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Abstract

Cheap and abundant natural gas provides a viable alternative to oil and coal with the
opportunity to reduce CO, emissions. Natural gas (primarily methane) is disadvantaged
due to its low energy density and gaseous phase. Its broader use has been limited by
safety and expense concerns associated with the transportation and storage of natural gas.
As a result, the conversion of natural gas to liquid fuels (e.g., methanol) is of interest.

The conversion of hydrocarbons to functionalized products catalyzed by transition
metal complexes has been studied. Our group previously reported that TpRu(PMe3),X
(Tp = hydridotris(pyrazolyl)borate; X = NHPh, OH or Me) can activate benzene C—H
bonds. However, studies of these reactions are complicated by the strongly coordinating
PMejs ligands, which must dissociate to coordinate benzene.

Presented here are the efforts to prepare d® charge neutral Ru(ll) complexes [«
C(p2)4]Ru(L)(X)(CI) [C(pz)4 = tetra(pyrazolyl)methane; X = NHPh, OH, OMe] and to
exchange chloride with a non-coordinating anion to give the coordinatively unsaturated
species {[x*-C(pz)s]RuU(L)(X)}". [£*-C(pz)s]Ru(L)(X)(CI) should provide more facile
access to unsaturated reactive species than TpRu(PMes3),X. In addition, the cationic
charge in {[x>-C(pz)]Ru(L)(X)}" might facilitate C—H activation. Currently, {[x*-
C(pz)4]Ru(L)(XH)(CD}" (C(pz)4 = tetra(pyrazolyl)methane; X = NHPh, OH or OMe; L =
P(OCH;);CEt) have been synthesized. The preparation and isolation of corresponding
Ru—X complexes was not successful due to fast decomposition after deprotonation.

Further studies will focus on variation of ligands to stabilize Ru—X complexes.
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Chapter 1

1.1 Introduction

1.1.1 Utilization of natural gas

Energy security is one of the most important issues to sustain our society. To meet
increasing energy demands, new, cleaner resources including nuclear and solar power
should be sought, but, in the immediate future, we will still likely rely on fossil fuels.
Thus, developing new methods for more efficient utilization of fossil resources will
continue to be important. Currently the predominant energy source is fossil fuels, with
roughly equal parts from oil, coal and natural gas.' Increased use of natural gas could
lead to a reduction in oil and coal consumption and possible reduction in CO, emission.
Recent advances in technology to access natural gas have dramatically altered future
scenarios for the U.S.’s energy portfolio.

Currently, natural gas is mainly used for power generation, residential use, and as an
industrial feedstock. Natural gas is disadvantaged due to its low energy density and
gaseous phase. Methane, the major component of natural gas (87% by volume), is highly
flammable and difficult to compress (b.p. —161.6 °C at 1 atm). This presents two issues
for scaled use of natural gas: 1) gas located at remote locations (e.g., Alaska’s North
Slope) cannot be easily transported; 2) scaled use of natural gas in the transportation’s
sector is not possible without expensive new infrastructure.

Liquefied natural gas (LNG) has been considered as a transportation fuel.? Due to the
operational and economical considerations, LNG is not an attractive option for the use of

natural gas. Technologies to convert natural gas to liquid fuels in a low cost and selective



manner could provide an attractive alternative to LNG and facilitate utilization on a
larger scale. Selective conversion of natural gas to methanol or mid-range hydrocarbons
are both options. In addition to the advantages of more facile transportation and storage,
the conversion of methane-to-methanol (MTM) would also open a route for its broader
use as a chemical feedstock, because methanol can be a precursor to ethylene and
propylene for use in the chemical industry. Methanol can also help lessen the dependence
on gasoline in the transportation sector. Currently, gasoline sold in most states contains
up to 10% ethanol by volume and an increasing numbers of gas stations are supplying
E85 (85% ethanol/gasoline fuel blend). Gasoline engines can be modified to run on
methanol-rich fuel at modest costs while maintaining CO, emissions at the same or lower
levels. In recent years, the price of oil has been at historically high levels, which
stimulates the use of methanol in transportation as an alternative or supplement to
gasoline. Also, much “stranded” natural gas could be used if viable conversion
technology could be developed. Because of the abundant domestic supply of natural gas,
such conversion offers an opportunity to reduce dependence on imported oil and
strengthen national energy security. Thus, MTM conversion is of significant practical
interest.

One strategy for MTM s transition metal mediated C-H activation of methane
coupled with C-O bond formation. Our group has worked on developing new routes for
C—H activation that might be incorporated into catalytic cycles. My project is to develop
new Ru(ll) complexes with Ru-X bonds (X = OR or NHR) supported by

tetra(pyrazolyl)methane, and to pursue hydrocarbon C—H activation with these complexes.



This research is relevant to the development of selective, energy efficient catalysts for

direct hydrocarbon partial oxidation.

1.1.2 Indirect MTM

Indirect MTM conversion via synthesis gas (syngas: H, + CO), the Fischer—Tropsch
process, is among the commercially practiced processes in industry (Scheme 1.1). This
process requires high energy input (~900 °C, ~40 atm), which is not an ideal method for
practical use.® Thus, developing a catalyst for MTM at moderate conditions (ideally in a
direct manner) has been a focus in recent years.*® One option is the direct partial

oxidation of methane, using O, as the ultimate oxidant, to methanol.

H,0
cat. cat.
CH, CO + 3H, CH3;0OH
900 °C 250 °C
40 atm 50-100 atm H20

xs. Hy Co,

Scheme 1.1. Indirect conversion of methane-to-methanol via synthesis gas.

The direct MTM conversion requires cleavage of a C-H bond of methane and
formation of a C-O bond. These two steps are termed C—H activation and oxy-
functionalization, respectively. The large bond dissociation energies (BDEs) and covalent
nature of C—H bonds render them difficult to break. For example, the BDE of methane is
105 kcal/mol.® Additionally, C—H bonds are covalent, which reduces susceptibility to
attack by electrophiles or nucleophiles. To make the activation of a strong bond more
kinetically accessible, an external bond is necessary to lower the activation barrier.

Although hydrocarbons are chemically inert, a number of reactions of alkanes are known.



These reactions can be divided into two main types: 1) transition metal-mediated

processes and 2) non-metal-mediated processes.

1.1.3 Non-metal-mediated hydrocarbon functionalization

Transformations of alkanes without the participation of transition metal complexes are
typically initiated by highly reactive species such as free radicals or carbenes.'*"** For
example, heating alkanes at high temperature (> 900 °C) generates radicals and carbenes
as intermediates, which will then produce multiple products.'? Attempts to carry out the

partial oxidation of methane by radical reactions have also been reported with limited

14-19
success.
I,"HS,07 H,0
CHy + 803 ——— CH30803H + SO, ——= CHzOH + H,;S0,
H,S0,/S0;

Scheme 1.2. An indirect approach for partial oxidation of methane to methanol catalyzed
by iodine cations.

Periana et al. reported an indirect approach for the partial oxidation of methane to
methanol, in which methane can be converted to methyl bisulfate in a single-step process
catalyzed by I," (Scheme 1.2).° The reaction is carried out in fuming sulfuric acid at
180220 °C in up to 43% yield based on methane. Methyl bisulfate cannot be readily
separated from sulfuric acid, so it is hydrolyzed to methanol by addition of water to the
sulfuric acid solution. However, separation of methanol from the resulting solution is
difficult, and the dilute sulfuric acid solution must be concentrated before it can be
recycled.*

Bell and co-workers also reported systems that are able to convert methane to partial

oxidation products (e.g., acetic acid, methanol).”* A direct approach for partial



oxidation of methane to methanol is demonstrated in a three-step, liquid phase process

using SOs as the oxidant (Scheme 1.3).%*

Initiator SO H,O

3 2
CH, + SO; —— = CH;SOH —————= CH;X ————> CH,OH
! S CHSOH 00 160°C,10h T GH,Cl 3
75°C, 6 h

X = OSO3H, SO;CH;
Scheme 1.3. A direct approach for partial oxidation of methane via a radical reaction
using SOs as the oxidant.

In the first step, a free-radical initiator (e.g., urea-H,O,-RhCl3) is used and methane is
reacted with SO; to form methanesulfonic acid in 7.2% vyield based on methane.
Methanol is produced from subsequent oxidation and hydrolysis in 13% yield based on
methanesulfonic acid. For hydrocarbon transformations that proceed via radical-chain
mechanism, the activation energy barrier is relatively low and radicals attack the C—H
bonds based on the bond strengths. Thereby, the reactivity of C—H bonds decreases in the
following orders: 3° > 2° > 1°. The fact that functionalized products usually possess
weaker C-H bonds than the alkane substrates gives rise to poor selectivity in such
transformations.® This inherent limitation makes selective conversion from methane to

methanol in high yields challenging.

1.1.4 Metal-mediated hydrocarbon functionalization

Metal-mediated hydrocarbon transformations are very common in nature. For example,
in biological systems, methane monooxygenase catalyzes the selective oxidation of
methane to methanol by oxygen under ambient conditions.? The u-0xo-bridged binuclear
iron centers in methane monooxygenase are believed to be active sites. Metal-mediated

hydrocarbon functionalization has been a research focus as well as an industrial interest



for decades. This type of hydrocarbon transformation is usually promoted by metal
oxides, inorganic salts, or transition metal complexes.

Hydrocarbon transformations promoted by solid metals or their oxides play a very
important role in the chemical industry. The heterogeneous metal-containing catalysts are
widely employed in oxidation, dehydrogenation, isomerization, oxidative coupling and
other processes in which saturated and unsaturated hydrocarbons (e.g., long chain alkanes,
olefins) are converted to useful commodities.>?®* Usually, such reactions occur at high
temperature (> 200 °C) and generate multiple products in low yield and/or poor
selectivity.****® Radicals are typically involved in the proposed mechanisms for
heterogeneous metal-containing catalysts. At high temperature and pressure (>500 °C, 10
bar), gas phase radical reactions are predominant and the catalysts have a minor
contribution.?”® Lunsford and co-workers reported a series of metal oxide catalysts for
oxidative coupling or partial oxidation of methane and the formation of hydroxyl or
methyl radicals was observed upon abstraction of H atom from methane in these
processes.?*! Sen et al. reported the conversion of methane to methyl ester in ~2% yield
at 85 °C catalyzed by a mixture of metallic Pd and Cu(I1)/CO/O, in trifluoroacetic acid
solution.* It is very common that over-oxidation occurs in heterogeneously catalyzed
reactions, yielding formaldehyde and CO,. Otsuka et al. investigated the reaction
mechanism for the activation of methane and the formation of formaldehyde in the
presence of O, using Fex(M0Q4); as the catalyst.* It is found that methane is activated by
the surface oxygen and the intermediates, adsorbed methyl or methoxide species, would

be attacked by the activated surface oxygen, being oxidized to formaldehyde and CO..



They proposed that for selective synthesis of methanol, an active site that can provide a
Brénsted acid and protect the intermediates from further oxidation by surface oxygen
must be required. Although partial oxidation of longer chain alkanes with relatively high
yields and good selectivity have been observed, extension of such processes to the partial
oxidation of methane with high yield and good selectivity has not been successful. 3>

Attempts to control selectivity under mild conditions by the use of single-site
heterogeneous catalysts have been reported.?*®* Neumann et al. developed a
bipyrimidinylplatinum-poluoxometalate  hybrid compound supported on silica,
[Pt(Mebpym)Cl,][HsPV>M00O4]/SiO,, which catalyzes the oxidation of methane in water
under mild conditions (50-60 °C, 1-2 bar 0,).* Despite the production of methanol,
overoxidation and formation of other functionalized products (e.g., formaldehyde) still
remain in this process. Recently, Hutchings et al. reported a iron- and copper-promoted
zeolites (ZSM-5) that catalyze the direct conversion of methane to methanol in an
aqueous medium by using H,0, as the oxidant.*” The selectivity to methanol reached
93% with more than 35 turnovers. Because it is normally difficult to elucidate the nature
and mechanism of heterogeneous catalysis, the development of well-tuned catalysts for
desired reactivity and selectivity is challenging.

Given the limitations of radical processes and heterogeneous catalysts for hydrocarbon
functionalization, transition metal complexes as homogeneous catalysts provide a
promising option for such transformations because the mechanisms can often be
thoroughly elucidated and the structures can be systematically tuned. As mentioned

above, methane monooxygenase in biological systems catalyzes the selective oxidation of



methane to methanol. As early as late 19" century, chemists reported examples of
transition metal systems for hydrocarbon conversion.®®**° For example, the Fenton
reagent, which consists of Fe®*/H,O, and promotes hydroxylation of alkanes, was
developed in the 1890s.%%“° In early studies, metal cations with high oxidation state were
generally used as oxidants. For example, Shilov and co-workers employed a Pt(I1)/Pt(1V)
system in aqueous solution that can convert methane to methanol as well as methyl
chloride (Details of the Shilov systems will be given in section 1.1.5).* By using a Pd(ll)
salt as the catalyst, Sen et al. successfully converted methane to methyl trifluoroacetate in
trifluoroacetic acid solution in ~1% yield at 90 °C (eq. 1).** Herrmann et al. has reported
that the selective conversion of methane into methyl trifluoroacetate can also be achieved
by using Pd(Il) complexes with N-heterocyclic carbene (NHC) ligands in carboxylic

acids. (eq. 2).*

CF;COOH
CH, + Pd(O,CR), — > CF;COOCH; + Pd(0) + RCOOH 1)
90 °C

7 N’R
N’( /X
(N_<Pd\
X
KM
CH, + CF3;COOH ﬁ' CF3COOCH; 2
K2S,0¢ 2 KHSO,4
Periana et al. reported that methane could be converted into methyl bisulfate by Hg(l1)
in concentrated sulfuric acid (eq. 3).** Sulfuric acid acts as an oxidant in this process. The
selectivity to methyl bisulfate was up to 85% at methane conversion of 50% (180 °C,

34.5 bar of methane). After the discovery of the Hg(ll) catalyst, Periana and co-workers

reported a bipyrimidyl Pt(I1) complex that catalyzes the selective conversion of methane



into methyl bisulfate in oleum with a selectivity of 81% and methane conversion of 90%
(eq. 4).*® Sulfur in the +6 oxidation state (H,SO4 or SOs) serves as the oxidant in this
reaction. The rate constant for further oxidation of methyl bisulfate was 100 times slower
than that of oxidation of methane. The high selectivity for methyl bisulfate was explained
by the lower reactivity of the product as compared with methane. Similar reactions
catalyzed by a homogeneous, cationic gold system have also been reported by Periana

and co-workers.*®

Hg(OSO3H),
CH; + 2H;SOy ——— > CH3;0SO3H + 2H,0 + SO, (3)
H,SO,

Q.

Ny N Cl

N_
1 <
N N/ Cl

~

CH, + 2H,80, ——————— CH,0SO;H + 2H,0 + SO, “4)
H,SO,

In addition to the selective conversion of methane to methanol, the direct oxidative
carbonylation of methane catalyzed by homogeneous transition metal systems has been
reported. Nishiguchi et al. developed a Pd- and Cu-catalyzed system that can convert
methane and CO to acetic acid in the presence of K,S,0g and trifluoroacetic acid.’
Fujiwara et al. found that the same carbonylation reaction can also be catalyzed by
CaCl,.*® Lin and Sen reported the carbonylation of methane to acetic acid with CO and
0, in aqueous solution in the presence of RhCl; (eq. 5).1"*° The carbonylation reaction
was remarkably enhanced by Pd/C or iodide ion. By addition of iodide ion, [Rh(CO)Il,]
was formed, which is the starting complex in the catalytic cycle of the Monsanto process

for the carbonylation of methanol to acetic acid.>® However, acetic acid was not formed if



10

methane was replaced with methanol in Sen’s system, indicating that methanol is not an

intermediate.

RNhCl,
KI, H,0, 100 °C

CH, + CO + O, CH;COOH (5)

Although the term C—H activation is commonly used in describing the partial
oxidation process of hydrocarbons, it must be noted that not all C—H bond cleavage
reactions initiated by transition metal complexes should be called C—H activation
reactions. Generally, the term of C—H activation refers to the direct interaction between
C—H bonds and a transition metal center, which precedes C—H bond cleavage. For metals
with d-electrons , metal-CH bonding is generally considered to have a s-bonding and =-
bonding component. The o-bonding involves donation of electrons in the C-H o-bond
into an empty metal orbital, which decreases C—H electron density. The =-bonding
involves back-donation of electrons in a dx orbital into the C—H ¢~ orbital (Scheme 1.4).
Both interactions, which are synergistic, serve to weaken and activate the C—H bond

toward cleavage.

C
[M] M| C-H
H

7 S

(o]6]

g
,
.
/
.
p
.
,
d /
~ /
Ny ,
~ /
~ /
~ ,

Scheme 1.4. Transition-metal-mediated C—H activation.

C-H bond cleavage mechanisms by metal complexes containing nondative

heteroatomic ligands (M—X, where X = O, OR, OH, NHR, NR, etc.) include: 1)
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heterolytic C—H bond cleavage,®™™® 2) homolytic C—H bond cleavage,®*®® and 3) net 1,2-

addition across M—X bonds®”"? (Scheme 1.5).

Heterolytic C—H bond cleavage

. Rp—
M"-X + C-H ——— M"™-X tc

Homolytic C—H bond cleavage

MP-X + C-H ———>

Net 1,2-addition across M-X bond

.. n_y n_
M-X + C-H ———» 'Y' X, M-=X

C-H C H

Scheme 1.5. Different pathways of C—H bond cleavage by transition metal complexes
containing nondative heteroatomic ligands (X).

The first two types of C-H bond cleavage typically proceed via a ligand-centered
pathway without direct contact of the C-H bond with the metal center and are only
observed for acidic or relatively weak C—H bonds. For example, for complexes with
unfavorable n—1 oxidation states and unavailable coordination sites, the basicity of X
ligands typically allows the observation of intermolecular heterolytic even-electron
cleavage of relatively acidic C-H bonds such as phenylacetylene, malononitrile, 1,4-
cyclohexadiene and fluorene. Complexes with favorable n-1 oxidation states and
unavailable coordination sites usually undergo intermolecular homolytic odd-electron
cleavage of relatively weak C—H bonds (i.e., hydrogen atom abstraction). Examples of
the homolytic type of mechanism usually involve metal centers in high oxidation states. It
must be noted that the metal center is reduced in the process of homolytic C-H bond
cleavage, which is generally considered to be the driving force for this type of reaction.®
In contrast, the third type of C—H bond cleavage is typically thought to involve a direct

interaction between the metal and the substrate. Because the net 1,2-addition pathway is a
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metal-mediated process, its reactivity is rooted in the energetics and symmetries of
molecular orbitals. As a result, the net 1,2-addition pathway exhibits different selectivity
from the heterolytic or homolytic C—H bond cleavage, in which the acidity or the strength
of C—H bonds dominates the reaction selectivity, respectively. Given that the net 1,2-
addition is a metal-mediated process, it might be feasible to selectively activate stronger
and/or less acidic C—H bonds in the presence of weaker and/or more acidic C—H bonds.
Among the C—H bond activation reactions that occur via a net 1,2-addition pathway,
possible mechanisms include o-bond metathesis, oxidative addition and electrophilic
substitution ~ (Scheme  1.6). However, clear distinction  between these
mechanisms/processes is often difficult. It can be observed that a feature of C—H bond
activation by M-X is the existence of a lone pair on X ligands; however, questions still
remain regarding the importance of the lone pair for the 1,2-addition pathway.” " Only a
few examples of C-H bond activation via 1,2-addition to M-X bonds have been

published and their mechanisms are not well understood (For details, see section 1.1.6).

H

a M-X A
—_— c | M ,Yln+2_x
C \
ce] m+ ] (met)+
. b n_ n_ M"-X
MP-X + C-H ———> '\|/I X —— 'YI X + H —— |\
C—H C C H
. '\|/|”-X M"-X t /
- . |
C—H C—H

Scheme 1.6. Three predominant mechanisms of C—H bond activation via the 1,2-
addition pathway: (a) oxidative addition; (b) electrophilic substitution; (c) o-bond
metathesis.
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1.1.5 Shilov system for hydrocarbon functionalization

Among the reported examples of successful oxy-functionalization of hydrocarbons,
the Shilov system, developed in the 1970s, is a milestone in the development of a
catalytic process for conversion of alkanes to alcohols or other functionalized
molecules.** It utilizes Pt(11) as catalyst in aqueous solution (Scheme 1.7). The initial C—
H activation produces a Pt(11)-alkyl intermediate, which is oxidized by [PtClg]* to yield a
Pt(1V)-alkyl intermediate. Nucleophilic attack by water or chloride on the Pt(IV)-alkyl
intermediate followed by reductive elimination releases alcohol or alkyl chloride and
reforms the Pt(l1) starting material. In this process, C—H bond activation occurs at Pt(l)
while the subsequent nucleophilic attack and C—X bond formation require Pt(1V) because
electrophilic alkyl ligands are provided upon the oxidation of metal center. The oxidants
in this process are typically Pt(IV) salts, such as NayPtCls and (NH4),PtCls. The
stoichiometric use of expensive Pt(IV) salts inhibits the use of this system on a large
scale, and the development of processes with other oxidants has been challenging.”"’

PtCl%
R-H + PtCl¢Z ————— R-OH + R-CI + 2 HCI + PtCl,%
H,0/120 °C

R-H

R- Nyl
H

-
X Pt!
~ R
X=0HorCl
~piv”
/Pt‘

| 'R PtV

Pt

Scheme 1.7. Shilov system: stoichiometric use of Pt(IV) salts as oxidant for producing
nucleophilic alkyl ligands.
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1.1.6 Non-Shilov system for hydrocarbon functionalization

Catalysts that operate through pathways that are different than Shilov-type systems
might provide alternatives to avoid the use of expensive oxidants. As mentioned above, a
catalytic cycle for the partial oxidation of hydrocarbons consists of two key steps, C—H
activation and oxy-functionalization. Potential alternatives to the Shilov system are

shown in Scheme 1.8.

Pathway A Pathway B
Oxo ligand formation

YVM”OR
H
YR

Scheme 1.8. Catalytic cycle for hydrocarbon functionalization via 1,2-addition pathways.

1% \\’f{
(E\:U
A\

C-H activation C-H activation

Pathway A involves metal-oxo complexes (M=0) and Pathway B involves metal-
alkoxide complexes (M-OR). A notable difference between Pathway A and B is the C-O
reductive elimination step in Pathway A. In contrast, the C-O bond forming step in
Pathway B involves O atom insertion into a M-R bond. The C-H activation step in both
Pathway A and B is an even-electron process and does not change the formal oxidation
state of metal center, which makes it distinct from the homolytic C—H bond cleavage (see

above).
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C—H activation similar to that shown in Pathway A has been demonstrated with early
transition metal imido complexes.®®" These systems undergo C-H addition across

M=NR bonds to yield amido complexes (M-NHR) (Scheme 1.9).

L N

R—H - R H
Scheme 1.9. C—H activation using early transition metal-imido complexes.

In 1988, Wolczanski et al. reported an early transition metal system, via transient (t-
BusSiNH),Zr=NSi-t-Bus, that is capable of C—H bond activation of benzene and methane
as well as the activation of dihydrogen (Scheme 1.10).”® In the presence of methane and
cyclohexane, the transient Zr complex exclusively activates the C—H bond of methane.
Such selective activation also occurs when both dihydrogen and cyclohexane are

available, yielding only the dihydrogen activation product.

STHN_ R-H SiHN,, CeHe SiHN
JZ—R ~——— " "zp=N-si = Zr—Ph
Si'HN“/ O SIHNT SiHN‘/
SiHN SiHN
R=Meor H Si = 'BusSi

Scheme 1.10. C-H/H-H activation via transient (t-BuzSiNH),Zr=NSit-Bus.

Typically, an imido ligand in early metal systems forms a stable triple bond with the
metal center.?? In the intermediate of Wolczanski’s system, da-pr interactions are
available perpendicular to and in the pseudo-trigonal plane, but the interaction in the
pseudo-trigonal plane is weaker because of the energy mismatch of the N 2p orbital and
Zr do” orbital and symmetry constraints, resulting in a decrease in the metal-imido bond

order.”® This increases the electron density at the imido N atom and enhances the
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electrophilicity of metal center, enabling the polarization of a C—H bond and rendering it
susceptible to activation. Computational studies by Wolczanski and Cundari et al. have
revealed the feasibility of C—H activation via 1,2-addition across a M—X bond and the
importance of C—H coordination to the metal center as well as the polarity of the metal-
imido bond in the activation reaction.*®® Although these systems are capable of C-H
activation, subsequent C-N reductive elimination to release free amine is highly
unfavorable and has not been observed, likely because reductive elimination from
electropositive early transition metals is highly unfavorable. As a result, the incorporation
of early transition metal complexes into a catalytic cycle is a substantial challenge. In
contrast, examples of late(r) transition metal complexes that can undergo C-N or C-O
reductive elimination and release functionalized products have been demonstrated.®®#
Ligand-to-metal =m-donation is disrupted in high d-count late(r) transition metal
complexes due to the filled dr orbitals of metal center (Scheme 1.11).°%#°% Sych z-
conflict will likely enhance the basicity/nucleophilicity of the heteroatomic ligands
because the lone pair is no longer delocalized along the M—X bond. The basic and
nucleophilic characteristics of X ligands should enhance C—H bond activation (see above),
and these characteristics have been demonstrated by late transition metal-
amido/alkoxide/hydroxide complexes.®®* For example, our group reported the acid/base
reaction of Ru(ll)-amido complexes with malononitrile, 1,4-cyclohexadiene, and

phenylacetylene.>>™’
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Scheme 1.11. =-Conflict in high d-electron count late(r) transition metal complexes.

The combination of TpRu(L)(L")(NHPh) (Tp = hydridotris(pyrazolyl)borate; L = L' =
PMe; or P(OMe); or L = CO and L' = PPhg) with malononitrile (pK; = 11 in DMSO) in
methylene chloride results in an immediate acid/base reaction at room temperature (eg. 6).
Similar reactivity was observed for the mixture of TpRu(L)(L)(NH,;) and
phenylacetylene (pK, = 23 in DMSO) in THF at room temperature, which forms a Ru—
amine/acetylide ion pair (eq. 7). The reaction of TpRu(PMe3)(NHR) (R = H or 'Bu) and
1,4-cyclohexadiene at 80 °C results in the formation of a Ru-hydride complex and
benzene (eq. 8). Other examples of highly basic Ru(ll) amido moiety include Bergman’s
et al. Ru—-amido complex, trans-(DMPE),Ru(NH2)(H) [DMPE = 1,2-bis-(dimethyl-

phosphinoethane)] that is able to deprotonate triphenylmethane (pK; = 30.6 in

52,92
DMSO).
e L = L ]+ NCCHCN
NAN T NCOH,CN W Ru<t
N\: RSy ——— GNP ®)
| N N
—Noy H BN/
B—\0) H

L =L'=PMe; or P(OMe);
L=COand L' = PPh,
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Highly basic/nucleophilic metal amido moieties provide an opportunity to extend 1,2-
CH-addition to late(r) transition metal complexes. Given that the production of amines or
alcohols after hydrocarbon C—H activation across M—X bonds (X = amido or alkoxide)
does not require a reductive elimination, it is possible and advantageous to incorporate
late transition metal amido/alkoxide complexes into Pathway B (see Scheme 1.8). As a
result, recent major efforts have been focused on developing late transition metal systems
with heteroatom bonds for C—H bond activation.®” ">

In 2004, our group reported dihydrogen activation and intramolecular C—H activation
by the coordinatively unsaturated d® comples, (PCP)Ru(CO)(NH,) [PCP = 2,6-(CH,P-t-
Bu,),CsHs] (Scheme 1.12).” The production of free ammonia and the formation of a Ru—
hydride bond after dihydrogen activation indicates a net 1,2-addition of H-H bond across
the Ru—amido bond. In the presence of hydrocarbons, only intramolecular C—H activation
of a t-Bu moiety is observed, yielding a cyclometalated complex and free ammonia. The
intramolecular C—H activation of a 'Bu moiety is also observed for the analogous Ru—

methyl complex (PCP)Ru(CO)(CH3) (Scheme 1.12), whose rate of conversion is five

times faster than that of the analogous Ru—amido complex at 50 °C in benzene.
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Scheme 1.12. Dihydrogen activation and intramolecular C-H activation by
coordinatively unsaturated (PCP)Ru(CO)(X) (X = NH; or CHjy).

Determination of activation parameters reveals identical AH* = 18(1) kcal/mol for the
intramolecular C-H activation by both Ru—amido and —methyl complexes. However, the
AS* for the activation by Ru—amido complex is —23(4) eu while the AS* for the activation
by Ru-methyl complex is —18(4) eu. The different reaction rates of intramolecular C—H
activation by these two complexes are possibly due to the difference in AS* for the two
transformations.

DFT (B3LYP/SBK(d)) calculations were performed to compare the energetics of R—H
activation (R = H or CH3) by (PCP)Ru(CO)(NH,). PCP’ is a model of the full PCP
ligand that is generated by the replacement of the t-Bu groups with hydrogen. The results
are shown in Scheme 1.13. The calculations are in agreement with experimental
observations. Dihydrogen activation is exothermic by 17 kcal/mol and exergonic by 9
kcal/mol. The corresponding methane activation is endothermic by 4 kcal/mol and

endergonic by 14 kcal/mol. The calculated BDE change for the conversion of a nondative
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Ru—amido bond to a Ru—ammonia bond upon methane activation is substantial (ABDE =
40 kcal/mol). Due to breaking the methane C—H bond and forming the Ru—CH3 and N-H
bonds, the change in BDE is more than the 32 kcal/mol (less than 40 kcal/mol),
explaining the calculated endothermic nature of methane activation. Similarly, the
calculation for dihydrogen activation also indicates a significant loss in enthalpy due to
the conversion of a Ru—amido bond to a Ru—ammonia bond. However, the Ru-H bond
enthalpy is 24.1 kcal/mol stronger than the Ru—CHj; bond enthalpy, which provides an
explanation for the calculated exothermic nature of dihydrogen activation. This enthalpy
difference between Ru-H and Ru-CH; bonds is consistent with experimental
observations that (PCP)Ru(CO)(NH;) can wundergo dihydrogen activation but

intermolecular C—H activation of methane was not observed.

H H H H

N/ N7

P P

| co R-H | o

RW &~ ——— Ru—NH;

| 3 NH, RN\

R R
H H 53kcal/mol H H 13 kcal/mol

R =H: AH = -17 kcal/mol; AG = -9 kcal/mol

From DFT calculations
et { R = CHy: AH = 4 kcal/mol; AG = 14 kcal/mol

Scheme 1.13. DFT calculations (B3LYP/SBK(d)) for the activation of dihydrogen and
methane by (PCP)Ru(CO)(NH,).

Other examples of dihydrogen activation by late transition metal-heteroatom
complexes include Gunnoe’s (‘bpy)Pt(Me)(NHPh) (‘bpy = 4,4 -ditert-butyl-2,2 -dipyridyl)
and Goldberg’s (PCP)Pd(OR) [PCP = 2,6-(CH,P-t-Bu,),CsHs; R = H or CH3] (Scheme

1.14).%% Dihydrogen activation by (‘bpy)Pt(Me)(NHPh) produces aniline and



21

(‘bpy)Pt(Me)(H). The latter complex ultimately decomposes to free 'bpy ligand, methane

and elemental Pt.

By Bu
— —
/ //
N\_N. _Me H, N\_N.__Me .
.. — \N'Pt‘ — > ‘bpy + Pt(s) + CH,
SN ON-H O ONHpPh ( H
\ /) P Y %
By Bu
AGF = 45 kcal/mol Observed by "H NMR
AH = -6 kcal/mol
‘Bu_,Bu ‘Bu, ,Bu
P P
| Ho |
Pd-OR ——» P|d—H + ROH
| Ce¢D
P ee P
7\ to. /! \
'Bu Bu Bu 'Bu

R=H: AG = 21 kcal/mol, AH = -4 kcal/mol
R = CHaj: AG¢= 24 kcal/mol, AH = -3 kcal/mol

Scheme 1.14. Dihydrogen activation by (‘bpy)Pt(Me)(NHPh) and (PCP)Pd (OR) (R = H
or CH).

The dihydrogen activation reaction of (‘bpy)Pt(Me)(NHPh) is calculated to be
exothermic by 6 kcal/mol with a barrier of 45 kcal/mol. Kinetic studies suggest that,
rather than direct activation of dihydrogen across the Pt-anilido bond, this activation
process is catalyzed by elemental Pt. A standard Hg test showed the complete
suppression of reactivity. An induction period was observed until visible formation of
Pt(s). The removal of Pt(s) introduced a second induction period. If 10 wt % of Pt was
added before pressurization with H,, the reaction rate was remarkably enhanced (50% of
Pt complexes converted after 5 min, reaction completed in <1 h). Without H,, no reaction
was observed in the presence of Pt(s). Calculations suggest that the substantial difference
in activation barrier between (‘bpy)Pt(Me)(NHPh) and (PCP)Pd(OMe) is due in equal

parts to replacement of the metal, activating ligand and supporting ligand.*® The increase
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in electrophilicity of metal center upon substituting Pd for Pt would likely facilitate H,
activation. For (‘bpy)Pt(Me)(NHPh), the amido lone pair must be aligned perpendicular
to the Pt square plane to accept a H atom, which would place the phenyl ring in close
proximity to the methyl or ‘bpy ligand and result in a steric inhibition.

After observation of dihydrogen and intramolecular C—H activation by late(r)
transition metal-heteroatom moieties, efforts have been focused on developing late
transition metal systems capable of intermolecular hydrocarbon C—H activation across the
M-X bonds. The first examples of late transition metal complexes that undergo
intermolecular C—H activation across M—X bonds to form new M—C bonds were reported
by Gunnoe and Periana in 2005, utilizing Ru(ll)-hydroxide and Ir(lll1)-methoxide
complexes, respectively.®”®® In 2007, Goldberg reported that Rh(l) hydroxide and
phenoxide complexes possess similar reactivity."

The Ru(ll) complexes developed by our group have the general formula of
TpRu(PMe3)2(XH) (X = NPh or O). In deuterated benzene, H/D exchange is observed
between the heteroatomic ligand and the solvent at elevated temperatures (80-130 °C)
(Scheme 1.15). Kinetic and computational studies reveal that the H/D exchange process
is likely initiated by PMes dissociation, C-D coordination and net D" transfer to the

heteroatom (Scheme 1.16).

S Fl’Me3 ?@ TMe3

N2 CeH 2~ _PMe
*ﬁ/\Ru<§Me3 e ‘/ﬁy/ifu\x ® 4 CeDenHn
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o) o)
H H

X =NPhor O

Scheme 1.15. H/D exchange between TpRu(PMe3),(XH) and C¢Des.
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Scheme 1.16. Proposed catalytic pathway for H/D exchange between TpRu(PMe3),(OH)
and benzene-ds.

Kinetic studies reveal that H/D exchange at the hydroxide ligand in benzene-dg is first
order with keps = 8.0(2) X 10> s (80 °C, ty» =~ 2.4 h). As mentioned above, the proposed

mechanism involves dissociation of PMe; to create an open coordination site, and
coordination of a C-D bond of the hydrocarbon. The addition of PMe3 suppresses the rate
of H/D exchange at the hydroxide ligand. Upon addition of non-coordinating base 2,6-
lutidine, the rate of H/D exchange at the hydroxide ligand is decreased, which indicates
that the acidity of the C—D bond is likely enhanced upon coordination and internal D" is
formed. The overall 1,2-addition process is completed by D* transfer to the available lone
pair of electrons at the heteroatomic ligand. During the catalytic process,
TpRu(PMe3)(OHD)(Ph-ds) is not observed.

DFT (B3LYP/CEP-31G(d)) calculations using the model (Tab)Ru(PMes),(OH) [Tab =

tris(azo)borate] indicate that the overall C—H activation process (A = E in Scheme 1.16)
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for the Ru—OH moiety and benzene is substantially endergonic by 18.4 kcal/mol at 298 K,
consistent with the lack of experimental observation of the intermediate
TpRu(PMe3)(OHD)(Ph-ds) is likely a consequence of thermodynamics. The C-H bond
cleavage is calculated to occur by a four-center concerted process that resembles c—bond
metathesis, and calculations reveal that the transition state for C-H bond cleavage gives a
free energy barrier of 17.6 kcal/mol relative to #°-benzene complex C (Scheme 1.16).
The calculated free energy barrier for the transformation from 7°—benzene complex to the
transition state (C - D) is lower than the analogous free energy barrier for C-H
activation of benzene by the Ru-Me bond of TabRu(CO)(Me)(5#°-CsHs), in which a lone
pair is not available.”® Based on comparison of the four-centered interaction in the
transition states of (Tab)Ru(PH3)(OH)(;#*-CsHs) and (Tab)Ru(CO)(Me)(5*-CsHs), the
transition state for C-H activation by Ru—OH might possess less oxidative character
(closer to classic o—bond metathesis) than Ru—Me because the calculated RuH distance
in Ru—-OH complex is 0.3 A greater than that in Ru—Me complex (Scheme 1.17).
Additionally, the Ru—Cyphenyi length is ~0.1 A greater and the Cpnenyi—H is ~0.1 A shorter
for Ru—OH versus Ru—Me. Thus, the o-bond metathesis mechanism for Ru—Me complex
can be better described as oxidative hydrogen migration because the interaction between

the migrating H atom and metal is not negligible, with a Ru—H length of 1.72 A.

219 231 H
0,2 TN el
¢ ¢N1.72
2.35/ 22 / !

Scheme 1.17. Metric data (A) for calculated transition states of benzene C—H activation
by (Tab)Ru(PHz3)(OH)(;°>-CsHs) and (Tab)Ru(CO)(Me)(17*-CsH).
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The difference in calculated bond lengths likely indicates the facilitation of the C—H
activation reaction due to the presence of a lone pair on the heteroatomic ligand. It could
be implied that the sp* orbitals of the methyl ligand of Ru—Me complex overlap less
substantially with the migrating H atom. In an Atoms In Molecules (AIM) analysis for
the C—H activation transition state of Ru—X (X = OH, NH,), four bond-critical points
(M—X, X-H, C-H, and M-C) as well as a ring-critical point implying a four-member ring
transition state were found.”® However, a bond-critical point between the metal and
migrating H atom was not found. In contrast, for the Ru—Me complex, a bond-critical
point between the metal and the migrating H atom was found, but a ring-critical point
was missing in the AIM analysis of the C-H activation transition state of Ru—Me. The
AIM results suggest a change in nature of C—H activation by introducing the lone pair on
the heteroatom.

Periana et al. reported benzene C-H activation with Ir(IlI1)-OMe and -OH
complexes.® " (acac-0,0),Ir(L)(X) (acac-0,0 = x>-O,0-acetylacetone; L = OMe,
pyridine, X = OMe; L = pyridine, X = OH) activate the C—H bond of benzene at 160 —
180 °C, yielding an Ir—phenyl complex and water or methanol (Scheme 1.18). The first
step of the proposed activation pathway for (acac-O,0),Ir(L)(X) is also the dissociation
of ancillary ligand, giving an open coordination site (L = pyridine, X = OH in Scheme
1.19). Unlike the activation pathway for TpRu(PMe3),(OH), the open coordination site is
trans to the heteroatom ligand, and the complex must undergo a structural rearrangement

to place the heteroatom ligand cis to the open coordination site. Subsequent benzene C-H
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bond coordination followed by 1,2-CH-addition across the Ir—heteroatom bond results in

the formation of water as well as the Ir-phenyl complex.

OMe . OMe | .
§or'r~02 <=5 llqu §o"{‘o
O,
| Me" H N |
NS NS
CeHs| . .,
- MeOH 160°C
- MeOH Ph -H0

CeHs ", | o0 CeHe
Oum. .. O
A LIrA—
180 °C ;01!‘02 180 °C

L = MeOH or CsH5N

Scheme 1.18. Benzene C—H activation by O-donor Ir(I11)-heteroatom complexes.

DFT calculations (B3LYP/LACVP™ with ZPE and solvent correction) were
performed on the proposed C—H activation mechanism and the results are shown in
Scheme 1.19. Experimental and theoretical KIEs suggest that the reaction proceeds via
rate-determining formation of an arene complex followed by fast C-H cleavage. In
accord with the experimental observation of (acac-O,0),Ir(pyridine)(phenyl) and water,
the calculations reveal that the overall process is thermodynamically favorable (AG = —

6.8 kcal/mol).
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Scheme 1.19. Proposed mechanism for benzene C-H activation by (acac-O,0),-
Ir(pyridine)(OH).

The mechanism for the C—H activation reaction has been described by Goddard,

L on the basis of orbital

Periana et al. as an “internal electrophilic substitution (IES)
changes and predicted reactivity, which is akin to the “intramolecular proton transfer”
discussed by our group. * In the IES mechanism, the X—H bond is formed from the lone
pair of the heteroatom, and the M—X bond is transformed into a dative lone pair bond.
The migrating H atom must cross an orbital nodal plane in the IES mechanism. In the o—
bond metathesis mechanism, the formation of X—H bond is based on the same orbital as
the M—X bond and the migrating H atom does not cross a nodal plane. It is likely that the
electrophilicity of metal center is important in the C—H bond coordination and the C-H
bond activation by generating a positively charged hydrogen. Preliminary calculations on

the model complex Ir(CH3)2(NR3)2(OH)(CH,4) (R = H or F) reveal that replacing the NH3

ligands with weaker electron-donating NF; ligands reduces the barrier by 6.8 kcal/mol,
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addressing the importance of electrophilicity of the metal center. These results suggest
that enhancement of metal electrophilicity in combination with high d-count (inhibition
of lone pair donation to metal via d,—p, repulsion) is advantageous in the development of

complexes that facilitate C—H activation by 1,2-addition across M—X bond.

1) Ligand Loss 2) CH Coordination 3) CH Cleavage

t

AEaCt
+

AEjot

AE“g T |
—X M-X
+L

r—Z

Reaction Profile

Scheme 1.20. General C—H activation reaction profile via 1,2-addition across M—X bond.

Recently, Gunnoe, Ess, et al. addressed the importance of a lone pair and d,—p.
repulsion using density functional analysis (B3LYP, M06, and X3LYP) of (acac-
0,0),M(X) and TpM(L)X (M = Ir, Ru, Os, and Rh; X = Me, OH, OMe, NH,, and NMe,)
systems for methane C—H activation.'® The activation reaction sequence (shown in
Scheme 1.20) involves three steps: (1) ligand dissociation to create an open coordination
site; (2) hydrocarbon coordination; and (3) C—H bond cleavage. Upon dissociation of an
ancillary ligand, the calculations predict that the M-alkyl species typically retain a
square-pyramidal geometry (octahedral geometry with an open coordination site at the
sixth position) while the M-heteroatom species adopt a more stable distorted trigonal-
bipyramidal like structure, which is due to the increasing HOMO-LUMO gap by

substituting X = CH3 with X = OR/NR;. For the M—heteroatom species, the LUMO is an
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antibonding combination of the metal d,, and X p orbitals, and the HOMO is a d—px
antibonding interaction. In the distorted geometry, the d,—p antibonding interactions are
more destabilizing than the d,—p, antibonding interaction and the HOMO-LUMO gap
increases. The distorted geometry is ultimately favorable because the d,—p, combination
becomes more stable. This geometry change is the same as the cis-ligand effect for MLs
complexes that is previously discussed by Eisenstein, Hall et al..***%

Among the transition state structures for C—H bond activation, methyl complexes
typically have a kite-like structure whereas the heteroatomic complexes have a right-
angle structure (shown in Scheme 1.21). A direct bonding interaction exists in the Kite-
like structure between the metal and H atoms. This metal-H interaction is less

pronounced in complexes that possess lone pair on X ligands. The lone pair on X ligands

leads to a relatively strong X—H interaction, which will mitigate the metal-H interaction.

Kite Structure  Right-angle Structure

Hs
c
o—
o/ \ H
114"/)____H 708 N
7 Ir—LCH,
44°C 55°
Hs

Scheme 1.21. Comparison of transition state structures for methane C—H bond activation
by (acac-0,0),M(Me) and (acac-O,0),M(OH).

Because of the structural distortion upon loss of ancillary ligands, there is an energetic
penalty to revert back to octahedral-like geometry in preparation for hydrocarbon
coordination and C—H bond cleavage. As a result, the activation barrier AE* ¢ (the sum of
coordination and cleavage steps) is higher for X = OR/NR; than X = CHjs. By taking the
barrier for ligand dissociation into consideration, the total activation barriers AE* (the

sum of ligand dissociation and AEiact) become lower for X = OR/NR; than X = Me. The
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different trends between AE*; and AE*, are likely due to the smaller binding energy of
ancillary ligand and easier formation of coordinatively unsaturated species that is
essential for hydrocarbon coordination when X = OR/NR,. These results indicate that the
donating ability (d,—p interactions) of the X ligands are more predominating, compared
to the d,—p, repulsions, in destabilizing the LUMO energy and lowering AE*; through
decreasing the ancillary ligand binding energy. The lone pair from the heteroatomic
ligands is more important for ground-state effects than transition-state effects. A general
trend in the relative activation barrier for C-H activation by M-R vs. M—X complexes

probably does not exist.

1.2 Thesis outline

The development of homogeneous catalysts for low-temperature, selective, direct
hydrocarbon functionalization would constitute a major advanve in energy utilization.
For catalytic hydrocarbon partial oxidation, C-H bond activation is a key step. As
discussed above, late transition metal complexes provide potentially advantages on
catalysis. We are particularly interested in C—H activation via 1,2-addition across M—X
bonds. However, there are only a limited number of examples of such reactions. Alkane
activation reaction by these complexes still remains unrealized.

From the discussion above, we know that high d-count electrophilic metal centers and
formation of coordinatively unsaturated species are important in M—X type C-H
activation. For the previously mentioned TpRu(PMe3),(X), some drawbacks impede its
further study and application. The work described herein focuses on the synthesis of

cationic Ru(ll) complexes designed to solve the drawbacks of the current Tp—Ru systems.
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A better Ru(ll)—heteroatom system might be developed by making the open coordination
site more easily accessible and the metal more electrophilic, which could facilitate C-H
activation.

During our investigation of better structures for C—H bond activation, it is commonly
found that dimerization competes with C—H bond coordination in the presence of a lone
pair and a vacant coordination site upon ligand dissociation, by which a relatively stable
dimeric complex will be formed (Scheme 1.22). It is difficult to coordinate a C—H bond
from this dimeric complex due to an inaccessible open coordination site. Thus,
prevention of dimerization after ligand dissociation is also an important issue with respect
to future exploration. A feasible strategy might be the application of bulkier supporting
ligands, making the dimerization sterically unfavorable. The introduction of phosphine or
phosphite ligands with large cone angles would likely prohibit the dimerization. In

addition, a more electronegative metal center would also help to prevent dimerization.

/X\

5 M\X/M
X -L IV / relatively stable
M M

Scheme 1.22. Two common reaction pathways for M—X complexes with an open
coordination site: dimerization and C—H bond coordination.
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Chapter 2
2.1 Rationale

My goal is to synthesize Ru(ll) complexes that can facilitate C—H activation of
hydrocarbons via 1,2-addition across Ru-heteroatom bonds (Ru-X) and examine this
process. While TpRu(PMes).X (X = OH, NHPh or Me) complexes activate benzene C—H
bonds (see Chapter 1), studies of these reactions are complicated by the strongly
coordinating PMes ligands, which must dissociate to coordinate benzene. Previous
attempts to replace PMe3; with more weakly coordinating ligands were unsuccessful. Our
hope was to prepare charge-neutral Ru(ll) complexes LsRu(L")(X)(CI) (X = OR, NHR)
and to exchange chloride with a non-coordinating anion to give coordinatively
unsaturated 16-electron complexes [LsRu(L")(X)]". If needed, these cations could be
trapped with weakly coordinating ligands (e.g., THF, CF3CH,OH, CsFsN, Et,0), which
should provide more facile access to 16-electron reactive species than TpRu(PMe3),X. In
addition, as discussed in Chapter 1, the cationic charge in the intermediate [LsRu(L")(X)]"
might facilitate C—H activation.

The d°® octahedral Ru(ll) complexes, [«*-C(pz)s]Ru(L)(X)(CI) [C(pz)s =
tetra(pyrazolyl)methane; X = NHPh, OH, OPh, OMe; L = P(OCH;)3CEt], are the target
precursors to coordinatively unsaturated species {[x*-C(pz)sRu(L)(X)}" to activate C—H
bonds (Scheme 2.1). For six-coordinate complexes, six electrons in three filled d=-
orbitals prevent n-donation from the ligand X, which can enhance reactivity by making
the ligand X more basic than complexes with X-to-metal z-donation.’®#%% By

incorporation of a weaker donor P(OCH,)sCEt ligand than PMes, and the neutral
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tridentate C(pz)4 ligand, the electrophilicity of metal should be enhanced compared with

TpRu(PMej3),X complexes.

5 4 &

o Oo 1+
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N
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X = NHPh, OH, OMe, OPh, Me, etc.

Scheme 2.1. C—H bond activation by proposed Ru(ll) system.

After the preparation and successful isolation of [x*-C(pz)sRu(L)(X)(CI), the five-
coordinate species {[x>-C(pz)s]JRu(L)(X)}* might be accessed more easily than
TpRu(PMe3),X by removal of the halide using halide abstraction reagents. Assays for
stoichiometric C—H activation by {[x>-C(pz)s]RU[P(OCH,)sCEt](X)}" will be performed.
Variation of X ligands between OH, OR, NHR and Me will allow us to determine the
influence of its identity on the activation barrier for 1,2-CH-addition. Also, by replacing
the bicyclic phosphite ligand with various phosphites and phospines, variation of metal
electron density could be achieved to provide insight into the impact of ancillary ligand
on activation barriers. Due to its thermodynamically unfavorable nature, the Ru-

hydrocarbyl intermediate was not directly observed along the C—H activation process by
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TpRu(PMes),X systems.®”®® The C—H activation by {[x*-C(pz)s]JRu(L)(X)}" might be
thermodynamically favorable and Ru-hydrocarbyl complexes {[r>-
C(pz)4]Ru(L)(XH)(R)}" might be directly observed. Range of hydrocarbon that can be
activated and the selectivity toward different C—H bonds will be probed. A primary goal

is the discovery of complexes with M—X bond that are capable of alkane C—H activation.

2.2 Results and discussion
2.2.1 Synthetic efforts

My project began with the synthesis of tetra(pyrazolyl)methane [C(pz)s (1)]. The
synthesis of C(pz), via displacement of all Cl atoms on carbon tetrachloride by pyrazole
has been reported.’®* The work-up procedures are time-consuming and the yield is low
(~1%). | have shortened the work-up steps and improved the isolation based on the
solubility differences between C(pz), and by-products in diethyl ether. A mixture
containing C(pz), and many other by-products is obtained by heating pyrazole in CCl,
overnight in the presence of K,CO3/KOH and phase-transfer catalyst [(Bu)sN]J[HSO4].
C(pz)4 can be isolated in ~4% vyield by concentrating the mixture and washing the residue

with cold diethyl ether.

|
NH K,CO3, KOH N‘ﬁ
/ \N + CCly —————— N'N
:/-/ [(Bu)sNI[HSO4], A O
N
ON
L

™

Scheme 2.2. Synthesis of tetra(pyrazolyl)methane (1).
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Compound 1 reacts with one equivalent of RuCl,(PPh3); in refluxing toluene to afford
[*-C(pz)4]RuCl,(PPhs) (2) in ~80% isolated yield (Scheme 2.3). The product, which is

not soluble in toluene, can easily be isolated from the reaction mixture by filtration.

= =T
‘% ) \RU/CI
e |ﬁ/ e
ﬂ/N\g] + RuCly(PPh3)s toluene N N,N
reflux @

Scheme 2.3.  Synthesis of [x>-C(pz)4]RuCl,(PPhs) (2).

Characterization of complex 2 by *H NMR spectroscopy in chloroform-d; indicates 9
resonances in the downfield C(pz), region (Figure 2.1) consistent with the Cs molecular
symmetry (3 resonances from two equivalent pyrazolyl rings, 3 resonances from one
unique coordinated pyrazolyl ring and 3 resonances from one free pyrazolyl ring). In
addition, *'P and *C NMR spectroscopy indicate isolation of clean product (Figure 2.2

and Figure 2.3, respectively).
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Figure 2.1. 'H NMR spectrum (downfield region) of [«*-C(pz)s]RuUCly(PPhs) (2) in
CDCls.
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Figure 2.2. 3P NMR spectrum of [«*-C(pz)4]RuCl,(PPhs) (2) in CDCls.
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Figure 2.3. 3C NMR spectrum of [«*-C(pz)s]RUCl»(PPhs) (2) in CDCls.

PPh3is not a good ligand to utilize in C—H activation studies due to the possibility of
orthometallation. Thus, we sought to replace PPh; with a ligand that cannot undergo
cyclometallation. [x*-C(pz)s]Ru(C1)2[P(OCH,)sCEt] (3) is prepared by replacing the PPh;
of 2 with 4-ethyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2]octane (Scheme 2.4). Refluxing a
solution of 2 with five equivalents of P(OCH;);CEt in chloroform affords a mixture of
mono- and di-substituted phosphite complexes (3’ and 3 in Scheme 2.4). The mixture is
completely converted to 3 by refluxing in a chloroform solution in the absence of

phosphite.
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Scheme 2.4. Synthesis of [x*-C(pz)s]RuCIo[P(OCH,)sCEt] (3).

The nine resonances of C(pz), in the *H NMR spectrum indicate that complex 3
retains Cs molecular symmetry (Figure 2.4). In the *H NMR spectrum, a doublet (*Jyp = 4
Hz) at 4.38 ppm for the phosphite methylene bridges indicates the coordination of
phosphite ligand (Figure 2.4). The appearance of a singlet for the phosphite ligand at
127.5 ppm in the *P NMR spectrum (Figure 2.5) and disappearance of the singlet for the
PPh3 ligand at 51.8 ppm (Figure 2.2) indicate the replacement of PPhz with P(OCH,)sCEt.
This complex was also characterized by *C NMR spectroscopy in nitromethane-ds. The

resulting spectrum indicates a clean product (Figure 2.6).
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Figure 2.4. *H NMR spectrum of [x>-C(pz)4]RUCI[P(OCH,)sCEt] (3) in CD,Cl,.
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Figure 2.5. 3P NMR spectrum of [«*-C(pz)s]RUCI[P(OCH,)sCEt] (3) in CD,Cl,.
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Figure 2.6. 3C NMR spectrum of [«*-C(pz)s]RUCI,[P(OCH,)sCEt] (3) in CD3sNO,.

Complex 3 provides a possible direct route to the target precursor [x°-
C(pz)4]Ru(X)(CH[P(OCHS,)3CEt] (X = NHPh, OPh, OMe) via X /CI" metathesis. Initial
attempts to prepare the heteroatomic complexes from 3 were by direct reaction with MX
(M = Li, X = NHPh; M = Na, X = OPh, OMe) (Scheme 2.5). Different solvents (CH,Cl,,
tetrahydrofuran, pyridine, dioxane, 1,2-dichlorobenzene) were tried. Reaction
temperatures ranged from room temperature to 100 °C. Multiple intractable products

were observed. Isolation and characterization of products were unsuccessful.
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Scheme 2.5. Attempts to synthesize complexes possessing M—X bonds from 3.
An alternate protocol for the synthesis of Ru—X complexes was by reaction of complex
3 with aniline or methanol to form {[x*-C(pz)s]Ru(XH)(CI)[P(OCH,)sCEt]}Cl (X =
NHPh or OMe) (Scheme 2.6). It was speculated that deprotonation of
{C(pz)4sRu(XH)(CI[P(OCH,)3CEt]}(CI) would result in the desired complexes.
Reactions were attempted in pure methanol or pure aniline at temperatures up to 90 °C.
Reactions were also set up in different solvents (CH,Cl,, nitrobenzene, chloroform). All
of the reactions yielded multiple products, of which the identities remain unclear. None

of the multiple products could be cleanly isolated.
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Scheme 2.6. Attempts to synthesize Ru—aniline and Ru—methanol complexes from 3.

Based on previous studies from our group, a feasible method to reach the M-X
complexes from bis-halide system is replacing the halide atom with a more labile triflate
reagent to form a M—OTf bond and then replacing the labile triflate ligand by subsequent
reaction with a nucleophile to form the M—X bond. Silver triflate was employed as a
triflate reagent and aniline or methanol served as nucleophile (Scheme 2.7). Reactions
were tried in pure methanol or pure aniline at temperatures up to 90 °C. Reactions were
also set up in different solvents (CH,Cl,, nitrobenzene, chloroform). However, none of
the reactions proceeded cleanly. All of these reactions produced multiple products, of

which isolation of clean product was unsuccessful.

T <> P
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Scheme 2.7. Attempts to synthesize complexes bearing aniline or methanol ligand from
complex 3 by using labile triflate ligand.
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Next, the non-oxidizing TIOTf was employed. Stirring a mixture of 3 and TIOTf in
CHCl, at room temperature for 30 minutes followed by filtration and solvent removal
results in a yellow-green tacky residue. Refluxing the residue in tetrahydrofuran gives
rise to a yellow precipitate which is identified as a dimeric compound with the formula of
{[*-C(pz)s]Ru(u-CI)[P(OCH,)sCEt]}{OTf}, (4) (Scheme 2.8). The *H NMR spectral
data are consistent with the formation of a new complex (Figure 2.7). The *H NMR
spectrum indicates nine resonances in the downfield C(pz), region, implying Cs
molecular symmetry (Figure 2.8). The singlet for the phosphite ligand at 128.6 ppm in
3P NMR spectrum (Figure 2.9) is also consistent with the formation of a new complex.
The singlet at —77.5 ppm in ®F NMR spectrum in CD,Cl, indicates the existence of
uncoordinated OTf serving as counterion (Figure 2.10). The *C NMR spectrum indicates

the isolation of clean product (Figure 2.11).
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Scheme 2.8. Synthesis of {[x>-C(pz)s]Ru(u-CI)[P(OCH,)sCEt]},{OTf}, (4).
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Figure 2.7. Comparison of *H NMR spectra of 3 (bottom) and 4 (top) in CDCl,.
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Figure 2.8. *H NMR spectrum of {[x*-C(pz)s]Ru(u-CI)[P(OCH,)3sCEt]}.{OTf}, (4) in
CD,Cl,.
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Figure 2.9. 3P NMR spectrum of {[x>-C(pz)s]Ru(u-CI)[P(OCH,)sCEt]}.{OTf}, (4) in
CD,Cl,.
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Figure 2.10. °F NMR spectrum of {[«*-C(pz)s]Ru(u-C1)[P(OCH,)sCEt]}{OTf}, (4) in
CD,Cl,.
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Figure 2.11. **C NMR spectrum of {[x*-C(pz)s]Ru(u-CI)[P(OCH,)sCEt]}{OTf}: (4) in
CD,Cl,.

Complex 4 presents a potential synthetic pathway to the targeted metal-heteroatom
system if it is in equilibrium with monomer (Scheme 2.9). Access to a monomer form 4
can be verified by adding trimethylphosphine to a CH,ClI, solution of complex 4. After
the addition of trimethylphosphine, two doublets are observed in the 3P NMR spectrum
for the coordinated phosphite and phosphine ligands (2Jee = 594 Hz) while free PMes
resonates at —60.9 ppm (s) and the phosphite ligand of 4 resonates at 128.6 ppm (s)
(Figure 2.12). These doublets suggest that 4 likely exists in equilibrium with monomer,

thus opening a synthetic route to the desired product.
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Scheme 2.9. Proposed dimer/monomer equilibrium in the solution of complex 4 and
reaction with PMejs that confirms access to monomer.
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Figure 2.12. 3P NMR spectra of dimer 4 in CD,Cly: before addition of PMe; (bottom)
and after addition of PMe;s (top).

2.2.2 Synthesis and Reactivity of Ru(ll)-aniline complexes
The reaction of dimer 4 with ten equivalents of aniline in THF at 90 °C for three days

produces {[x*-C(pz)s]Ru[P(OCH,)sCEt](CI)(NH,Ph)HOTf} (5) in ~70% isolated yield
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(Scheme 2.10). [«*-C(pz)s-Ru complexes with Cs molecular symmetry give nine
resonances for the C(pz)4 ligand in *H NMR spectra. For asymmetric complexes, twelve
resonances are observed for the C(pz), ligand. The *H NMR spectrum of complex 5
contains twelve resonances in the downfield C(pz), region, indicating an asymmetric
complex (Figure 2.13). The doublets (4.77 ppm and 5.72 ppm, 2Juy = 12 Hz) for two
protons of aniline and multiplets for phenyl ring of aniline at 6.7-7.2 ppm demonstrate
coordination of aniline. In *H gCOSY spectrum of complex 5, the identities of doublets
for two protons on nitrogen of aniline are clearly confirmed by the two cross peaks
correlated to each other (Figure 2.14). The doublets result from a diastereotopic NH,
group. The singlet for triflate anion at —79.5 ppm, where free TIOTf resonate, in *°F
NMR spectrum confirms that triflate remains uncoordinated (Figure 2.15). The isolation
of complex 5 is also indicated by **P NMR and **C NMR spectra (Figure 2.16 and Figure

2.17, respectively).

- A
o. 20 @N

// 1 20Tf
P~ NH
| {eN ’ @

| N

cl
g =R N,éj * ﬁ
- | | 90 °C, 3 days

P
l
. L
Noy o750 o)

@/N @\N ) ~70%

Scheme 2.10. Synthesis of {[«*-C(pz)s]RU[P(OCH,)sCEt](CI)(NH,Ph)}{OTf} (5).
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Figure 2.13. 'H NMR spectrum of {[x>-C(pz)s]RU[P(OCH,);CEt](CI)(NH,Ph)}{OTf}
(5) in CD2C|2.
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Figure 2.14. 'H gCOSY spectrum of {[x>-C(pz)s]RU[P(OCH,)sCEt](CI)(NH,Ph)}{OTf}
(5) in CD,Cl,.
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Figure 2.15. '°F NMR spectrum of {[x>-C(pz)s]Ru[P(OCH,)sCEt](CI)(NH,Ph)}{OTf}
(5) in CD,Cl,.
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Figure 2.16. *'P NMR spectrum of {[«x>-C(pz)s]Ru[P(OCH,)sCEt](CI)(NH,Ph)}{OTf}
(5) in CD,Cl..



o1

solvent

e L., Nk, L\m««wvwlmw»u)J L\-MJ\WW,“ A»W.-J»um«lu sareat b

T T T T T T T T T T T T T T T T T T T T T T T
155 145 135 125 115 105 95 90 85 80 75 70 63 60 55 50 45 40 35 30 25 20 15 10 5
f1 (ppm}

Figure 2.17. C NMR spectrum of {[x>-C(pz)s]RU[P(OCH,);CEt](CI)(NH,Ph)}{OTf}
(5) in CD2C|2.

An isotopic labeling experiment convincingly demonstrates that aniline is coordinated
to the metal center in complex 5. The *>N-labeled complex 5 (*°N-5) is synthesized by the
steps mentioned above except for the use of °N-labeled aniline (Scheme 2.11). By
introducing *°N, the aniline protons are coupled not only to each other but also to the
nitrogen (*Jnu). The doublets for coordinated NH,Ph are split by the J-coupling
between *H and N, exhibiting a doublet of doublets splitting pattern in the *H NMR
spectrum. This is observed in the *"H NMR spectrum of °N-5, in which the doublet of
doublets splitting pattern is clearly observed with larger Iy (73 Hz) and smaller 23,y
(12 Hz) (Figure 2.18). These two sets of peaks are correlated to each other in the *H

gCOSY spectrum of °N-5 due to 2Jun-coupling (Figure 2.19).
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Scheme 2.11. Synthesis of **N-labeled complex 5 (*°N-5).
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Figure 2.18. Different splitting patterns in *"H NMR spectra of complex 5 in CD,Cly:
before (bottom) and after (top) introducing *>NH,Ph.
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Figure 2.19. *H gCOSY spectrum of {[«*-C(pz)s]RU[P(OCH.)sCEt](CI)(**NH,Ph)}{OTf}
(**N-5) in CD,Cl..

Cyclic voltammograms of 3 and 5 were acquired (Scheme 2.12). It was found that the
cationic complex 5 is more electron-deficient than the neutral complex 3. Complex 3
exhibits a reversible Ru(lll/1) potential at 0.71 V (vs. NHE) while the E;, for 5 is

positive of 3at 1.17 V.
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Scheme 2.12. Reversible Ru(l11/11) potentials for complexes 3 and 5. Data from cyclic
voltammetry in acetonitrile with reversible potentials (Ey,) reported vs NHE.

The triflate anion of 5 can be replaced by tetrakis[(3,5-trifluoromethyl)phenyl]borate
(BAr'). BAr,' is far less coordinating than OTf and is expected to facilitate the study of
electrophilic cationic fragments. Another advantage of this anion exchange is that BAr,’
can enhance solubility in less-polar organic solvents such as diethyl ether.

{[¥*-C(pz)s]RU[P(OCH,)sCEt](CI)(NH,Ph)}{BAr's} (6) is produced in ~80% isolated
yield by stirring complex 5 and NaBAr," at room temperature in CH,Cl, (Scheme 2.13).
Complete replacement of OTf by BAr,’ is indicated by the *°F NMR spectrum with the
disappearance of the resonance for OTf at —80 ppm and appearance of the resonance for
BAr'y at —62.8 ppm in CDCl; (Figure 2.20). The doublets for bound PhNH; are observed
in *H NMR spectrum (Figure 2.21) and confirmed by *H gCOSY (Figure 2.22) in CDCls.
The coordination of aniline is also confirmed by an isotopic labeling experiment. By
introducing *°N-aniline, the doublets for bound PhNH, are split by *H-">N J-coupling,
exhibiting two sets of doublet of doublets with larger *Juy (73 Hz) and smaller 2Juy (11
Hz) in *H NMR spectrum in tetrahydrofuran-ds (Figure 2.23). Characterization by *'P
NMR and *C NMR spectroscopy in tetrahydrofuran-ds (Figure 2.24 and Figure 2.25,

respectively) also indicates clean isolation of complex 6.
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Scheme 2.13.  Synthesis of {[x>-C(pz)s]RU[P(OCH,)sCEt](C1)(NH,Ph)}(BAr',) (6).
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Figure 2.20. °F NMR spectra of complex 5 (bottom) and complex 6 (top) in CDCls.
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Figure 2.21. *H NMR spectrum of {[x*-C(pz)s]Ru[P(OCH,)sCEt](CI)(NH,Ph)}{BAr,}

(6) in CDCls.
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Figure 2.22. *H gCOSY spectrum of {[«x*-C(pz)s]Ru[P(OCH,)sCEt](CI)(NH,Ph)}{BAr's}

(6) in CDCls.
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Figure 2.23. Different splitting patters in the *H NMR spectra of complex 6 in THF-dg:
before (bottom) and after (top) introducing >NH,Ph.
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Figure 2.24. 3P NMR spectrum of complex 6 in THF-ds.
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Figure 2.25. 3C NMR spectrum of {[«*-C(pz)s]Ru[P(OCH,)sCEt](CI)(NH,Ph)}{BAr,}
(6) in THF-ds.

The CI ligand of complex 5 is displaced upon reaction with TIOTT in tetrahydrofuran.
If aniline § present the bis-aniline complex {[x>-
C(pz)4]RU[P(OCH_2)3CEt](PhNH,),}{OTf}, (7) is the product (Scheme 2.14). Complex 7
can also be synthesized by reaction of dimeric complex 4, TIOTf and excess aniline in

tetrahydrofuran (Scheme 2.14) in ~70% isolated yield.



59

(go O —I 2 OTf (g
ON O

P . Lo
/\ o | & /P\ P 1 oTf
49 RuZ O =ru! Ny aniline, THF 2 \F'a _a

N | e — = A& S Nmpen
j/ N P 90°C, 3 days - | 2

N o' o N
<9 9 JL)
N
(4) @‘N (8)
TIOTf + aniline, , THF

90 °C, 16 hours

A

o. %0

P
/rp\ 1 20Tf

TIOTY + aniline, THF N TR

) T NHPh

90 °C, 16 hours -
N
g
ON‘
(/N ™

Scheme 2.14. Synthesis of {[x*-C(pz)s]RU[P(OCH,)sCEt](PhNH,),}{OTf}: (7).
Characterization by *H NMR spectroscopy in CD,Cl, shows that complex 7 has Cs
molecular symmetry (Figure 2.26), indicating the two aniline ligands are symmetry
equivalent. The two doublets (3Jun = 12 Hz) for bound PhNH, are observed at 5.4 ppm
and 5.7 ppm in *H NMR spectrum. The H-N—H coupling for bound PhNH, is confirmed
by *H gCOSY (Figure 2.27) in CD,Cl,. The singlet for OTf at 81.0 ppm in the *°F NMR
spectrum of complex 7 in CD,Cl; indicates that the OTf is uncoordinated (Figure 2.28).
Characterization by **P NMR and **C NMR spectroscopy in acetonitrile-ds (Figure 2.29

and Figure 2.30, respectively) also indicates the clean isolation of complex 7.
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Figure 2.26. *H NMR spectrum of {[x>-C(pz)s]RU[P(OCH,);CEt](PhNH,),}{OTf}, (7)

in CD2C|2.
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Figure 2.28. F NMR spectrum of {[«*-C(pz)s]Ru{P(OCH,)sCEt}(PhNH2):}{OTf}, (7)
in CD2C|2.
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Figure 2.29. *'P NMR spectrum of {[«*-C(pz)s]RU{P(OCH,)sCEt}(PhNH,).}{OTf}, (7)
in CD3;CN.
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Figure 2.30. *C NMR spectrum of {[ x>-C(pz)s]Ru{P(OCH.)sCEt}(PhNH,),{OTf}, (7)
in CD3CN.
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2.2.3 Efforts toward the synthesis of Ru(ll)-anilido complexes

The synthesis of Ru-aniline complexes provides a potential route to desired Ru-anilido
(M—X type) complexes via deprotonation. The pK, of unbound aniline is ~30 (in
DMSO).'® The deprotonation of Ru-aniline complexes 5 and 6 by a variety of bases was
conducted successfully in polar aprotic solvents at —78 °C (Scheme 2.15,

Table 2.1). Upon addition of base, an instantaneous color change occurs. The solution
of Ru-anilido complex is red while the solution of Ru-aniline complexes is pale yellow.

When sodium hydride is used as base, effervescence is observed, likely due to the

5

production of Hy.

o. 20 o. %o
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+ Base ——mm ..
K~ | NH,Ph 78°C R~ SN—Ph
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X = OTf or BAry’ ®)

Scheme 2.15. Deprotonation of Ru-aniline complexes.

Table 2.1. Results of the deprotonation of Ru-aniline complexes in different solvent/base
pairs.

NaHMDS NaH LDA n-BuL.i
Tetrahydrofuran yes yes yes yes
Dichloromethane yes — yes -8

2 Not conducted.

In the *H NMR spectrum, the two doublets for coordinated aniline protons disappear

upon addition of base, which indicates deprotonation of aniline (Figure 2.31). The
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resonance for anilido proton is not observable because of coincidental overlap with other

resonances at room temperature (see below).
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U ||\

Figure 2.31. Comparison of the *H NMR spectra of complex 6 and in-situ generation of
complex 8 in THF-dg: before (bottom) and after (top) addition of base.

In the variable temperature (VT) 'H NMR spectra of complex 8, a singlet shifts
downfield with decreasing temperature (Figure 2.32). If the *°N-labeled ligand is present,
the resonance for the anilido proton should be a doublet due to coupling between H and
>N In the VT study of *°N-labeled complex 8, a doublet (*Jny = 80 Hz) shifts downfield
with decreasing temperature (Figure 2.33). Thus, the broad singlet has been confirmed as
the resonance for the anilido proton. The VT study confirms that the resonance for
anilido proton of unlabeled 8 cannot be observed because of coincidental overlap with the

resonance for methylene protons of the phosphite ligand.
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= 80 Hz) for the anilido proton shifts downfield with decreasing temperature.
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Although the deprotonation was successful, isolation of complex 8 was not
accomplished despite repeated attempts using various strategies. Monitoring complex 8
by NMR revealed protonation occurs even at low temperatures, to reform the complex 5.
Ultimately, decomposition to multiple intractable products occurs. The proton source for
the anilido-to-aniline transformation remains unclear. To avoid the influence of trace
water in solvent and the Si—-OH group of glass, the solvent was distilled over
Na/benzophenone and glassware was treated by trimethylsilyl chloride. However,
transformation to the aniline complex and decomposition were still observed.

The bis-aniline complex 7 can be deprotonated by NaHMDS in methylene chloride at
low temperature (Scheme 2.16). An instantaneous color change from yellow to maroon is
observed upon addition of two equivalents of NaHMDS to 7. In the *H NMR spectrum of
the reaction mixture, the resonances for the aniline protons disappear, likely indicating
that both aniline ligands are deprotonated (Figure 2.34). Similar to complex 8, attempts to
isolate complex 9 were not successful. Complex 9 decomposes more rapidly than
complex 8, and the formation of complex 7 is not observed during decomposition. Other
bases (LDA, n-BuLi, 2,6-lutidine) were tried, and results analogous to NaHMDS were

observed except for 2,6-lutidine, which does not deprotonate complex 7.

A 5

o. %o o. 20
= 20T o =
) ~ . _—~NH,Ph (H3C)sSi~ - Si(CH3)3 CH,Cl, ) Na—N~ph
— RS \H,Ph + 2 N B A R K—Ph
j/N@ B/NO H

N N\
B 2\
(] 9)

Scheme 2.16. Deprotonation of{[ x*-C(pz)]JRU[P(OCH,)sCEt](PhNH.),-{OTf}, (7).
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Figure 2.34. Comparison of the *H NMR spectra of complex 7 and in-situ generation of
complex 9 in methylene chloride-d,: before (bottom) and after (top) addition of base.
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2.2.4 Synthesis and reactivity of a Ru(ll)-methanol complex

Given the inability to isolate a Ru(ll) aniline complex, we sought the preparation of
Ru(lIl) methanol complexes. It was anticipated that a methoxide complex might be more
stable due to reduced basicity relative to an anilide complex. Similar to the synthesis of
complex 7, the reaction of dimer 4 with three equivalents of silver triflate in methanol at
90 °Cc produces the Ru-methanol complex {[x*
C(pz)4sRu[P(OCH,);CEt](MeOH),}{OTf}, (10) (Scheme 2.17). Complex 10 is not very

stable and decomposes in solvents other than methanol.

. 5
: (5‘ -1 20Tf o

o.20 N 0.,-0 1 20Tf
N o = o
\ \Ru/Cl\Ru'N . methanol | SR /O‘CHa
o= ~Njé + AgoTt ————» Sl |u\o—CH3
N " ~

! | 90 °C, 16 hours ! v
/P\
b ok o
N N
) ON
@N @) kﬁ [/ (10)

Scheme 2.17. Synthesis of {[x*-C(pz)sRu[P(OCH)3sCEt](CHsOH),}(OTf), (10).

Characterization of complex 10 by *H NMR spectroscopy in methanol-d, indicates Cs
molecular symmetry (Figure 2.35). By preparation of complex 10 in protio methanol, the
resonance for the bound methanol ligand is observed as a singlet at 3.35 ppm in
methanol-d,. Characterization by 3P NMR spectroscopy in methanol-d, indicates the

clean formation of complex 10 (Figure 2.36).
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Figure 2.35. 'H NMR spectrum of complex 10 in methanol-ds. Complex 10 was

synthesized in CH3OH.
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Figure 2.36. *'P NMR spectrum of complex 10 in methanol-d..



70

- £
0. 90 [(,\-‘5\ 1 20Tf 9

N 0.,20 ] 20Tf
p
=t gj &
\R CI\ Methanol-d, A7 ru—C~CD;
/I j +  AgOTf —————» " > 0-CDs
N

90 °C, 16 hours -
P N D
j/ OME '&/N@
N N
@‘N @ Kﬁ @N

Scheme 2.18. Synthesis of {[x*-C(pz)sRU[P(OCH,)sCE{](CD30D),}{OTf}, (10-ds).

(10-de)

The coordination of methanol is confirmed by using deuterated methanol instead
of protio methanol in its synthesis (Scheme 2.18). The product 10-dg has two methanol-d,
ligands. These deuterated ligands are not *H NMR active. The comparison of the *H
NMR spectra of complex 10 and complex 10-dg in methanol-d4 shows that the two peaks
at 3.35 ppm and 3.47 ppm, which account for the bound methanol ligand, are not present
in the *H NMR spectrum of complex 10-dg. This is consistent with the coordination of

methanol molecules in complex 10.
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Figure 2.37. Comparison of the 'H NMR spectra of complex 10 (bottom) and 10-dg (top)
in methanol-d,.

When complex 10 is in methanol, proton exchange at the hydroxyl group occurs
between free and coordinated methanol (Scheme 2.19). In the *H NMR spectrum of
complex 10 in methanol-d,, the integration of -CH3 and —OH in coordinated methanol is
more than 3:1 due to the H/D exchange between complex 10 and deuterated methanol
solvent (Figure 2.38). The disappearance of hydroxyl resonance was not observed
because complex eventually decomposed. In addition, resonance for the bound methanol
proton becomes observable if deuterated complex 10-dg is dissolved in protio methanol or
ethanol before taking *H NMR (Figure 2.39). There is no exchange of methyl groups,

indicating that ligand exchange is not responsible for the -OH/D exchange.
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Figure 2.38. 'H NMR spectrum of complex 10 in methanol-ds: the integration is
different from 3:1 due to the H/D exchange on the methanol ligands.
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Figure 2.39. 'H NMR spectra of complex 10-dg: before (bottom) and after H/D
exchange with protio methanol (middle) and ethanol (top).

Because complex 10 cannot be isolated as a solid, in situ deprotonation in methanol
was attempted (Scheme 2.20). However, in situ deprotonation of complex 10 did not
yield stable products after the addition of base. Decomposition was observed even at low

temperatures (

Table 2.2). Deprotonation in other solvents cannot be tested because of the

decomposition of complex 10.



P
@ _H
P —O~cpy methanol _
— N - CHS + Base ————» Decompostion
SNT | ol 78°C

N
@N (10)

Scheme 2.20. In situ deprotonation of complex 10 results in decomposition.

Table 2.2. Results of the deprotonation of complex 10 in methanol by different bases.

2,6-Lutidine NaOMe CsOH
pKy 6.67° 155 15.7

Results | decomposition decomposition decomposition

“Values of conjugate acids in water.
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2.2.5 Attempts to synthesize a Ru(ll)-hydroxide complex

Among the reported late metal-heteroatomic complexes that are capable of the metal-
mediated C—H activation, there are three major types of bound heteroatomic ligands:
amido, alkoxide/aryloxide and hydroxide.t” 70729198110 | “addition to attempts to
synthesize Ru(ll)-anilido and —methoxide complexes, a Ru(ll)-hydroxide complex
supported by C(pz), is a synthetic target. Our group has detailed the synthesis and
reactivity of neutral TpRu(ll) hydroxide complexes.®*®"*® Among the reported synthetic
strategies, transition metal hydroxide complexes can be synthesized from reaction of
metal-halide with hydroxide base (e.g., CsOH) or by deprotonation of metal-aqua
complexes. %11

The direct synthesis of a Ru(ll)-hydroxide complex by reaction of dimeric complex 4
and CsOH was not successful (Scheme 2.21). Limited by the solubility of 4 and CsOH,

methanol was selected as solvent. Only decomposition products were observed by H

NMR spectroscopy.

i
Cl : Methanol
_~Ru <CI —Ru. Nﬁ + CsOHeH,0 ——— >  Decomposition
’L | rt.or75°C

Scheme 2.21. Direct synthesis of Ru(ll)-hydroxide complex was not successful due to
decomposition.

As mentioned above, another synthetic strategy to synthesize a Ru(ll) hydroxide

complex is deprotonation of Ru(ll)-aqua complex. The complex can be prepared by
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reaction of 4 with excess water in tetrahydrofuran or acetone, yielding mono-aqua
complex 11 (Scheme 2.22). Dimer 4 is not soluble in THF without the addition of water
as a co-solvent. Careful adjustment of the amount of water in the reaction mixture
revealed that at least twenty equivalents of water are needed for the reaction to proceed

completely and cleanly.

\
N 1 20Tf 1S
O~p-0 N 0.520 o
= |67 i
1 Ng —~Cl— N THF or acetone A ~. _Cl
~Ru /R”‘Ny + xs.H,0 —— 8 [ ~Ru___H
. 'L a7 60°C g ’L ?
P
Q) 900 1)

@‘N Kﬁ @N (a1
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Scheme 2.22.  Synthesis of {[x*-C(pz)s]RuU[P(OCH>)sCEt](Cl)(H,0)}{OTf} (11).

Monitoring the reaction of 4 and water by 'H NMR spectroscopy reveals twelve
resonances for C(pz), ligand (Figure 2.40 and Figure 2.41), indicating in situ generation
of 11 and loss of Cs molecular symmetry. This is consistent with the structure of complex
11 indicated in Scheme 2.22. Isolation of 11 was not successful due to its low stability.
Decomposition took place after the removal of solvent and water. Complex 11
decomposed even faster in other solvents. This is most likely because that the labile aqua
ligands can be stabilized by interactions with water (e.g., hydrogen bond) and this

stabilization effect is no longer present once water is removed.
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Figure 2.40. 'H NMR spectrum of in-situ generation of complex 11 in THF-ds.
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Because the isolation of complex 11 was unsuccessful, in situ deprotonations were
attempted (Scheme 2.23). However, the deprotonation reactions did not produce stable or
isolable products. Only decomposition products were observed by *H NMR spectroscopy
(Table 2.3). Deprotonation at low temperatures was not conducted because of the

presence of water.

|
~ Cl THF
s Ru _H + Base ———» Decompostion

N
@N (1)

Scheme 2.23. In situ deprotonation of complex 11 results in decomposition.

Table 2.3. Results of deprotonation of complex 11 in different solvent/base pairs.
Solvent NaOH CsOH NaOMe  2,6-Lutidine Pyridine NEt;

THF Decomp. Decomp. Decomp. Decomp. Decomp. Decomp.
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2.3 Conclusions

While the Ru(ll)-XH (X = NHPh, OMe, OH) type of complexes supported by
tetra(pyrazolyl)methane can be synthesized, only the complexes bearing aniline ligands

can be isolated as solids. The Ru—methanol complex 10 is stable in methanol but cannot

be isolated. The Ru—aqua complex 11 is stable in THF or acetone in the presence of water.
It decomposes when the solution is concentrated and decomposes rapidly if dissolved in
other organic solvents.

Attempts to synthesize isolable Ru(I1)-X type complexes by deprotonation of Ru(ll)—
XH all failed. When X = NHPh, the anilido ligand of Ru—X complex was observed by
VT NMR spectroscopy. However, isolation of Ru-anilido complexes failed due to the
decomposition. Deprotonations of Ru-methanol or —aqua complexes were not successful
due to the instantaneous decomposition of the complexes upon addition of base. The
exact reasons for the highly unstable Ru—X complexes remain unclear. Further attempts
to synthesize Ru(Il)-X complexes supported by tetra(pyrazolyl)methane could focus on
adjustment of the electronic and steric profiles of the complex through a survey of ligands

that engender suitable reactivity and promote stability of Ru—X complexes.
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2.4 Experimental

General Methods. Unless otherwise noted, all synthetic procedures were performed
under anaerobic conditions in a nitrogen-filled glovebox or by using standard Schlenk
techniques. Glovebox purity was maintained by periodic nitrogen purges and was
monitored by an oxygen analyzer [O,(g) < 15 ppm for all reactions]. Tetrahydrofuran was
dried by distillation from sodium/benzophenone. Toluene was distilled over sodium.
Hexanes and pentane were distilled over P,Os. Diethyl ether, methanol, aniline were
dried by distillation from CaH,. Methylene chloride was purified by passage through a
column of activated alumina. Deuterated NMR solvents were degassed by three freeze-
pump-thaw cycles and stored over 4 A molecular sieves. *H NMR spectra were recorded
on a Varian Mercury 300 MHz spectrometer, and *C NMR spectra were recorded on a
Varian Mercury 300 MHz spectrometer (operating frequency 75 MHz). All *H and **C
NMR spectra were referenced against tetramethylsilane using resonances due to the
residual proton signals in the deuterated solvents or the *C resonances of the deuterated
solvents. *'P NMR spectra were obtained on a Varian Mercury 300 MHz spectrometer
(operating frequency 121 MHz) and referenced against an external standard of 85%
HsPO, (6 = 0). ®F NMR spectra were obtained on a Varian Mercury 300 MHz
spectrometer (operating frequency 282 MHz) and referenced against an external standard
of CeFg (0 = —164.9). All variable-temperature NMR experiments were performed on a
Varian Mercury 300 MHz spectrometer. All other NMR spectra were acquired at room
temperature. Electrochemical experiments were performed under a nitrogen atmosphere
using a BAS Epsilon Potentiostat. Cyclic voltammograms were recorded in acetonitrile

using a standard three-electrode cell from —1700 mV to 1700 mV at 100 mV/s with a
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glassy carbon working electrode and tetrabutylammonium hexafluorophosphate as
electrolyte. Tetrabutylammonium hexafluorophosphate was dried under dynamic vacuum
at 110 °C for 48 h prior to use. All potentials are reported versus NHE (normal hydrogen
electrode) using ferrocene or cobaltocenium hexafluorophosphate as the internal standard.
Elemental analyses were performed by Atlantic Microlabs, Inc. P(OCH,);CEt was
obtained from a commercial source and purified by dissolving in hexanes followed by
filtration through Celite. The filtrate was concentrated to dryness to yield pure material.
RuCl,(PPhs); and NaBAr', were prepared according to published procedures.**>™*
Unless otherwise noted, all other reagents were used as purchased from commercial
sources.

C(p2)4 (1). A mixture of pyrazole (8.023 g, 117.6 mmol), KOH (38.7 g, 588 mmol),
K,CO3 (16.21 g, 117.6 mmol), and BusN*HSO, (2.1 g, 5.8 mmol) was refluxed in ~100
mL of CCl, for 18 h. The mixture was cooled to room temperature and filtered through
Celite. The filtrate was collected and filtered again through a 2-inch-thick silica gel
column using 1 L of methylene chloride as eluant. The pale yellow filtrate was
concentrated under a reduced pressure. To the orange-red residual was added three
portions of 3 mL of cold diethyl ether. The resulting white solid was isolated and dried in
vacuo (345 mg, 4%). *H NMR (CDCls, 6): 7.70 (4H, d, *Jun = 2 Hz, pz 3 or 5 position),
7.58 (4H, d, *Jun = 3 Hz, pz 3 or 5 position), 6.41 (4H, dd, *Juy = 3 Hz, *Jun =2 Hz, pz 4
position).

[x>-C(pz)s]RUCI>(PPhs) (2). A mixture of 1 (433 mg, 1.54 mmol) and RuCl,(PPhs)s
(1.61 g, 1.68 mmol) was refluxed in ~10 mL of toluene for 18 h. The mixture was

subsequently cooled to room temperature and filtered through a fine porosity frit. The
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dark green solid was washed with toluene and pentane and then dried in vacuo (960 mg,
87.1%). *H NMR (CDCls, 6): 8.72 (1H, d, 334 = 2 Hz, pz 3 or 5 position), 8.63 (1H, d,
3Jun = 3 Hz, pz 3 or 5 position), 8.27 (1H, d, %3y = 3 Hz, pz 3 or 5 position), 8.15 (1H, d,
3Jun = 2 Hz, pz 3 or 5 position), 7.82, 7.25 (15H total, each a m, PPhs), 6.95 (1H, m, pz 4
position), 6.85 (2H, d, *Jun = 3 Hz, coordinated pz 3 or 5 position) 6.74 (2H, d, 3Juy = 2
Hz, coordinated pz 3 or 5 position), 6.53 (1H, m, pz 4 position), 5.91 (2H, t, coordinated
pz 4 position). *C{*H} NMR (CDCls, 9): 151.3, 148.2, 144.7, 136.2, 134.4, 133.5 (each
a s, pz 3 or 5 position), 135.2 (d, *Jpc = 9 Hz, phenyl ipso), 132.6, 129.4 (each a s, phenyl
meta and para), 127.8 (d, 2Jpc = 9 Hz, phenyl ortho), 111.6, 109.6, 109.4 (each a s, pz 4
position), 94.4 (s, C(pz)). **P{*H} NMR (CDCls, 6): 51.9 (s, PPhs). Attempts to obtain
favorable elemental analysis results are not successful.

[x-C(pz)s]RUCLL[P(OCH,)sCEt] (3). A mixture of 2 (840 mg, 1.17 mmol) and
P(OCH;)3CEt (953 mg, 5.90 mmol) was refluxed in ~25 mL of chloroform for 18 h. The
mixture, which contained a dark green precipitate, was concentrated under reduced
pressure to approximately 5 mL. Pentane (20 mL) was slowly added to yield more dark
green precipitate. The resulting solid was collected on a fine porosity frit and washed
with pentane. The solid was refluxed in 25 mL of chloroform for 18 h. The mixture was
cooled to room temperature and filtered through a fine frit. The collected green solid was
washed with pentane and dried in vacuo to yield yellow solid (502 mg, 70.2%). *H NMR
(CDCly, 0): 8.65 (1H, bs, pz 3 or 5 position), 8.54 (1H, bs, pz 3 or 5 position), 8.31 (1H,
d, 3Jun = 3 Hz, pz 3 or 5 position), 8.20 (1H, d, 3Jun = 2 Hz, pz 3 or 5 position), 8.12 (2H,
d, 3Jun = 2 Hz, coordinated pz 3 or 5 position), 7.05 (2H, d, 3J.n = 7 Hz, coordinated pz 3

or 5 position), 6.95 (1H, dd, *Jun = 3 Hz, pz 4 position), 6.62 (1H, m, pz 4 position), 6.33
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(2H, dd, 341 = 2 Hz, coordinated pz 4 position), 4.38 (6H, d, 3Jpn = 4.4 Hz, -(OCH,)3,),
1.27 (2H, q, 3J4n = 8 Hz, —CH,CHs), 0.86 (3H, t, %Jn = 8 Hz, —-CH,CHs). *C{*H} NMR
(CD3NO», 0): 151.2, 147.7, 145.6, 137.3, 134.4, 133.6 (each a s, pz 3 or 5 position), 111.8,
108.8, 108.5 (each a s, pz 4 position), 94.4 (s, C(pz)s), 74.4 (d, 2Jpc = 7 Hz, —(OCHy>)3),
35.3 (d, Jpc = 31 Hz, -(OCH,)sC-), 23.1 (5, —CH,CH3), 6.3 (s, -CH,CHs). *P{*H}
NMR (CD.Cly, 6): 127.5 (s, P(OCH,)sC-). CV (CHsCN, TBAH, 100 mV/s): Ey, = 0.71
V {Ru(l11/11)}. Attempts to obtain favorable elemental analysis results are not successful.
{[x*-C(pz)s]RUCI[P(OCH,)sCEt]},{OTf}, (4). A mixture of 3 (639 mg, 1.04 mmol)
and TIOTf (368 mg, 1.04 mmol) was stirred in ~50 mL of methylene chloride at room
temperature. After 4 h, the mixture was filtered through Celite. The orange filtrate was
concentrated to dryness under reduced pressure. The sticky residue was reconstituted in
~30 mL of THF and refluxed for 3 h. A yellow precipitate formed. The mixture was then
allowed to cool to room temperature, and the precipitate was collected on a fine porosity
frit. The yellow solid was washed with THF and pentane and then in vacuo (684 mg,
90.2 %). *H NMR (CD,Cl,, d): 8.86 (1H, bs, pz 3 or 5 position), 8.62 (1H, bs, pz 3 or 5
position), 8.36 (1H, d, 3Jun = 3 Hz, pz 3 or 5 position), 8.23 (1H, d, *Jyw= 1 Hz, pz3or5
position), 7.99 (2H, d, *Jus = 2 Hz, pz 3 or 5 position), 7.10 (2H, d, *Jun = 3 Hz,
coordinated pz 3 or 5 position), 7.02 (1H, dd, %Jun = 2 Hz, pz 4 position), 6.39 (2H, dd,
%Jun = 2 Hz, coordinated pz 4 position), 6.73 (1H, m, pz 4 position), 4.52 (6H, d, Jpn=5
Hz, —(OCH,)3), 1.36 (2H, g, *Jun = 8 Hz, -CH,CHs), 0.90 (3H, t, %Juy = 8 Hz, —
CH,CHs). BC{*"H} NMR (CD.Cly, 9): 151.2, 147.7, 145.8, 136.9, 134.7, 133.7 (each a s,
pz 3 or 5 position), 112.5, 109.5, 109.3 (each a s, pz 4 position), 75.2 (s, -(OCH,)3), 35.9

(d, 3Jpc = 32 Hz, (OCH,)3C-), 23.6 (s, -CH,CH3), 7.2 (s, -CH,CH3). *P{*"H} NMR
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(CD,Cly, 6): 128.6 (s, P(OCH,)3sC-). °F NMR (CD,Cly, 8): —77.5 (s, OTf). Attempts to
obtain elemental analysis results are not successful.
{[x>-C(pz)s]RU[P(OCH,);CEt](CI)(NH.Ph){OTf} (5). A mixture of 4 (651 mg,
0.451 mmol) and aniline (0.3 mL, 3 mmol) was heated in ~10 mL of THF at 90 °C in a
glass pressure tube. After 3 days, the mixture was cooled to room temperature and
filtered through Celite. The filtrate was concentrated under reduced pressure to ~3 mL.
Pentane (20 mL) was slowly added to yield a precipitate. The resulting yellow precipitate
was washed with pentane and dried in vacuo (543 mg, 74.3%). 'H NMR (CD-Cl,, 9):
8.63, 8.42, 8.21, 8.15, 8.10, 7.94, 7.68, 7.00 (each H, each a d, 3Jun = 2~3 Hz, pz 3or5
position), 7.06 (3H, m, phenyl meta and para), 6.81 (2H, d, *Juy = 7 Hz, phenyl ortho),
6.52, 6.40, 6.22, 6.02 (each 1H, each a d, 3.y = 2 Hz, pz 4 position), 5.72 (1H, d, 2Jyn =
12 Hz, PhNH,), 4.76 (1H, d, 23y = 12 Hz, PhNH,), 4.47 (6H, d, 3Jpn= 5 Hz, —(OCH,)s),
1.32 (2H, g, 3Jun = 8 Hz, —CH,CHs,), 0.90 (3H, t, *Jun = 8 Hz, —CH,CHs). ®*C{*H}
NMR (CD,Cl,, ¢): 151.9, 150.9, 148.0, 145.9, 143.7, 137.2, 135.2, 134.9 (each a s, pz 3
or 5 position), 133.8 (s, phenyl ipso), 129.4, 125.3, 121.4 (each a s, phenyl ortho, meta,
and para), 112.6, 109.7, 109.5, 109.0 (each a s, pz 4 position), 94.2 (s, C(pz)s4), 75.2 (S, —
(OCHy)3), 35.7 (d, %Jec = 32 Hz, —(OCH,)sC-), 23.7 (s, -CH,CHg), 7.4 (s, -CH,CHy).
LI} NMR (CDCly, 6): 129.6 (s, P(OCH,)sC-). *°F NMR (CDCls, 9): —79.5 (s, OTf).
CV (CHsCN, TBAH, 100 mV/s): Ey, = 1.17 V {Ru(lll/I)}. Anal. Calcd for
CasH30CIF3NgO6PRUS: C, 38.03; H, 3.68; N 15.35; Found: C, 38.59; H, 3.95; N, 15.29.
{[¥*-C(pz)s]RU[P(OCH>);CEt](C)(*NH,Ph)OTf} (**N-5). ®N-5 was prepared
following the procedure for 5 except that isotopically labeled °N-aniline was used. *H

NMR spectroscopy (CD,Cl,) confirmed the identity of the product with resonances
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identical to 5 except for the amine resonances, which were observed as doublet of
doublets at 5.69 ppm and 4.72 ppm (each 1H, each a dd, *Juy = 73 Hz and 234 = 12 Hz).
{[x>-C(pz)s]RU[P(OCH,);CEt](CI)(NH.Ph){BAr's} (6). A mixture of 4 (52 mg,
0.064 mmol) and NaBAr’; (57 mg, 0.064 mmol) was stirred in ~5 mL of methylene
chloride at room temperature. After 30 minutes, the solution became cloudy and was
filtered through a frit. The yellow filtrate was concentrated to dryness under reduced
pressure to yield a yellow solid (67 mg, 68%). *H NMR (CDCls, 6): 8.28, 8.72, 8.17, 8.08,
8.06, 7.95, 5.91, 5.85 (each 1H, each a d, *Jun = 2~3 Hz, pz 3 or 5 position), 7.50 (4H, br
s, BAr'y para), 7.68 (8H, br s, BAr', ortho), 7.08 (3H, m, phenyl meta and para), 6.85,
6.77, 6.63, 6.40 (each 1H, each a dd, 33,y = 2~3 Hz, coordinated pz 4 position), 6.69 (2 H,
d, 3Jun = 7 Hz, phenyl ortho), 5.03 (1H, d, 2Juy = 11 Hz, PhNH,), 4.50 (1H, d, 2Juy = 11
Hz, PhNH,), 4.43 (6H, d, 3Jpny = 4.6 Hz, -(OCH>)3), 1.32 (2H, g, I = 8 Hz, —~CH,CHy),
0.87 (3H, t, 3Jun = 8 Hz, —CH,CHs). *C{*H} NMR (THF-dg, 9): 163.0 (g, *Jsc = 50 Hz,
BAr', ipso), 153.2, 150.6, 149.0, 146.4, 138.8, 136.8, 133.6, 130.4 (each a s, pz 3 or 5
position), 145.9 (s, phenyl ipso), 136.0, 135.8, 118.4 (eash a s, BAr', ortho, meta, and
para), 129.9, 125.5, 122.1 (each a s, phenyl ortho, meta, and para), 130.8 (s, BAr’y C—CF3)
125.7 (g, "Jec = 272 Hz, BAr', —CF3), 112.5, 109.9, 109.7 109.0 (each a s, pz 4 position),
95.2 (s, C(pz)a), 75.6 (5, —(OCH.)s), 36.7 (d, %Jpc = 31 Hz, —(OCH,)sC-), 24.1 (s, —
CH,CH3), 7.5 (5, -CH,CHs). *P{*H} NMR (CDCls, 6): 130.0 (s, P(OCH,);C-). *°F
NMR (CDCls, 9): —62.8 (s, BAr's). Anal. Calcd for Cs7H4,BCIF,4NgOsPRu: C, 44.59; H,
2.76; N 8.21; Found: C, 44.49; H, 2.74; N, 8.17.
{[¥*-C(pz)s]RU[P(OCH>);CEt](CI)(*NH,Ph){BAr's} (**N-6). ®*N-6 was prepared

following the procedure for 6 except that isotopically labeled *>N-5 was used. *H NMR
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spectroscopy (THF-dg) confirmed the identity of the produce with resonances identical to
6 except for the amine resonances, which were observed as doublet of doublets at 5.77
ppm and 5.53 ppm (each 1H, each a dd, *Jny = 73 Hz and 2Juy = 11 Hz).
{[x*-C(pz)s]RU{P(OCH,)sCEt}PhNH,),}{OTf}, (7). A mixture of 4 (52 mg, 0.064
mmol) and TIOTf (57 mg, 0.064 mmol) was dissolved in ~5 mL of tetrahydrofuran. To
the mixture was added 100 uL of aniline. The mixture was then heated at 90 °C in a glass
pressure tube. After 18 h, the mixture became brownish-yellow and a white precipitate
(TICI) was observed. The mixture was filtered through Celite. The filtrate was
concentrated to dryness under reduced pressure. The residue was dissolved in 1 mL of
methylene chloride and filtered through Celite. The pink filtrate was concentrated to
dryness under reduced pressure and dissolved in a minimum amount of tetrahydrofuran.
Pentane was slowly added to induce precipitation. The grey solid was collected on a fine
porosity frit, washed with pentane and dried in vacuo to yield a white solid. (67 mg, 68%).
'H NMR (THF-ds, 9): 8.94 (1H, d, 3Jun = 3 Hz, pz 3 or 5 position), 8.55 (1H, d, 33y = 3
Hz, pz 3 or 5 position), 8.24 (1H, d, 3Juw = 2 Hz, pz 3 or 5 position), 7.67 (2H, d, *Jyy =3
Hz, coordinate 3 or 5 position), 7.59 (2H, d, *Jun = 2 Hz, coordinate 3 or 5 position), 7.22
(1H, bs, pz 3 or 5 position), 7.09~6.95 (4H, m, overlapping phenyl meta, para and pz 4
position), 6.74 (4H, d, %4y = 7.4 Hz, phenyl ortho), 6.46 (1H, bs, coordinated pz 4
position), 6.37 (2H, dd, *Jun = 2.7 Hz, coordinated pz 4 position), 6.30 (2H, d, 2Juy = 12
Hz, PhNH,,), 5.98 (2H, d, 2Jun = 12 Hz, PhNH,), 4.60 (6H, d, 3Jpry = 4.5 Hz, —(OCH,)s),
1.35 (2H, q, *Jun = 7.7 Hz, —CH,CHs), 0.89 (3H, t, *Jun = 7.7 Hz, —CH,CH3). “C{*H
NMR (CD3CN, 0): 150.97, 147.44, 146.43, 142.97, 138.76, 136.22 (each a s, pz 3 or 5

position), 135.83 (s, phenyl ipso), 129.94, 125.94, 121.99 (each a s, phenyl ortho, meta,
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and para), 112.59, 109.80, 109.31 (each a s, pz 4 position), 94.06 (s, C(pz)s), 75.60 (s, —
(OCHy)3), 35.55 (d, 3Jpc = 32 Hz, —(OCH,)3C-), 23.21 (s, ~CH,CHs), 6.94 (s, ~CH,CHs).
3pLIH} NMR (CDsCN, 9): 133.04 (s, P(OCH.)sC-). *F NMR (CDsCN, 9): —80.57 (s,
OTf). Attempts to obtain elemental analysis were not successful.

Attempts to synthesize anilido complexes [#*-C(pz)]RU[P(OCH,)sCEt](CI)(NHPh)
(8) and [,*-C(pz)s;]RU[P(OCH,)sCEt](NHPh), (9). A screw-cap NMR tube was
charged with 10 mg of Ru-aniline complexes (5, 6 or 7) and 0.7 mL of THF-dg. The
solution was cooled to —78 °C in dry ice/acetone. To this solution was added 1.1
equivalents of base (e.g., sodium bis(trimethylsilyl)amide) based on aniline ligand via a
microsyringe. Upon addition of base, an instantaneous color change was observed, from
pale yellow to maroon. The solution was allowed to warm to room temperature. The
solution was concentrated to dryness under reduced pressure and dissolved in a minimum
amount of tetrahydrofuran. Pentane was slowly added to induce precipitation. The
resulting solid was collected on a fine porosity frit, washed with pentane and dried in
vacuo to yield a dark brown solid. *H and 3P NMR spectra of the solid in THF-dg
indicated decomposition to multiple intractable products.

{[x*-C(pz)s]RU[P(OCH,);CEt](CH3;OH),}(OTf), (10). A screw-cap NMR tube was
charged with 4 (10 mg, 0.007 mmol), AgOTf (5 mg, 0.02 mmol) and 0.7 mL of CH3OH.
The solution was heated at 80 °C. After 20 h, a grey precipitate (AgCl) was observed and
the solution was filtered through Celite. The yellow filtrate was concentrated to dryness
under reduced pressure. The residue was dissolved in CD3;OD. Attempts to obtain a solid
were not successful. *H NMR (CD30D, 6): 9.20, 8.49 (each 1H, each a bs, pz 3 or 5

position), 8.84 (1H, d, *Jun = 3 Hz, pz 3 or 5 position), 8.35 (1H, d, *Juy =2 Hz, pz30or 5
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position), 8.10 (2H, d, *Jun = 2 Hz, coordinated pz 3 or 5 position), 7.48 (2H, d, 33y = 3
Hz, coordinated pz 3 or 5 position), 7.09 (1H, dd, %J.n = 3 Hz, pz 4 position), 6.96 (1H,
m, 4 position), 6.61 (2H, dd, 33y = 3 Hz, coordinated pz 4 position), 4.59 (6H, d, *Jyp=5
Hz, —(OCHy)s), 3.47 (3H, s, CHzOH), 3.34 (1H, s, CHsOH), 1.41 (2H, ¢, 3Juu= 8 Hz, —
CH,CHs), 0.92 (3H, t, Jun = 8 Hz, —CH,CHs). *P{*H} NMR (CD50D, §): 131.2 (s,
P(OCH_2)sC-).

{[x*-C(pz)s]RU[P(OCH,);CEt](CDsOD),{OTf}, (10-dg). 10-ds was prepared
following the procedure for complex 10 except that CD;OD was used. *H NMR
spectroscopy (CD30OD) confirmed the identity of the product with resonances identical to
10 except for the methanol ligand resonances, which were *H NMR silent.

In situ generation of {[x*-C(pz)s]RU[P(OCH,);CEt](CI)(H,0){OTf} (11). A
screw-cap NMR tube was charged with 4 (10 mg, 0.007 mmol), H,O (50 pL) and 0.7 mL
of THF-dg. The resulting solution was heated at 80 °C. After 20 h, an unsymmetrical
product was confirmed by *H NMR spectroscopy: 9.01, 8.40 (each 1H, each a bs, pz 3 or
5 position), 8.80, 8.30, 8.14, 7.98, 7.35, 7.28 (each 1H, each a d, *Jun = 2~3 Hz, pz 3 or 5
position), 7.10, 6.76, 6.54, 6.41 (each 1H, each a dd, *Ju = 3 Hz, pz 4 position). 4.42 (6H,
d, 3Jpr = 5 Hz, —(OCH,)s3), 1.32 (2H, q, %Jun = 8 Hz, -CH,CHg), 0.85 (3H, t, *Jun= 8 Hz,

_CH,CHa).
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