsNO, with 0.8 M substrate and different loading of
catalyst. ®Final times and yields/conversions were recorded when either the conversion reached 95% or the percent yield began
decreasing due to product decomposition. Determined by *H NMR spectroscopy using hexamethyldisiloxane as internal
standard (the standard deviations for % yields are < 5%).

5.2.3 Base Additives Study

In studies by Pons and Dunach, hydroalkoxylations using unactivated alkenylalcohols
were found to be catalyzed by either 5 mol% Al(OTf)s or HOTf.! This could be consistent
with Al(OTf)s acting as a precatalyst for formation of HOTT as the active catalyst. However,
it was found that the HOTT catalyzed reaction was inhibited with addition of 5 mol% 2,6-
lutidine, while no inhibition of the Al-catalysed reaction was observed. The HBF4 catalyzed
hydroamination of secondary alkenylamines was also inhibited by the addition of base.[%!
In this study, the addition of weak bases such as 5 mol% 2,6-Iutidine and pyridine did not
affect the yields of both the Al(OTf)s; and the HOTT catalyzed reactions using 1c (Table
5.2.5). Even increasing the loading of 2,6-Iutidine to 30 mol%, no specific yield decrease
was observed. Due to these surprising results, we tested other bases for their effect on both
the AI(OTf)s and HOTT catalysed reactions (Table 5.2.5). The additions of 5 mol% Et;N
and 2,6-di-tert-butylpyrdine did not significantly affect the yield of 2¢ after 16 h for either
the AI(OTf)s or HOTT catalyzed reactions. In fact, several of these added bases led to small
increases in yield and selectivity. However, large quantities (30 mol%) of EtsN or Na2COs3
greatly hindered both Al(OTf)s and HOTf-mediated reactions (Table 5.2.5, entries 7, 8, 15
and 16). Since different bases have different effects on the catalytic results, pyridinium and
2,6-lutidinium triflate salts were prepared and tested as catalysts directly (Table 5, entries
17 and 18). These salts gave comparable yields and selectivities to the HOTT catalyzed

reaction indicating that the high acidity of HOTf is not required for catalysis. In the
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presence of a large excess of amine and smaller quantities of a strong Brensted acid, the
strongest acid in solution will be the protonated amine due to the leveling effect. If the
basicity of base additive is less than the amine substrate, the additive will not inhibit the
reaction. Comparing with the catalysis results of other strong acids in Table 5.2.4, the high
activity of the pyridinium triflate salts suggests that the triflate ion itself might also play an
important role in these catalytic olefin hydroamination reactions. For example, the triflate
ion may act as an efficient proton shuttle. Another possibility is that the increased basicity
of other ions (e.g., TFA) may result in a stable ammonium intermediate and prevent proton
transfer to the olefinic fragment. In this case, we could conclude that HOTf acts as a catalyst
precursor to generate the ammonium triflate, which is likely the actual catalyst for this

reaction.

Table 5.2.5. Base additive effects on Al(OTf); and HOTT catalyzed intramolecular olefin
hydroamination using 2,2-diphenyl-4-pentenylamine (1¢).*

/ \
HzNw Catalyst, Base SHD\ Ph

PH Ph 150 °C, CgD5NO, Ph
1c 2c
Final NMR
16 h NMR Time
Entry Catalyst Base (mol %) : b , Yield
Yield (Conv.) (h) (Conv.)°
1 Al(OTf)3 — 76 (82) 24 83 (>95)
2 Al(OTf)3 2,6-1utidine (5) 78 (81) 24 87 (92)
3 Al(OTf)3 2,6-1utidine (30) 83 (84) 24 87 (>95)
4 Al(OTf)3 pyridine (5) 77 (86) 24 87 (>95)
2,6-Di-tert-

5 Al(OTf)3 butylpyridine(5) 71 (72) 24 87 (89)
6 Al(OTf)3 EtN (5) 75 (77) 24 89 (92)
7 Al(OTf); Et:N (30) 36 (42) 38 68 (80)
8 Al(OTf)3 NaxCOs (30) 43 (53) 38 60 (75)
9 HOTf — 60 (64) 24 74 (85)
10 HOTf 2,6-1utidine (5) 56 (60) 24 76 (82)
11 HOTf 2,6-1utidine (30) 61 (70) 24 77 (86)
12 HOTf pyridine (5) 67 (72) 32 86 (92)

13 HOTf 2,6-di-tert- 53 (57) 32 77 (82)
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butylpyridine(5)
14 HOTf EtN (5) 52 (55) 32 77 (80)
15 HOTf Et:N (30) 33 (31) 38 62 (67)
16 HOTf Na2COs3 (30) 33 (43) 38 45 (62)
[2,6-
17 lutidinium]OTf o 3764 4 8302)
18  [pyridinium]OTf — 52 (60) 44 74 (92)

AAII reactions were performed in sealed NMR tubes containing CsDsNO, with 0.8 M substrate and different loading of
catalyst. ®Final times and yields/conversions were recorded when either the conversion reached 95% or the percent yield began
decreasing due to product decomposition. ©Determined by *H NMR spectroscopy using hexamethyldisiloxane as internal
standard (the standard deviations for % yields are < 5%).

5.2.4 Kinetic Study of Hydroamination

In order to investigate the mechanism of AI(OTf)s catalyzed olefin
hydroamination, a series of kinetic experiments were performed. Both the AI(OTf)s-
and the HOTf-mediated hydroaminations with 1c were found to be first order with
respect to amine substrate (Figure 5.2.1 plot a). The reaction rate (Kobs) is accelerated
with increased initial catalyst loading signifying that the reaction is also first order
with respect to catalyst precursor (Figures 5.2.1, plot b and c). If these two catalysts
follow two different mechanisms, there will be a substrate competition between them,
which may slow down the AI(OTf)s catalysed reaction. In this case, possible
substrate competition was investigated by performing the same kinetic experiments
with 5 mol% AI(OTf)s and varying amount of added HOTTf. The linear plots of Kobs
versus concentration of HOTT are consistent with a reaction that is first order in
substrate and first order in HOTT (Figure 5.2.1, plot d). This result suggests that the
AIl(OTf)s catalyzed reaction is running as a background reaction and the rate is
unaffected by the addition of HOTT. Since no reaction inhibition was observed, the

same reaction mechanism may be operative for both the AI(OTf)s and HOTf
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mediated reactions. This observation suggests that HOTf is in situ generated from

the Al(OTf)s, which then serves as the catalyst precursor for amine hydroamination.

(a) (b)
3- 0.15-
21 -~ 0.10-
) c
) 2
1 = 5mol%AKOTH; < 0.05-
-~ 5 mol% HOTf
0 T T T T T 1 0'00 T 1 T T 1
0 10 20 30 40 50 0 1 2 3 4 5
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Figure 5.2.1. Kinetic data for determination of reaction order with respect to 1c¢ and
catalysts. All reactions were performed in sealed NMR tubes containing C¢DsNOz with 0.8
M substrate and different loading of catalyst. (a) Determination of the rate order of 1c:
linear fit of —In[1¢] versus time for reactions with 5 mol % of AI(OTf); or HOTT. (b)
Determination of the reaction order of Al(OTf)s: kobs as a function of AI(OTf); loading. (¢)
Determination of the reaction order of HOTT: kobs as a function of HOTT loading. (d)
Determination of the reaction order of HOTT with 5 mol% Al(OTf)s: kobs as a function of
HOTf loading.

Experiment for Kinetic isotope effects (KIEs) were performed for further
investigation of the mechanism. The reactions used HOTf and AlI(OTf)s with one
equivalent relative to amine substrate with added H20 or D20 to determine the KIEs.
Statistically identical KIEs of kn/kp = 1.5340.17 and 1.4940.18, are observed for the

reaction with AI(OTf)s and HOTT, respectively. (Figure 5.2.2). In addition, KIE
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experiments with protio- and deutero-substrates under the same reaction condition
were performed (Scheme 5.2.1, Figure 5.2.3). Likewise, an identical KIE (kn/kp =
1.440.1 and 1.540.2) was also obtained for AI(OTf)s and Bi(OTf)s catalysts. These
results are consistent with the in situ generation of HOTf, which suggests that all
metal triflates might undergo a similar mechanism. In order to exclude the influence
of water on the reaction, different amounts of H20 were added to the reaction. The

effects on reaction rate or products were negligible (Table 5.2.6).

(a) (b)
B BEER S UEnRHD 37 -& 5mol% HOTf + 1 eq.H,0
- Smol% Al +1eq.D,0 - 5mol% HOTF + 1 eq.D,0

2.0

1.5

-In[1c]

1.0

0.5 Kylkp=1.5%0.2

kulkp = 1.5+ 0.2

0.0+ T T T 1 T T T
0 5 10 15 20 0 10 20 30
Time (h) Time (h)

Figure 5.2.2. KIE determination for HOTf and AI(OTf)s catalysed hydroamination of 1c.
All reactions were performed in sealed NMR tubes containing CsDsNO2 with 0.8 M
substrate, 5 mol% catalyst and one equivalent H20 or D20. (a) Determination of KIE for
Al(OTT)s catalysed reaction: linear fit of —In[1c] versus time for reactions with 1 equivalent
of H20 or D20 (relative to amine substrate). (b) Determination of KIE for HOTT catalysed
reaction: linear fit of —In[1c] versus time.

N W AI(OTf)s or Bi(OTf)s (5 mol%) :D,\\\Ph
2 [o]
PH Ph 150 °C, C¢DsNO; PR AOTH); KIE =14 0.1

1c 2c
Bi(OTf)3 KIE = 1.5 0.1
N W AI(OTf); or Bi(OTf)3 (5 mol%) DN\ .Ph (T 50
YA 150 °C, CeDsNO, oh
1C-d2 a-2c

Scheme 5.2.1. Kinetic isotope effect experiments with Al(OTf); and Bi(OTY) 3.
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2.0
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Figure 5.2.3. KIE determination for Al(OTf); and Bi(OTf); catalysed hydroamination of
1c or 1c-d,. All reactions were performed in sealed NMR tubes containing C¢DsNO2 with
0.8 M substrate, 5 mol% catalyst at 150 °C. (a) Determination of KIE for Al(OTf)s
catalysed reaction: linear fit of —In[1¢] and —In[1¢-d>] versus time (b) Determination of KIE
for Bi(OTY); catalysed reaction: linear fit of —In[1¢] and —In[1¢-d2] versus time.

Table 5.2.6. Influence of water on Al(OTf)3 catalyzed hydroamination.**¢

H NW 5 mol% Al(OTf)3, additives ::\D'\‘\Ph
2
150 °C, C¢DsNO, Ph

PH Ph
1c 2
Entry Catalysts Additives NMR Yield (%) NMR Conv. (%)
1 5 mol% Al(OTf)3 / 76 82
2 5 mol% Al(OTf)s  0.25 eq. H20 80 81
3 5 mol% Al(OTf)s 0.5 eq. H20 85 86
4 5 mol% Al(OTf)3 1 eq. H20 76 81
5 5 mol% Al(OTf)s 2 eq. H20 83 86

a) All reactions were performed in sealed NMR tubes containing CsDsNO, with 0.8 M substrate, 5 mol% AI(OTf); and different
amount water. b) yields/conversions were recorded at 16h and determined by 1H NMR using hexamethyldisiloxane as internal

standard (the standard deviations for % yields are < 5%). ¢) H2O’s loading are relative to Al(OTf)3

5.2.5 Solvent Effect Study

The solvent effect on catalyst performance using AI(OTf); and HOTf was investigated
by using deuterated solvents of varying polarity including dimethyl sulfoxide (DMSO),
1,2-dichlorobenzene (1,2-DCB), toluene and 1,4-dioxane (Table 5.2.7). The reaction rates

were much slower compared to nitrobenzene. Of these four solvents, only the reaction
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performed in 1,2-DCB give comparable yields to those in C¢DsNO2 after 5 days instead of
only approximately 30 h for the reaction in C¢DsNO2. Catalysis in the slightly polar solvent
1,4-dioxane required approximately 5 days to reach maximum yield, but with much lower
yield compared to nitrobenzene. The decrease in efficiency was even more pronounced in
DMSO and toluene (entries 1, 2, 5 and 6), which may due to the poorer solvation of possible
ionic intermediates. Although yields in each solvent were different, AI(OTf)s and HOTf

showed comparable results to each other in all of the solvents.

Table 5.2.7. Solvent effect on the hydroamination of benzyl(2,2-diphenyl-4-pentenyl)amine

(1a).
N = 5 mol% catalyst
©/\H/P?§h\/ 110 °C, solvznt ©/;~D<:hh
Entry Solvent Catalyst 24 h NMR Time Final NMR
Yield® (h)® Yield®c
1 DMSO Al(OTf)3 11 137 46
2 DMSO HOTf 5 128 40
3 1,2-DCB? Al(OTf)3 38 137 89
4 1,2-DCB HOTf 19 137 74
5 toluene Al(OTf)3 3 137 44
6 toluene HOTf 7 137 38
7 1,4-dioxane Al(OTf)3 15 133 57
8 1,4-dioxane HOTf 15¢ 133 38

JAIl reactions were performed in sealed NMR tubes with 0.8 M substrate in differnt solvents with 5 mol% catalyst. ®Final
times and yields/conversions were recorded when either the conversion reached 95% or the percent yield began decreasing due
to product decomposition. “Determined by *H NMR spectroscopy using hexamethyldisiloxane as internal standard (the standard
deviations for % yields are < 5%). © 1,2-DCB = 1,2-dichlorobenzene.

5.3 Proposed Mechanism and Conclusion.

We report intramolecular hydroamination of unactivated secondary and primary
alkenylamines catalyzed by AI(OTf)s. Comparable or increased efficiency to other reported
Al catalysts was observed using catalytic amounts of simple aluminium salt, AI(OTf)s.
However, HOTT or even pyridinium triflate salts are found to produce comparable catalytic
results. Compared to other Brensted acids (e.g., HTFA and HCI), HOTf shows higher

catalytic activity. Due to the levelling effect of amine substrate, the acidic species are
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probably the same protonated amine substrates. The reactivity difference indicates that the
triflate anion is likely of significance in mediating the reactions. The solvent was also found
to have a significant effect. Polar solvents are more effective for the HOTTf initiated reaction
and stabilize the ion pair intermediate. ldentical kinetic results are observed for the
Al(OTf)s and the HOTf-mediated reactions. In addition, base additives have very similar
effects on both Lewis acid and Brensted acids catalyzed reaction. These observations
suggest that AI(OTf)s may only serve as a source to generate triflic acid in situ. The triflic
acid may then act as a catalyst precursor which would react with the basic amine substrates
to produce ammonium salts as the active catalyst for the hydroaminations. The proposed
mechanism is shown in Scheme 5.3.1. These results serve as a caution for studies that
propose metal salts as the operative active catalyst in hydroaminations of unactivated
alkenylamines; rigorous controls should be used to verify the nature of the active catalyst.
The remarkable activity of Brensted acids, even relatively weak pyridinium salts, to serve
as hydroamination catalysts is illustrated particularly through their success toward
hydroamination of a less reactive primary alkenylamine which, to our knowledge, has not

been previously reported in the absence of additional co-catalysts or additives.

Metal Triflates

Ph_ Ph
NH
PhﬁNH HOTF AN,

Ph

/
@
Ph oTf NH3 ot
nucleophellc attac\ / proton transfer

NH2 ot
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Scheme 5.3.1. Proposed mechanism for metal triflate catalyzed hydroamination

5.4 Experimental Section

The substrates benzyl(2,2-diphenyl-4-pentenyl)amine (1a),?® N-benzyl-4-pentenyl-1-
amine (1b),®! 2 2-diphenyl-4-pentenylamine (1c),'®! 4-bromobenzyl(2,2-diphenyl-4-
pentenyl)amine,?®) methyl 4-[(2,2-diphenyl-4-pentenylamino)-methyl]benzoate,'®! and 4-
nitrobenzyl(2,2-diphenyl-4-pentenyl) amine®! were synthesized according to literature
procedures.

Synthesis of 4-methoxybenzyl(2,2-diphenyl-4-pentenyl)amine. A 25 mL methanol
solution containing 1c (1.51 g, 6.37 mmol) and 4-methoxybenzaldehyde (0.91 g, 6.68
mmol) was stirred at room temperature for 3.5 h. A small excess of NaBH4 (0.268 g, 7.1
mmol) was added at room temperature and stirred for 12 h. The reaction was quenched by
the addition of water at 0 <C. The solution was made alkaline by the addition of 1 M NaOH
(50 mL), resulting in a suspension. The suspension was extracted with CH2Cl2 (3 <50 mL).
The combined organic extracts were washed with brine (3 <50 mL) and dried with MgSOa.
The solvent was then removed under vacuum to provide a colorless oil, which was then
purified by column chromatography on silica gel (eluent: hexanes:EtOAc = 8:1 with 2%
EtsN) to give the title compound (1.47 g, 65 %) as a viscous colorless oil that formed a
white solid upon standing. *H NMR (600 MHz, CD2Cl2): 6 7.30 (4H, t, 3Jun = 8 Hz, H°-
Ph), 7.18-7.25 (6H, m, H™-Ph and HP-Ph), 7.16 (2H, d, 3Jun = 8 Hz, H°-4-CsHsOMe), 6.84
(2H, d, 3Jun = 8 Hz, H™-4-CsH4OMe), 5.40 (1H, ddt, 3Jun = 17, 11, 7, vinyl CH), 5.02 (1H,
d, 3Jun = 17 Hz, vinyl CH2), 4.93 (1H, d, 3Jun = 10 Hz, vinyl CH2), 3.79 (3H, s, CsH4OCHs),

3.67 (2H, s, CHz), 3.25 (2H, s, CHz), 3.08 (2H, d, 3Jkn = 7 Hz, CHa) , 0.85 (LH, br s, NH)
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13C NMR (150 MHz, CD2Cl): § 159.0 (CsH4OMe), 147.4 (Ph), 135.4 (vinyl CH), 133.4

(CsH4OMe), 129.4 (CsHsOMe), 128.4 (Ph), 128.3 (Ph), 126.3 (Ph), 117.7 (vinyl CHy),

113.9 (-CeHsOMe), 55.6 (CH?2), 55.5 (OMe), 54.0 (benzyl-CH2), 50.4 (quaternary C), 41.9

(CH2)
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Figure 5.4.1. "H NMR spectrum (600 MHz, CD2Cl2) of 4-methoxybenzyl(2,2-diphenyl-4-

pentenyl)amine.
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Figure 5.4.2. C{'H} NMR spectrum (150 MHz, CD:Cl>) of 4-methoxybenzyl(2,2-
diphenyl-4-pentenyl)amine.

Synthesis of benzyl(2,2-diphenyl-4-pentenyl)amine-d; (lc-d2). Anaerobic
conditions are not required. The compound 1¢ (1.01 g, 4.29 mmol) was stirred in D20 (10
mL) at reflux for 24 h. The solvent was removed under vacuum to afford le-d> (0.95 g,

95 %) as a pale yellow oil. "H NMR spectroscopy was used to verify > 95 % deuterium

incorporation.
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Figure 5.4.3. "H NMR spectrum (600 MHz, CDCls) of 1c-d..

General Procedure for Catalytic Intramolecular Hydroamination. A
representative catalytic reaction is described. A 0.8 M stock solution was prepared by
dissolving compound 1c (0.2846 g, 1.2 mmol) in nitrobenzene-ds (1.5 mL). The stock
solution was then distributed among 3 NMR tubes (3 x 0.5 mL) containing Al(OTf)s3 (9.5
mg, 0.02 mmol) and a sealed capillary of hexamethyldisiloxane, as the internal standard.
The NMR tubes were sealed and initial *H NMR spectra obtained. The NMR tubes were
then heated in an oil bath at 150 <C. Every 4 hours, the reaction was paused by rapid cooling
to 0 <T using an ice bath and analyzed by *H NMR spectroscopy. *H NMR spectra were
collected using 8 transients with a 10 second pulse delay. Yields and conversion were
calculated from the integration of resonances for 1c, 2c, and the internal standard. The

resulting cyclized products were not isolated.
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Figure 5.4.4. "H NMR spectrum (600 MHz, CsDsNO>) of hydroamination product of 1a.*?
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Figure 5.4.5. "H NMR spectrum (600 MHz, CsDsNO:) of hydroamination product of 1b.*?
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Figure 5.4.6. '"H NMR spectrum (600 MHz, CsDsNO2) of hydroamination product of 1¢.*?
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Figure 5.4.7. '"H NMR spectrum (600 MHz, CsDsNOz) of hydroamination product of
methyl 4-[(2,2-diphenyl-4-pentenylamino)-methyl]benzoate.**
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Figure 5.4.8. "H NMR spectrum (600 MHz, CsDsNO2) of hydroamination product of 4-

nitrobenzyl(2,2-diphenyl-4-pentenyl) amine.*”
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Figure 5.4.9 '"H NMR spectrum (600 MHz, CsDsNO2) of hydroamination product of 4-

methoxybenzyl(2,2-diphenyl-4-pentenyl)amine.”
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Figure 5.4.10 'H NMR spectrum (600 MHz, CsDsNO2) of hydroamination product of 4-
bromobenzyl(2,2-diphenyl-4-pentenyl)amine.*”

a: The proton peak shows up at 0.0 ppm is inner standard HMDSO.

b: The integration of aromatic region do not fit the structure due to the overlap with solvent peaks.

Sample Preparation for Kinetic Isotope Effects Experiments. (1) Using water
additives: The reaction NMR tubes were prepared using the typical catalytic intramolecular
hydroamination procedure with 5 mol% of either Al(OTf)s or HOTf. Before sealing the
NMR tubes, H20 (7.2 uL) or D20 (7.2 uL) was added separately to each tube. (2) Using
protic or deuterated substrates: A 0.8 M stock solution was prepared by dissolving either
compound 1c (0.2846 g, 1.2 mmol) or 1c-d (0.2870 g, 1.2 mmol) in nitrobenzene-ds (1.5
mL). The stock solution was then distributed among 3 NMR tubes (3 x 0.5 mL) containing
either AI(OTf)s (9.5 mg, 0.02 mmol) or Bi(OTf)s (13,1mg, 0.02mmol) and a sealed
capillary of hexamethyldisiloxane, as the internal standard. The remainder of the
experiments were performed in the same manner as for the representative catalytic

intramolecular hydroamination procedure above.
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6 Future Outlook
6.1 Future Direction of Reductive Elimination of Rh—Me

The “capping arene” ligand supported Rh(III) complexs have successfully achieved
reductive elimination of MeX. The ligand was designed to block an axial coordination site
by using steric bulk in order to favor reductive elimination by destabilizing the higher
oxidation state Rh(III) relative to Rh(I). The Rh(I) catalyst with “capping arene” ligand can
resist oxidation with Oz at 150 °C and the “capping arene” supported Rh(IIT)-Me complex
can reductive eliminate MeX in high yield.

Designing a related series of ligands that could block more than one coordination site
could result in enhanced reaction rate of reductive elimination for similar complexes. A
proposed synthetic route for a di-“capping arene” ligand is shown in Scheme 6.1.1. This
new ‘“‘capping arene” ligand is based on the motif of 6-FP [6-FP = 8,8-(1,2-
phenylene)diquinoline]. Two additional phenyl or naphthyl groups are located on the «
position of quinoline ring. After coordination to the metal center, the two phenyl or naphthyl
groups would add steric bulk to the upper position in axial coordination site, which may
further destabilize the Rh(III) state. In another approach, the substituents on the benzene
ring could be varied to reduce its propensity to bind to the metal center (Figure 6.1.1). By
adding electron withdrawing groups such as -NOg, -F or -CF3, the coordination ability of
the benzene ring will be reduced. In addition, adding groups with large steric bulk like -'Bu

or -'Pr, the coordination could also be inhibited.
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Figure 6.1.1. Structure for proposed “capping arene” ligands.

The ultimate goal for this study is to identify a potential catalyst for the selective partial
oxidation of hydrocarbons. The (5-FP)Rh(TFA)(7?-C2Hs) [5-FP = 1,2-bis(N-7-
azaindolyl)benzene] has proven to be an effective catalyst for oxidative olefin
hydroarylation with benzene and olefins.['! Based on DFT calculations, the benzene C-H
activation is proposed as the rate determining step. In this case, the “capping arene”
supported Rh complex should be capable for arene C—H activation, and it may be possible
to achieve alkane C—H activation as well. In addition, (5-FP)Rh(TFA)Me has been
demonstrated to reductively eliminate MeTFA in the presence of a Ag oxidant. By coupling
these two reactions, we may be able to catalytically functionalize the C—H bonds of
hydrocarbons. In same initial experiments, benzene will be used as substrate and PhI(OAc):2
as oxidant. Under similar conditions, Pd(OAc). is an effective catalyst for benzene
acetoxylation.[*”) Since the capping arene Rh complex has shown great potential in both

C—H activation and reductive elimination, we believe this is a promising route for alkane
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or arene functionalization.
6.2 Future Direction of Hydroarylation with Rh Catalysts

Although (5-FP)Rh(TFA)(7?-C2Hs) demonstrates high longevity and reactivity
towards oxidative olefin hydroarylation, additional advances would be required for
commercialization. Tethering the catalyst to heterogenous supports may improve catalyst
longevity and open the possibility of flow reactors. Recently, polymer-supported palladium
carbene complexes have been shown to be effective for arene acetoxylation.®! The NHC
ligand supported Pd catalysts have C=C in the supporting ligand and could co-polymerize
with monomers of the heterogenous support. Additionally, the pore sizes of the
heterogenous catalysts can be tuned by controlling the polymerization conditions and
ligand structure. Since the steric bulk around the metal center is essential for the high
linear:branced selectivity for alkenyl arenes by our Rh catalyst, heterogenous supports with
different pore sizes could result in improved L:B selectivity.

Although high turnover numbers are achieved with the “capping arene” supported Rh
catalyst, the overall conversion of benzene remains low (<10%) due to challenges with
product inhibition. Developing a more suitable solvent system may be a potential approach.
As acetic acid results in stabilization of the Cu(Il) oxidant stabilization and acidic media is
essential for the olefin hydroarylation reactions using oxygen as the sole oxidant, acidic
acid is a candidate for these future solvent screening studies. Further, as water is a side
product of the reaction and the accumulated moisture might become an issue with high
benzene conversion reaction, the addition of acetic anhydride could be beneficial.

In the Pt- and Ru-catalyzed olefin hydroarylation reaction with benzene and ethylene,
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varying the electron donating ability of ligand affects the selectivity of the reaction,
resulting in the formation of ethylbenzene or styrene.!'*) However, no such phenomenon
was observed with our Rh catalysts. Although styrene is a more valuable product than
ethylbenzene, the production of phenyl alkanes, which can be directly used with sulfonating
reagents to make alkylbenzene sulfonates, may be more valuable overall. In order to favor
the production of phenyl alkanes, a strongly electron donating ligand must be required. N-
heterocyclic carbene (NHC) ligands are well-known for their strong donating ability. A
series of ligands shown in Figure 6.2.1 are proposed to be suitable candidates. Mono-, di-
and tri-NHC ligands can be tested with Rh. The R groups of the ligand can be easily
modified to tune the steric bulk around the metal center. In this case, phenyl alkane products

could be produced with high L:B ratios.

N-heterocyclic carbene (NHC) ligands

R—N/ﬁ\/$
R~N\/__\/N’R R—{\I\Ji .'.\L/N\>—R . \) L/>
N

mono-

di
R = H, Me, i—Pr,\j‘vwv/, N;‘ @3{

Figure 6.2.1. Structures of proposed NHC ligands.

6.3 Future Direction of Copper Catalyzed Arene C—H Functionalization

TEMPO has proven to be effective in accelerating the acetoxylation reactions with
benzene and Cu(OAc)a. A series of radicals with N-O linkage will be tested for comparison
(Figure 6.3.1). 4-Acetamido-TEMPO shows higher reactivity toward alcohol oxidation,
and we may also observe an improvement in the benzene acetoxylation reactions by using

modified TEMPO reagents.!!8] A series of additional radical precursors with N-O linkages



194

will also be tested in efforts to improve the reaction rate. The NHPI/PINO redox couple in
particular has a higher redox potential (~0.9 V).[' In addition, since the reaction has been
demonstrated to likely occur via an organometallic pathway, the addition of ligands for
copper may benefit the reaction. Again, ligands shown in Figure 6.3.3 are effective
additives for alcohol oxidation under different conditions and they may benefit our
Cu/TEMPO system as well.[2%-2%]

>(j< &L N N
N N N Neor o N &

(e} I

o

o) o)
TEMPO ABNO AZADO R = CONH,,
COOH, CN
Figure 6.3.1. Structures of TEMPO and additional radicals with N-O linkages.
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Figure 6.3.2. Structures of radical precursors with N-O linkages.

— — N=— =N
4 A ﬁ\\'
<§j3>4{gi;> <§:3>4%gjj> =N N= [n
bpy bpz phen DABCO

Figure 6.3.3. Structures of potential ligands to support Cu(OAc)z.

With the addition of various nucleophilic anions, Cu(Il) can catalyze the
functionalization of aryl C-H bonds with directed arenes.?®! Since we have successfully
achieved iodination with the addition of iodine, other additives including TMSCN, PhSH,
H20, AgNO:2 and AgF will be tested for possible corresponding functionalization. In
addition, other arenes will also be tested for Cu-mediated C—H functionalization. Different
site selectivity will be expected when comparing with traditional acid-catalyst mediated

benzene functionalization.
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