Abstract
LEE, JOHN P. Synthesis, Characterization and Reactivity of Ru(II) and Rh(I) Hydrocarbyl
and Hydride Complexes. (Under the direction of Professor T. Brent Gunnoe.)

The hydroarylation of multiple bonds is the addition of an aromatic C-H bond across
a C=X (X = C, N or O) bond to produce new C-C bonds. Our group has been studying
Ru(II) complexes of the type TpRu(L)(NCMe)R {Tp = hydridotris(pyrazolyl)borate; L = CO,
PMe3, P(N-pyrrolyl)3 and P(OCH2)CEt; R = Me or Ph} for the catalytic hydroarylation of
non-functionalized olefins.
Insertion of the C=X (X = heteroatom) bond into a metal-aryl bond is a key step in
catalytic hydroarylation reactions. Herein, insertion reactions of substrates that possess C-X
multiple bonds into the Ru-Ph (Ph = phenyl) bond of TpRu(L)(NCMe)Ph (L = CO or PMe3)
complexes have been explored. The results of these efforts have increased understanding of
factors that control the insertion process. For example, the reaction of TpRu(CO)(NCMe)Ph
with either N,N΄-di-n-hexylcarbodiimide or N,N΄-di-phenylcarbodiimide produces the
amidinate complexes TpRu(CO){N,N-(R)NC(Ph)N(R)}(R = n-hexyl or phenyl). Heating
TpRu(CO)(NCMe)Ph in the presence of t-butylisonitrile followed by addition of
trimethylphosphine

results

in

TpRu(CO){C(Ph)=N(tBu)}(PMe3).

an

equilibrium

between

TpRu(CO)(CNtBu)Ph

and

Heating TpRu(CO)(NCMe)Ph in the presence of

aldehydes results in the decarbonylation of the organic to produce TpRu(CO)2Ar (Ar =
phenyl or p-tolyl) and benzene. DFT calculations were carried out to further delineate the
thermodynamics and kinetics for C-X multiple bond insertion reactions involving complexes
of the type TpRu(L)(NCMe)Ph. In addition, we have studied the possibility of the inter- and
intramolecular hydroarylation of isonitriles catalyzed by TpRu(L)(NCMe)Ph complexes.

In addition, efforts have been directed to Ru(II) complexes supported by sterically
demanding N-heterocyclic carbene (NHC) ligands. For example, the novel 4-coordinate
Ru(II)

hydride

complex

[(IMes)2Ru(H)(CO)][BAr'4]

{IMes

=

1,3-bis-(2,4,6-

trimethylphenyl)imidazol-2-ylidene; Ar' = 3,5-(CF3)-C6H3} has been prepared and studied.
Both experimental and theoretical studies are consistent with a monomeric, diamagnetic 4coordinate Ru(II) complex that possesses sawhorse geometry without agostic interactions.
Attempts to grow X-ray quality crystals under a variety of conditions resulted in the
formation of [(IMes)2Ru(H)(CO)(N2)][BAr'4] as determined by X-ray crystallography and
confirmed by variable temperature NMR studies.
[(IMes)2Ru(H)(CO)][BAr'4]

with

Furthermore, the reaction of
t-butylisonitrile

produces

[(IMes)2Ru(H)(CO)(CNtBu)2][BAr'4], which has been isolated and fully characterized
including X-ray crystallography.

[(IMes)2Ru(H)(CO)][BAr'4] reacts with D2 rapidly to

produce [(IMes)2Ru(D)(CO)][BAr'4], and catalyzes the hydrogenation of olefins, aldehydes
and ketones. Attempts to use [(IMes)2Ru(H)(CO)][BAr'4] for the catalytic addition of a
benzene C-H across ethylene resulted in 1.5 turnovers of styrene.
Studies of catalytic hydroarylation of olefins have been extended to d8 square planar
catalyst precursors. In particular Rh(I) complexes of the type (tbubpy)Rh(L)R (tbubpy = 4,4'di-tert-butyl-2,2'-bipyridyl; L = neutral 2-electron donor; R = Me or Ph) have been prepared
as candidates for olefin hydroarylation and/or oxidative olefin hydroarylation. Initial results
for the preparation of (tbubpy)Rh(NCMe)R are discussed.
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Chapter 1: Introduction

1.1

Organometallic Chemistry and Homogeneous Catalysis
The field of organometallic chemistry, which is at the interface of inorganic and

organic chemistry, has had a dramatic impact on the synthesis of small molecules via metalmediated catalysis. Catalysis allow the optimization of reactions with regard to yield, atom
economy, selectivity and energy input, and the development of new catalyst technologies
have resulted in economic and environmental benefits. The recent awarding of Nobel Prizes
in Chemistry in two different years to chemists working on organometallic chemistry
highlights the impact of this field. In 2001, the Nobel Prize was jointly awarded to Noyori,
Knowles and Sharpless for their work on catalytic enantioselective transformations.1-3 In
2005, the Nobel Prize was shared by Chauvin, Grubbs and Schrock for their work on olefin
metathesis.4-6
Catalysis can be divided into two broad categories, homogeneous (where the catalyst
is in same phase as the reactants) and heterogeneous (where the catalyst is not in the same
phase as the reactants). While both types of catalysis have had an impact on chemical
synthesis, applications of homogeneous catalysis dominates fine chemical synthesis where
increased selectivity is desired, and the reactions occur at more ambient conditions (i.e., ≤150
ºC). While heterogeneous catalysis has played a larger role in commodity-scale chemistry
where catalyst recovery is often vital. These are just generalities and indeed there are several
examples of homogeneous catalysis for the production of commodity chemicals (e.g.,
Monsanto acetic acid process, hydroformylation, hydrogenation and olefin polymerizations),
1

and heterogeneous catalysts are encountered in fine chemical synthesis (e.g., Pd/C catalyzed
hydrogenation).
Most germane to the work reported here is homogeneous catalysis. One advantage of
homogeneous catalysis is the ability to monitor reactions in solution by a variety of
spectroscopic techniques, which can lead to a more detailed understanding of the reaction
mechanism, and from these data rational catalyst tuning to optimize activity and/or increase
selectivity is often possible. For example, detailed mechanistic studies of transition metalcatalyzed aryl amination7-9 and olefin metathesis10-12 reactions have led to improved
selectivities and yields through rational catalyst tuning.
Amongst the greatest challenges in the field of catalysis is the activation and
functionalization of inert bonds. Along these lines, much interest has been devoted to
conversion of C-H bonds. Recently examples of catalytic C-H activation have emerged (see
below). However, the field of catalytic C-H activation is still in its infancy and the effects of
metal identity, metal oxidation state and ligand set are still not fully understood.

Our

objective is to develop catalysts for the hydroarylation of olefins (addition of an aromatic CH bond across a C=C bond, see below). Longer term objectives include impact on the
commodity chemical industry where these new methods for C-C bond formation via C-H
activation would aid in lowering the cost and increasing the selectivity for chemical reactions
involving feedstocks from depleting fossil sources.
1.2

Fossil Resources as Our Primary Raw Material Source
Currently, fossil resources (i.e., oil, natural gas and coal) constitute the major source

of stored energy and raw materials for chemical production and plastics.13, 14 However, fossil
2

fuels are nonrenewable, which is an emerging cause for both environmental and economical
concern. For example, the combustion of fossil fuels produces carbon dioxide, which is
thought to contribute heavily to the “greenhouse effect.”15 In addition, the limited nature of
our fossil resources and the increased demand for them places a strain on a chemical industry
that relies almost 100% on petroleum for the production of pharmaceuticals and other
advanced materials. The daily consumption of crude oil in the United States is 16 - 17
million barrels with approximately 4% of this being used for the manufacture of chemicals
(the remainder is consumed by electricity and transportation fuel).13

Based on 1998

consumption rates, 40 - 80 years of proven conventional and unconventional oil reserves
exist globally.16

The increased demand on petroleum not only raises the cost of

transportation and energy, but also increases the cost of virtually all materials made by the
chemical industry. While research is ongoing in the field of alternative energy, 16-18 it is
imperative to develop new and more efficient methods for the conversion of existing fossil
feedstocks to chemicals of higher value in order to simultaneously reduce environmental
impact and keep costs low.
Hydrocarbons, molecules containing only carbon and hydrogen, comprise the vast
majority of oil, natural gas and coal, and the selective chemical transformations of C-H bonds
in these type molecules constitute an extremely important field of chemistry. The discovery
of new routes from hydrocarbons to more valuable (i.e., functionalized) products such as
alcohols, aldehydes, olefins and acids via the direct activation of C-H bonds has significant
implications. However, the C-H bond is inert (non-reactive) making the development of

3

chemical reactions, in particular selective reactions at temperatures ≤ 250 ºC, involving these
substrates synthetically challenging.

Scheme 1.1.
catalysts.

Examples of C-H functionalization using homogeneous transition metal

In the chemical industry, using the C-H bond as a synthetic precursor typically
requires forcing conditions (i.e., high temperatures and high pressures).13

These harsh

conditions often result in free-radical activation of the C-H bond limiting the selectivity that
can be achieved in the transformation.

Alternatively, the selective activation by

homogeneous transition metal catalysts is a topic of great interest and has the potential to
dramatically impact the chemical industry.19-21

Two recent examples employing such

systems that have proved successful include alkane dehydrogenation and alkyl/aryl
borylation (Scheme 1.1).22-26 Olefin hydroarylation, the addition of aromatic C-H bonds
across C=C bonds (Scheme 1.1), also has the potential to make significant contribution
toward more efficient transformations.

4

1.3

Hydroarylation of Olefins
The hydroarylation of olefins is the addition of an aromatic C-H bond across a C=C

bond to produce a new C-C bond (Scheme 1.2) via direct functionalization of a carbonhydrogen bond. For catalytic formation of C-C bonds with aryl substrates, this type of
reaction represents a paradigm shift from the more commonplace transition metal catalysts
that require prefunctionalization with a halide as well as the incorporation of stoichiometric
amounts of nucleophilic hydrocarbyl organometallic substrates (see below).

Thus, in

contrast to Suzuki, Stille, Heck and related reactions,27, 28 olefin hydroarylation is an atom
economical reaction, which reduces the generation of chemical waste.

Scheme 1.2. Addition of a benzene C-H bond across the C-C double bond of ethylene.

1.4

Current Methods for C-C Bond Formation Involving Aromatic Substrates
Current methods for carbon-carbon bond formation with aromatic substrates include

Friedel-Crafts catalysis, solid-state catalysis and transition metal-mediated coupling
reactions. Each of these will be described in subsequent sections.
1.4.1 Friedel-Crafts Catalysis
The Lewis-acid catalyzed Friedel-Crafts (FC) reaction is a methodology that is over a
century old.29 FC catalysis provides a route for C-C bond formation with aromatic substrates
and has been the most commonly used reaction in industrial chemistry to produce commodity
scale alkyl arenes. The most simplistic (and most important to this work) example is the
5

formation of ethylbenzene from ethylene and benzene (Scheme 1.3).13 In 2001, there were
14.1 million pounds of ethylbenzene produced in the United States, nearly all of which is
further transformed through dehydrogenation to styrene.30

In addition to ethylene, FC

catalysis also is successfully used to add benzene to -olefins to produce branched products
(see below). However, often the linear product (LAB; linear alkyl benzene) is desired. For
instance, LABs are often desired for detergent manufacture.31, 32

Scheme 1.3. (A) Friedel-Crafts alkylation of benzene with ethylene.
mechanism for the reaction.

(B) Proposed

As shown in Scheme 1.3, the FC reaction requires a Lewis acid (e.g., AlCl3) and
commonly a protic acid (e.g., HCl or HF). For the alkylation of benzene with ethylene, the
first step involves formation of an ion pair produced by protonation of ethylene, and, in a
second step, attack of the arene on the protonated ethylene complex to produce a Wheland
intermediate (Scheme 1.3). The electrophilic substitution is completed upon deprotonation
of the arenium intermediate to generate ethylbenzene.

The acid by-products must be

neutralized in the work-up, a process which decomposes the AlCl3, and makes catalyst
recovery impossible. In addition to producing acid waste, this reaction also produces poly-

6

substituted products that must be removed by fractional distillation, which requires
significant energy input.

In most cases, the amount of poly-ethylated benzene can be

attenuated by using a large benzene to ethylene ratio in the reaction;13, 30 however, this does
not completely shut down the production of poly-ethylated benzenes during the reaction, and
upon separation from the ethylbenzene they are commonly reacted with benzene at elevated
temperatures (~450 ºC) in a transalkylation reaction to produce ethylbenzene.13 Overall, the
process averages a 98% yield of ethylbenzene; however, the poor selectivity requires
multiple steps, energy intensive separations, generation of corrosive acids, and the
irreversible loss of catalyst, which leaves much room for improvement.

Scheme 1.4. Friedel-Crafts alkylation of naphthalene with various butene isomers.

For the hydroarylation of

-olefins (e.g., propylene, 1-butene and 1-hexene) FC

alkylation is 100% selective for the branched Markovnikov product. This is due to the
formation of the more substituted (and more stable) carbocation intermediate prior to attack
from the aromatic ring. For example, the FC alkylation of naphthalene with butene isomers
yields similar product distributions suggesting the intermediacy of a common carbocationic
intermediate, in this case the 2-butyl cation (Scheme 1.4).13

In cases where the anti-

Markovnikov product is desired, the addition of straight chain alkyl fragments to an aromatic
moiety involves two steps: initial Lewis acid-catalyzed addition of an acyl chloride to the
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aromatic ring (FC acylation), which is followed by a Clemmenson reduction of the acyl
substrate to form the straight chain alkyl product (Scheme 1.5).33

Scheme 1.5. Drawbacks to Friedel-Crafts catalysis. (A) Formation of di-substituted or polyalkylated products. (B) Formation of Markovnikov (branched) products over antiMarkovnikov (linear) products for
-olefins.
(C) Two-step Friedel-Crafts
acylation/Clemmenson reduction for the production of linear alkylbenzenes.
1.4.2 Solid-State Catalysis
A more recent development in alkylbenzene production is the introduction of
heterogenous solid acid catalysts (zeolites) as a surrogate for the classic FC Lewis acids. 13, 34
Zeolites are Si/Al solid composites with regimented tunnels and surface cavities. The tunnel
diameter and cavity depth are critical factors in zeolite design and are optimized for specific
transformations.32 The use of zeolites and related heterogenous catalysts have had an impact
on the industrial production of ethylbenzene, cumene and xylenes primarily due to the
avoidance of HF or HCl and concomitant halogenated waste as encountered in traditional
Friedel-Crafts catalysis (see above).13 The MCM-22 catalyst is effective for production of
ethylbenzene from ethylene and benzene with 89% selectivity (referring to formation of
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poly-ethylated benzenes in addition to ethylbenzene) and 95% conversion of ethylene.34
The excellent selectivity is proposed to be due to a combination of the 12-ring pore system
and facile desorption of ethylbenzene from the surface pockets.13,

34

The Mobil-Badger

production of ethylbenzene uses a solid acid catalyst (H-ZSM-5) in a vapor phase reaction
(400 - 450 ºC, 15 - 30 atm).13, 34 Though this affords a more efficient reaction compared to
classic FC catalysis, a large amount of poly-alkylated substrates are produced in addition to
ethylbenzene. In order to achieve high ethylbenzene production, the poly-alkylated products
are further reacted with benzene in a transalkylation reaction. In the case of cumene (i.e.,
isopropylbenzene), Dow has commercialized a zeolite-based technology using a
dealuminated threee-dimensional mordenite (3-DDM).13 It is believed that the tubular pores
add rigidity to the 3-dimensional strucuture preserving high shape selectivity allowing for the
selective formation of cumene over p-diisopropylbenzene. The latter is transalkylated with
benzene to produce more cumene. Cumene plays a large role in the chemical industry as it is
a precursor for the production of phenol (an important monomer in many resins) and during
the process (cumene  phenol) acetone (an important organic solvent) is produced as a
useful by-product.30 Although solid-state catalysts have provided advances in the alkyl
benzene chemistry, they operate by a similar mechanism to Friedel-Crafts catalysis, and thus
are not able to selectively produce linear alkylbenzenes. One possible route to achieve
enhanced selectivity is to change the mechanism from activating the olefin to activating the
C-H bond of benzene.
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1.4.3 Transition Metal-Mediated Coupling Reactions
Metal-catalyzed formation of C-C bonds with aromatic substrates involve aromatic
compounds that possess C-X (X = halide or triflate) bonds that are selectively activated by
the

transition

metal

via

oxidative

transmetallation/reductive elimination.27,

addition
28, 35-39

followed

by

either

-hydride

or

For example, Stille and Suzuki have

independently developed methods to couple C-C bonds using catalytic amounts of Pd(0) with
stoichiometric amounts of an organostannate or organoborate reagent, respectively, in an
oxidative addition-transmetallation process (Scheme 1.6a).27, 39 The Heck reaction couples
C-C bonds; however, instead of transmetallation following the oxidative addition step, the
organic ligand undergoes -H elimination to release an olefinic product, and this reaction
requires a base (and, thus, produces acid waste) to regenerate the Pd catalyst (Scheme
1.6b).28 Thus, for the Stille, Suzuki and related C-C coupling reactions the substrate scope is
often limited to aryl and vinyl functionality void of -alkyl hydrogens in order to inhibit hydride elimination as observed in the Heck reaction.
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Scheme 1.6.
Pd-catalyzed C-C coupling reactions.
(A) Reactions involving a
transmetallation step. (B) Reactions involving -hydride elimination.

Transition metal-mediated coupling reactions have also been extended to imines and
aldehydes (Scheme 1.7).

For example, Rh(I) systems can catalyze transmetallation of

organoborates and organostannates with either imines or aldehydes to form amines and
alcohols, respectively, with aromatic functionality.40-44 Similarly, palladium has also been
used to catalyze the addition of organostannates to aldehydes.45, 46
been a Heck type reaction reported for imines.47

In addition, there has

In the case of the transmetallation

reactions, enantioselectivity can be achieved for prochiral substrates with the aid of chiral
ligands.45, 48

In these reactions an insertion of the imine or aldehyde double bond into the

metal-R bond is proposed; however, direct observation of these intermediates has not been
obtained.
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Scheme 1.7. (A) Extension of Suzuki and Stille coupling reactions to aldehydes and imines.
(B) Extension of the Heck reaction to imines.

Although the above processes have great utility in organic synthesis they are both
cost prohibitive and produce stoichiometric waste. Both excessive energy consumption and
waste disposal issues are encountered due to the synthesis of halogenated substrates that are
required for oxidative addition to the catalyst. In addition, the transmetallation step produces
stoichiometric quantities of metal-salt and/or acid by-products.

This latter issue, in

particular, is problematic when the organic product is to be introduced to the environment or
has biological application. A recent Chemical and Engineering News article has highlighted
the impetus to directly activate and functionalize C-H bonds of aromatic molecules in an
atom economical fashion and by-pass C-X (X = halide or triflate) functionalities, and has
further stated that direct C-H functionalization could have a dramatic impact both on
agricultural and pharmaceutical industries.49
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1.4.4 Olefin Hydroarylation
Scheme 1.8 depicts a general catalytic cycle for olefin hydroarylation with common
side reactions that can complicate catalysis.50 For example, competition with the desired
catalysis can arise from irreversible

-hydride elimination, irreversible C-H oxidative

addition of arenes, C-H activation of substrates other than the aromatic (e.g., olefin), and
multiple insertions of olefin leading to oligomerization or polymerization. Thus, an efficient
catalyst must selectively activate aromatic over olefin C-H bonds and provide kinetic access
to insertion of only a single equivalent of olefin. These demands result in a narrow window
for successful catalyst development. The subsequent sections will further elaborate on metalmediated C-H activation and insertion reactions, the two key steps of the proposed
hydroarylation mechanism (Scheme 1.8).

Scheme 1.8. Depiction of metal-catalyzed olefin hydroarylation (shown in red with ethylene
as olefinic substrate) and undesirable side reactions.

1.5

Metal-Mediated C-H Bond Activation
The activation of a bond (in particular, the C-H bond) refers to increasing its

reactivity.21 Although saturated (sp3-hybridized) and unsaturated (sp2-hybridized) C-H bonds
are quite inert (BDE’s of ~104 kcal/mol and ~110 kcal/mol respectively),51 homogeneous
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transition metal complexes can activate these bonds for reactions through perturbations of the
C-H bonding and anti-bonding orbitals. Over the past few decades several examples of
intermolecular alkane and aromatic C-H activation have emerged.20, 21, 52-54 With the increase
in examples, a better understanding of the thermodynamics and kinetics of the reactions have
been realized. For example, Bercaw has proposed that the most common methods of C-H
activation can be divided into 5 broad categories based on the mechanism of the C-H bond
cleavage: 1) oxidative addition, 2) σ-bond metathesis, 3) electrophilic activation, 4) 1,2addition and 5) metalloradical activation (Scheme 1.9).20 The first three categories will be
described in detail as metalloradical and 1,2-addition reactions are less directly related to this
research in this Thesis.

Scheme 1.9. Common C-H activation mechanisms.
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1.6

Mechanisms of C-H Activation
Oxidative addition is a common mechanism for C-H activation by electron rich, low

valent, mid to late transition metals, and it is regarded as a formal two-electron oxidation of
the metal.

There are several requirements for this reaction including:

coordinative

unsaturation at the metal center to allow formation of new metal-ligand bonds, electronic
unsaturation to allow for the electrons supplied upon coordination of the C-H bond and an
accessible n + 2 oxidation state, where n is the initial metal oxidation state.55 The first
reported stoichiometric reactions of metal centers with C-H bonds were intramolecular
oxidative addition reactions to produce cyclometallated complexes (Scheme 1.10).56 In a
seminal series of studies, Bergman57-59 Jones60-62 and Graham63 have independently shown
that the putative organometallic fragments {Cp*MI(L)} (Cp* = pentamethylcyclopentadienyl
anion, M = Rh or Ir, L = CO or PMe3) oxidatively add alkane and aromatic C-H bonds to
form complexes of the type Cp*MIII(L)(R)(H) (M = Rh or Ir; L = PMe3 or CO; R = alkyl or
aryl) (Scheme 1.11) in intermolecular C-H activation reactions. Although the electronically
and coordinatively unsaturated RhI and IrI fragments have not been observed they are
believed to be generated under photolytic conditions.

Scheme 1.10. Inter- versus intramolecular C-H activation.
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Scheme 1.11. Examples of C-H oxidative addition.

Prior to C-H oxidative addition, it is believed that the C-H bond coordinates to the
metal center to form a C-H -adduct. When the metal d-electron count is > 0, the interaction
of the C-H bond with a transition metal typically involves both
1.1). The

and

interactions (Figure

interaction involves donation of electrons from the C-H -bonding orbital to an

empty metal orbital of

-symmetry, and the

interaction involves donation of metal

electrons from an orbital of -symmetry to the empty * orbital of the C-H bond (Figure
1.1). Reduction of the organic C-H bond order via metal d back-bonding into the C-H
orbital is generally thought to lead to oxidative addition. Though the isolation of an authentic
intermolecular C-H

-complex has not been obtained, there is a significant amount of

spectroscopic evidence for their existence.

Bergman and co-workers have used low-

temperature flash IR (IR = infrared) spectroscopy in liquid Kr to observe the reaction of
Cp*Rh(CO)2 with neopentane. The reaction mixture was photolyzed and followed by IR
spectroscopy where the putative complexes Cp*Rh(CO)(Kr) and Cp*Rh(CO)(neopentane)
were observed in rapid equilibrium prior to neopentane C-H oxidative addition.64, 65 Ball and
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co-workers have developed a method to irradiate samples with UV light inside an NMR
probe in order to observe alkane -complexes at low temperatures by 1H NMR spectroscopy.
For example, when a sample of CpRe(CO)3 is irradiated with UV light {generating the
fragment CpRe(CO)2} at 180 K in cyclopentane, resonances consistent with CpRe(CO)2( 2C,H-cyclopentane) are observed.66-68 This technique was later extended to n-pentane with a
related ReI system.69

Figure 1.1. Qualitative molecular orbital depiction of C-H coordination to a metal prior to
oxidative addition.

Jones and Fehrer have performed kinetic studies on arene C-H activation by
Cp*Rh(PMe3)H2 and have shown that η2-arene coordination occurs prior to the oxidative
addition of the C-H bond and following reductive elimination. The formation of the η2-arene
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intermediate is likely the major factor selecting for arene over alkane C-H activation even
though the arene C-H bond is stronger than the alkane C-H bond. The RDS is arene
coordination and not C-H bond cleavage, and coordination of an

2

-arene is more facile

than alkane coordination(Figure 1.2).70 These results explain why the metal center
kinetically prefers oxidative addition of the stronger benzene C-H bond (110 kcal/mol) to
{Cp*Rh(PMe3)} over weaker alkane C-H bonds (~100 kcal/mol).

To further show that an

η2-arene lies in the reaction pathway, as opposed to a reversible side reaction, isotope effect
studies were used to examine the nature of the transition states for arene oxidative addition
to, and reductive elimination from, {Cp*Rh(PMe3)}.70, 71 Since the activation of a benzene
C-H bond by the Rh(I) fragment {Cp*)Rh(PMe3)} is proposed to occur in two discrete steps,
coordination and cleavage, deuterium for hydrogen substitution on the benzene can be used
to learn about the C-H activation transition state (Scheme 1.12). The kinetic isotope effect
(KIE) studies involve measurement of KIEs for both the forward (reductive
coupling/dissociation) and reverse (coordination/oxidative coupling) reactions.

Figure 1.2. Competitive benzene/propane C-H activation using {Cp*Rh(PMe3)}.
ground state ( G) term, and activation barriers ( G‡) are in kcal/mol at -17 ºC.
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The

Scheme 1.12. Derivation of KIEs for both the forward (reductive coupling/dissociation) of
benzene, and reverse (coordination/oxidative coupling) of benzene to {Cp*)Rh(PMe3)}.
Irradiation of a solution of (Cp*)Rh(PMe3)(H)2 in a 1:1 mixture of C6H6/C6D6
produces a 1.05:1 ratio of (Cp*)Rh(PMe3)(Ph-d0)H to (Cp*)Rh(PMe3)(Ph-d5)D.

The

reaction was performed at 10 ºC, where benzene oxidative addition is irreversible and the
product ratio reflects the kinetic selectivity. This small kH/kD value of 1.05 is within the
standard deviation and reflects no KIE.

Thus, the results are consistent with benzene

coordination as the RDS rather than the C-H(D) bond cleavage step.

In a separate

experiment, a solution of (Cp*)Rh(PMe3)(H)2 was irradiated in 1,3,5-trideuterobenzene.
Now there is only one possible

2

-arene complex and equal access to C-H and C-D bonds.

The ratio kH/kD for this reaction reflects only the isotope effect involved in the C-H(D)
cleavage step of the oxidative addition, and the KIE was found to be kH/kD = 1.4. The fact
that these two experiments gave different KIEs further suggests that the direct insertion of
{(Cp*)Rh(PMe3)} into the C-H bond of benzene is not occurring, and is also inconsistent
with a rate-determining coordination of a benzene C-H bond (i.e., a -adduct).
In order to determine the KIE for the reverse reaction (i.e., reductive
coupling/dissociation) the rate of xylene loss from both (Cp*)Rh(PMe3)(3,5-C6H3Me2)(H)
and (Cp*)Rh(PMe3)(3,5-C6H3Me2)(D) was measured, which is the equal to the reductive
coupling step in Scheme 1.12. This gave a kH/kD = 0.52 (an inverse KIE), which is consistent
19

with a fully formed C-H (or C-D) bond in the transition state. These data show a small
normal KIE for the oxidative coupling step (kH/kD = 1.4) and an inverse KIE for the reductive
coupling step (kH/kD = 0.52), which gives an inverse equilibrium isotope effect of 0.37
(Figure 1.3).70, 71 Though an inverse equilibrium isotope effect is also observed for alkane
reductive elimination, the difference is that both the oxidative and reductive coupling steps
give normal KIEs with a larger KIE for the oxidative coupling step. The two normal KIEs
for alkane C-H activation is due to the direct coordination of the alkane C-H bond to the
metal center as opposed to the

2

-arene complex for benzene C-H activation.

Figure 1.3. Reaction profile shows changes in zero-point energy upon reductive coupling to
produce an 2-benzene complex, and the reverse, oxidative coupling of the 2-benzene to
give an alkyl/hydride.
Another mechanism of C-H activation is σ–bond metathesis. As the name implies, bond metathesis involves the exchange of -bonds. The exchange occurs between a M-X (X
= H, alkyl, or aryl) and a C-H bond (Scheme 1.9, page 14). The activation of C-H bonds
through σ–bond metathesis is common for electron deficient, formerly d0 early transition
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metals that do not have an accessible n + 2 oxidation state, which is required for oxidative
addition.20 The proposed mechanism of σ–bond metathesis involves pre-coordination of the
substrate to be activated, followed by a concerted a four–centered transition state (Scheme
1.9, page 14).

For example, d0 scandium complexes of the type Cp*2ScR (Cp* =

pentamethylcyclopentadienyl; R = hydride or methyl) have been reported to activate a
diverse array of C-H bonds to produce Cp*2ScR1 (R1 = alkyl, aryl, alkenyl and alkynyl)
complexes and either dihydrogen (H2) or methane (CH4) (Scheme 1.13).72

These type

reactions have also been observed for lanthanide (d0fn) complexes including Cp*2LuCH3
(Scheme 1.13).73

Scheme 1.13. Examples of C-H -bond metathesis.

C-H activation with high valent early transition metals by

-bond metathesis is

primarily (but not exclusively) limited to stoichiometric examples. This is likely due to a
number or reasons including early transition metals are typically incompatible with many
organic functional groups. More directly related to olefin hydroarylation, early transition
metal systems often facilitate polymerization of olefins. However, Tilley and Sadow have
shown that the complex Cp*2ScCH3 is active for the catalytic hydromethylation of propylene
(Scheme 1.14).74 At room temperature, 3 turnovers of isobutane production are observed and
heating to 80 ºC for 12 hours results in 4 turnovers of isobutane; however, the catalyst
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decomposes to unidentified products. Though the turnovers are low and the catalyst was not
thermally stable, this example shows that C-H bond activation via -bond metathesis can be
incorporated into catalytic C-C bond forming reactions.

Scheme 1.14. Hydromethylation of propylene catalyzed by a Sc3+ complex.

Bercaw et al. performed a thorough mechanistic study that gives insight into the
mechanism of

-bond metathesis using complexes of the type Cp*2ScR' (R' = hydride or

methyl). The observed order of reactivity of Cp*2ScR' with R-H substrates is R = R' = H >>
R = H, R' = alkyl >> R = sp C-H, R' = alkyl > R-H = sp2 C-H, R' = alkyl > R-H = sp3 C-H, R'
= alkyl.72 The rate increases with the increasing amount of overall s character of the R-H
valence orbitals, which is consistent with a four-center transition state where non-directional
orbitals provide better overlap and thus more stability to the transition state (Scheme 1.9,
page 14). If the R-H bond to be activated is coordinated to the highly electrophilic d0 Sc+3
complex, a significant increase in acidity facilitating a polar transition state would be
predicted with a qualitative molecular orbital depiction of the

-complex intermediate

(Figure 1.4). As can be seen in Figure 1.4, for most systems that have been proposed to
initiate C-H activation via -bond metathesis, the absence of d-electrons results in a lack of
metal-to-C-H * back donation. Thus, while oxidative addition can be viewed as transfer of
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electrons from the metal to the C-H substrate (back-bonding),

-bond metathesis has two

components, donation of electrons from the C-H -bonding orbital to the metal center and
the electrons in the M-R (R = hydrocarbyl or hydride) bond. The facility of these reactions in
non-polar solvents (e.g., aliphatic and aromatic hydrocarbons) and lack of observed rate
dependence on reaction of Cp*ScCH3 with substituted arenes with electron-withdrawing or donating substituents support a symmetric non-polar transition state; however, since both
polar and non-polar mechanisms would possess higher rates of reactivity with substrates
bearing greater s orbital character, a distinction between the two cannot be made with the
present data.72

Figure 1.4. Qualitative molecular orbital depiction of C-H coordination to a metal center
prior to activation by -bond metathesis.
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Electrophilic activation represents a third mechanism for C-H bond activation. In
contrast to the σ–bond metathesis pathway where the metal is proposed to have direct
interaction with the C-H bond being broken, the electrophilic mechanism involves a
proposed interaction between the metal and the carbon of the C-H bond.20, 21, 52, 75, 76 This
mechanism involves the exchange of the electrophilic metal for a proton (H+), and is a
common mode of C-H activation invoked for late transition metals {e.g., Pt(II), Pt(IV),
Pd(II), Au(I) and Au(III)}.
Systems that initiate electrophilic substitution possess properties of systems that
initiate oxidative addition and -bond metathesis. For example, the metals often have filled
d orbitals of -symmetry; however, unlike systems that undergo oxidative addition where the
overlap is large between the d and C-H * orbitals, the overlap is poor for the electrophilic
mechanism due to the lower energy of the d orbitals (Figure 1.5). Thus, the metal/C-H
interaction is likely dominated by C-H-to-metal electron donation, and the coordination of
the C-H bond imparts acidic character; however, unlike -bond metathesis, the hydrogen is
not transferred to an intramolecular base in a concerted, symmetric transition state (see
above), rather the system releases a proton to an external base.
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Figure 1.5. Qualitative molecular orbital depiction of C-H coordination to a metal center
prior to activation by electrophilic substitution.

The earliest and most prominent examples of C-H activation by electrophilic
substitution by Pt(II) complexes were studied for alkane oxidation. Shilov and co-workers
used catalytic amounts of a Pt(II) system, trans-Pt(H2O)2(Cl)2, for alkane oxidation (e.g.,
methane to methanol, Scheme 1.15).20, 21, 52 Though the mechanism of this reaction shows
that it is catalytic in Pt(II), stoichiometric Pt(IV) is required as an oxidant, making the
reaction impractical for scale-up. In addition, the catalytic species is not stable in solution
under reaction conditions, and irreversible Pt(0) formation is observed during the course of
the reaction. This reaction gave early insight into C-H activation and was a springboard for
the resurgence for C-H bond activation research in the 1980’s to the present. Periana and co-
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workers have developed the most efficient catalyst to date for the selective oxidation of
methane. Methylbisulfate is produced from methane and sulfuric acid with up to 90%
selectivity using catalytic (bpym)PtCl2 (bpym = bipyrimidine) (Scheme 1.15).77

Scheme 1.15. Examples of methane oxidation using electrophilic Pt(II) systems.

Scheme 1.16. Stoichiometric C-H activation mediated by an electrophilic Pt(II) complex.

To firmly claim that a C-H activation mechanism is electrophilic substitution is
challenging. Indeed, there is some controversy for the mechanism of Pt(II) based C-H
activation, and it is clear that the mechanism depends on ligand environment.78 For many
examples of Pt(II) mediated C-H activation, hard N-based ligands are coordinated. The
bpym ligand in the methane to methylbisulfate system is likely a harder donor ligand than
expected due to protonation of the terminal nitrogen of the bipyrimidine ligand in the highly
acidic reaction media. Tilset recently reviewed mechanistic studies of C-H activation by Pt
complexes, which overwhelmingly favors oxidative addition to Pt(II) and reductive
elimination from Pt(IV) involving phosphine-ligated as well as neutral and anionic nitrogen26

ligated Pt complexes.78

For example, electrophilic Pt(II) systems of the type

[(tmeda)Pt(CH3)(L)]+ (tmedea = tetramethylethylenediamine, L = NC5F5 or CF3CH2OH)
have been used for C-H activation under very mild conditions through what is best described
as an oxidative addition reaction (Scheme 1.16).75, 76 A challenge for direct observation of CH oxidative addition by three-coordinate Pt(II) is the instability of five-coordinate Pt(IV)hydride systems (Scheme 1.17). In an elegant study, Goldberg et al. have studied systems of
the type [K][( 2-Tp*)Pt(Me)2] {Tp* = hydridotris(3,5-dimethylpyrazolyl)borate} for the
oxidative addition of C-H substrates. The five-coordinate Pt(IV) intermediate is trapped via
formation of a stable

3

-Tp* complex (Scheme 1.18).79, 80

Scheme 1.17. Proposed oxidative addition to Pt(II) that goes through an unobserved Pt(IV)hydride intermediate.
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Scheme 1.18. Trapping of an oxidative addition to Pt(II) via
Tp*.

2

/

3

coordination modes of

In a variant of the -bond metathesis pathway, Goddard and Periana have proposed a
C-H activation mechanism termed oxidative hydrogen migration (OHM).81,

82

The OHM

mechanism involves C-H activation via a concerted 4-center transition state in which the
metal center forms a M-H bond, and has been invoked for Ru(II) and Ir(III)-based C-H
activation. For example, calculations of aromatic C-H activation by TpRu(L)(R) {Tp =
hydridotris(pyrazolyl)borate} systems indicate a concerted -bond metathesis type pathway
in which the transition state exhibits a close Ru-H contact.50, 81, 83-87 A model of the transition
state for benzene C-H activation by TpRuII(CO)(CH2CH2Ph)(benzene) is shown in Figure 1.6
where the calculated Ru-H bond distance is 1.61 Å. Although Ru(IV) intermediates have not
been observed experimentally or been isolated by calculations, the Ru-H bond in the
transition state suggests oxidative character.81, 83 That is, the Ru-H bond in the calculated
transition state implies the “removal” of two electrons form d6 Ru(II) to form the Ru-H bond,
and the transition state species is perhaps best considered to be formally Ru(IV). Thus, C-H
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activation by TpRu(L)R fragments may possess the hallmarks of oxidative addition
transformations, and it might be anticipated that more reducing systems would facilitate C-H
activation

Figure 1.6.
Calculated (DFT) transition state for benzene C-H activation by
TpRu(CO)(CH2CH2Ph)(benzene).
Based on combined experimental and computational studies on TpRuII(L)(L')R (L
and L' = neutral 2-electron donor ligands; R = hydrocarbyl or non-dative heteroatomic
moiety) Gunnoe and Cundari have suggested that C-H activation mediated by the Ru(II)
systems can be considered as a simple intramolecular proton transfer (IPT) (Figure 1.7).88-92
Although differentiation between IPT and OHM is primarily semantics, the IPT model
suggests that coordination of the C-H bond by Ru(II) enhances C-H acidity. The protic
hydrogen is transferred to a base (R) in an intramolecular fashion, and the back donation of
electrons from Ru to the activated hydrogen stabilizes the energy of the transition state.

Figure 1.7. Proposed transition state for intramolecular proton transfer (IPT).
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1.7

Insertion Reactions
Migratory insertion is an intramolecular reaction that results in the formation of new

bonds between two ligands.55 There are two prominent types of insertions, 1,1- and 1,2- (or
2,1-) migratory insertions. The microscopic reverse of migratory insertion is deinsertion in
which a ligand transforms into two separate ligands.
1,1-Migratory insertions are common for C≡O (carbonyl) and C≡NR (isonitrile)
ligands. The term 1,1 implies that both the M and a ligand that were formally bonded to each
other rupture and end up bonded to the same atom (e.g., carbon in CO or C≡NR, Scheme
1.19). Qualitative frontier molecular orbital depictions of CO and CNR are shown in Figures
1.8 and 1.9. Both of these ligands function as -acids using low energy * orbitals (Figure
1.10). If the 1,1-insertion is considered a nucleophilic attack of the M-R ligand on the bound
CO or C≡NR * orbitals, this implies that the a 1,1-insertion is likely to be dictated, at least
in part, by the strength of metal-to-ligand back-bonding. That is, increased metal -basicity
will tend to decrease the electrophilicity of the ligand and result in a decreased aptitude
toward insertion.

Scheme 1.19. Generalized depiction of a 1,1-insertion reaction, and the microscopic reverse,
de-insertion.
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Figure 1.8. Qualitative molecular orbital depiction of the isonitrile triple bond (C≡NR).

Figure 1.9. Qualitative molecular orbital depiction of the carbon monoxide triple bond
(C≡O).
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Figure 1.10. Qualitative molecular orbital depiction of
metal center.

- and - bonding of CO with a

1,2- (or 2,1) Migratory insertions are common for alkenes and related substrates.
The term 1,2- (or 2,1 depending on the regioselectivity) arises from the fact that the M and
migrating ligand bond to adjacent atoms in the product (Scheme 1.20).

A qualitative

molecular orbital diagram of ethylene is shown in Figure 1.11, and a qualitative MO diagram
for coordination to a metal center is shown in Figure 1.12. Ethylene can act as a single-faced
-acid using the C=C *. As for 1,1- insertions, the 1,2-insertion process can be considered
as a nucleophilic attack of the M-R ligand on the C=C * orbital. Thus, it is anticipated that
increased metal

-basicity will decrease the olefin electrophilic character and inhibit

insertion reactions.
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Scheme 1.20. Regioselectivity of olefin insertion dictates linear to branched products.

Figure 1.11. Qualitative frontier molecular orbital depiction of the C=C bond of ethylene.
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Figure 1.12. Qualitative molecular orbital depiction of - and -bonding of ethylene with a
metal center.

Olefin insertion and -hydride elimination (a deinsertion process, Scheme 1.21) are
both important to catalytic olefin hydroarylation.
provides a pathway for C-C bond formation, and

Olefin insertion into a M-aryl bond
-hydride elimination is a potential

decomposition reaction if saturated products are desired (Scheme 1.8). However, -hydride
elimination can lead to oxidative hydroarylation of olefins if a suitable hydrogen acceptor
can regenerate the catalyst (see Ch. 3).

Scheme 1.21. -hydride elimination from an insertion product.
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1.8

Examples of Catalytic Olefin Hydroarylation
Olefin hydroarylation can be divided broadly into three categories: non-oxidative

(inter- and intramolecular), oxidative (inter- and intramolecular) (Scheme 1.22), and
chelation-assisted. Oxidative hydroarylation will be discussed in Chapter 3. One of the first
examples of olefin hydroarylation was demonstrated with chelate-assisted substrates (known
as the Murai reaction).93, 94 Chelation-assisted refers to the use of heterofunctionality to precoordinate the aromatic substrate and direct reactivity to the C-H bond ortho to the
functionality (Scheme 1.23).93-95 Recent studies have challenged the role of the heterofunctionality. Goldman et al. reported the oxidative addition of an aryl C-H bond ortho to
either a nitro or acetyl group (directing-groups) to a (PCP)Ir {PCP =

3

-C6H3-2,6-

(CH2PtBu2)2} fragment. For the (PCP)Ir system, if chelation-assistance were involved the
kinetic product should have the hydride and directing group (X) mutually trans to each other;
however a cis configuration for the hydride and X ligands is observed as the kinetic product
(Scheme 1.24).96

Scheme 1.22. Examples of oxidative and non-oxidative (inter- and intramolecular)
hydroarylation (cat. = catalyst, [O] = oxidant).
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Scheme 1.23. Example of chelation-assisted hydroarylation using a Ru(0) complex (all
ligands have been omitted).

Scheme 1.24. Example of nonchelation-assisted C-H activation when chelation-assisted
would be expected.

Non-chelation assisted olefin hydroarylation (the focus in this section) is primarily
limited to activated arenes and/or activated olefins.

A AuCl3/AgOTf (OTf =

trifluoromethanesulfate) system developed by He et al. performs hydroarylation of protected
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arenes with activated olefins to produce alkyl arenes in very high yields under mild
conditions.97 For example, the C-H addition of 1,3,5-trimethoxybenzene across the C=C
bond of methyl vinyl ketone in acetonitrile at room temperature proceeds with nearly
quantitative yield (Scheme 1.25). The reaction requires the addition of AgOTf as a cocatalyst, and though the function of the AgOTf is unclear it is believed to aid in enhancing
the electrophilicity of the Au(III) possibly by removal of a chloride. Another example
utilizing an electrophilic late transition metal for olefin hydroarylation has been reported by
Tilley et al.98,

99

This Pt(II)/Ag(I) catalyst system conducts olefin hydroarylation with

benzene (i.e., unactivated arene) and unactivated olefins; however, the mechanism of this
transformation is not well understood, and the reaction is selective for branched products,
which suggests the possibility of a FC type pathway. For example, at elevated temperatures
solutions of Zeise’s dimer, [( 2-C2H4)PtCl( -Cl)]2, arene, AgBF4, o-dichlorobenzene and
olefin form products of olefin hydroarylation. Other olefin examples for the reaction include:
norbornene, propylene, and 2-butene as well as cyclic internal olefins (e.g., cyclopentene or
cyclohexene) (Scheme 1.26).

The transformations are selective for the branched

(Markovnikov) products, and the mechanism of the catalytic reaction is unclear.98 In a
subsequent study, Tilley et al. have synthesized a series of well-defined monomeric Pt(II)
systems based on a bidentate and monoanionic 2-(2'-pyridyl)indolide ligand. Though these
systems were found to be active for the catalytic hydroarylation of norbornene with benzene
and other substituted arenes, the yields are much lower compared to the reaction catalyzed by
Zeise’s dimer.99
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Scheme 1.25. Au(III)-catalyzed hydroarylation of methyl vinyl ketone.

Scheme 1.26. Pt(II)-catalyzed hydrophenylation of unactivated olefins.

A RuCl3/AgOTf system has been reported to catalyze intramolecular olefin
hydroarylation reactions (Scheme 1.27).100 The catalyst system shows compatibility with
various functional groups on the arene including halide, methoxy, hydroxyl and protected
amines, all of which proceed to fused products in moderate to good yields (49-84%).
Removal of the ether functionality of the alkene tether led to the formation of cyclic products
with comparable yields (45-82%) with lower (1 mol %) catalyst loading.
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Scheme 1.27. Ru(III)-catalyzed intramolecular hydroarylation of tethered olefins.
Jordan et al. reported that the Zr(IV) cation [Cp2Zr(Me)(THF)]+ reacts with
picoline to produce methane and two isomers of an

2

-picolyl complex. The

2

-

-picolyl

complex can then react with propylene to yield a metallacycle via olefin insertion into the Zraryl bond (Scheme 1.28).101 Under both H2 and propylene pressure, the Zr metallacycle
catalyzes the addition of the 2-position C-H bond of

-picoline across the double bond of

propylene (Scheme 1.28).101 The reaction selectivity produces the branched product with 1-2
turnovers per hour and quantitative conversion of the -picoline starting material.

Scheme 1.28. Zr(IV)-catalyzed hydroarylation of propylene with -picoline.
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Using {RhCl(coe)2}2 (coe = cyclooctene) as a precatalyst in combination with various
monodentate phosphines (PR3) both intra- and intermolecular olefin hydroarylation of
imidazoles have been observed. For the intramolecular variant, benzimidazole products are
formed from olefin moieties tethered to a ring nitrogen (Scheme 1.29).102, 103 A subsequent
report on the mechanism of these transformations indicates the likely involvement of an Nheterocyclic carbene intermediate in which case, insertion of the tethered olefin into the Rhcarbene bond followed by proton transfer yields the cyclic product.104 For the intermolecular
variant, a variety of heteroaromatic compounds including imidazole, benzthiazole,
benzoxazole, 4,5-dimethylthiazole, purine and benzimidazole have been successfully coupled
with various

-olefins including ester functionalized olefins, styrene and acrylonitrile

(Scheme 1.30).105, 106

Scheme 1.29. Rh(I)-catalyzed intramolecular hydroarylation of imidazoles.

Scheme 1.30. Rh(I)-catalyzed intermolecular hydroarylation of imidazoles and related
heteroaromatics.

To date, the most impressive results for substrate scope in olefin hydroarylation
reactions involve the use of Pd(II) salts in combination with trifluoroacetic acid (TFA)
reported by Fujiwara et al.107, 108 The system supports the addition of a wide array of arenes
across ethyl propiolate, and also tolerates various terminal and internal alkynes possessing a
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range of functional groups (Scheme 1.31). In addition, the Pd(II)/TFA system is active for
intramolecular hydroarylation of alkynes (Scheme 1.31). Related to the work by Fujiwara
with Pd(II) salts, Nolan et al. have prepared Pd(II) systems supported by N-heterocyclic
carbene (NHC) ligands for the hydroarylation of alkynes.109 For example, (IPr)Pd(OAc)Cl
{IPr = bis(2,6-diisopropylphenyl)imidazol-2-ylidene, OAc = acetate} catalyzes the addition
of an aromatic C-H bond of mesitylene across alkynes to produce new alkenyl-arenes at
room temperature (Scheme 1.32).

Scheme 1.31. Inter- and intramolecular hydroarylation of alkynes catalyzed by a Pd(II)/TFA
(TFA = trifluoroacetic acid) system.

Scheme 1.32. Intermolecular hydroarylation of alkynes catalyzed by a well-defined Pd(II)
system supported by an NHC.

Less success has been realized for catalytic olefin hydroarylation with unactivated
arenes and olefins.

Matsumoto and Periana reported an Ir(III) acac complex (acac =

acetylacetonate), [Ir( -acac-O,O,C3)-(acac-O,O)(acac-C3)]2, that catalytically adds benzene
C-H bonds across ethylene and

-olefins to produce ethylbenzene and related molecules
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(Scheme 1.33).110-112 Ethylbenzene was produced from benzene and ethylene with a TOF
(TOF = turnover frequency) of 4.21 x 10-2 sec-1 and TON (TON = turnover number) of 455
with limited formation of diethylbenzene (31:1 mono:di). The -olefins propylene and 1hexene and the di-substituted olefin iso-butene also react with benzene in the presence of the
Ir catalyst; however, the TOFs were lower (3 - 110 x 10-4 sec-1) and a mixture of linear and
branched products are observed with the best linear to branched selectivity giving a 4:1 ratio
for iso-butene. Extension to functionalized olefins revealed that the hydrophenylation of
methyl acrylate produces a 2.1:1 ratio (linear to branched) with a TON of 5 and a TOF of 39
x 10-4 sec-1. Catalytic olefin hydroarylation by this Ir(III) acac complex and related systems
has been explored both experimentally and theoretically including synthesis, isolation and
characterization of mononuclear Ir(III) systems such as trans-(acac)2Ir(L)(R) (L = neutral 2electron ligand and R = Me or Ph).82, 86, 113 The Ir(III) systems developed by Periana et al.
and the series of isoelectronic Ru(II) systems developed in our labs (Section 1.9) are rare
examples of homogeneous catalysts for olefin hydroarylation using both unactivated arenes
(e.g., benzene) and unactivated olefins (e.g., ethylene) with selectivity for mono-alkylated and
linear alkyl benzenes.

Scheme 1.33. Ir(III)-catalyzed addition of benzene across unactivated olefins.
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1.9

Reactivity of TpRu(L)(NCMe)R Complexes
In order to rationally develop improved catalysts for olefin hydroarylation it is

necessary to understand the impact of catalyst features of the catalytic cycle as well as the
unfavorable side reactions (Scheme 1.8). While several catalysts for the hydroarylation of
olefins have been reported, detailed mechanistic studies that include structure/activity
relationships are virtually non-existent.

Our group has been investigating the use of

octahedral Ru(II) catalysts supported by the hydridotris(pyrazolyl)borate (Tp) ligand of the
type TpRu(L)(NCMe)R {L = CO, R = Me, Ph, 2-furyl and 2-thienyl; L = PMe3, R = Me or
Ph; L = P(pyr)3 (pyr = N-pyrrolyl), R = Me or Ph; L = P(OCH2)3CEt, R = Ph} for the
hydroarylation of unsaturated substrates.50, 83-85, 87, 89, 90, 114, 115 This system is ideally suited to
modulate the steric and electronic properties of the catalyst by varying the identity of the
ligand “L.” Systematic changes of the sterics and electronics of ligand L could aid in a better
understanding of the factors dictating both aromatic C-H activation as well as catalytic
hydroarylation of olefins (Figure 1.13).

Figure 1.13. Basic architecture of octahedral Ru(II) systems supported by Tp.

TpRu(CO)(NCMe)Ph (1) serves as a precatalyst for the addition of benzene C-H
bonds across the C=C bond of olefins (Scheme 1.34).83,

114

For example,

TpRu(CO)(NCMe)Ph (0.1 mol %) catalyzes the formation of ethylbenzene from ethylene (25
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psi) and benzene with 51 TOs (TOs = turnovers) after 4 hours at 90 ºC. Prolonged reaction
times lead to a total of 77 TOs at which time production of ethylbenzene markedly decreases.
Under most conditions, no styrene production is observed, and only trace quantities of 1,3and 1,4-diethylbenzene are produced.

Increasing the ethylene pressure produces

butylbenzene, which arises from two ethylene insertion reactions (i.e., ethylene insertion
competes with arene coordination/C-H activation).

For example, a 5.5:1 ratio of

ethylbenzene to butylbenzene is observed when the catalysis is performed with 250 psi
ethylene.83

Scheme 1.34. Catalytic addition of arene C-H bonds across C-C multiple bonds using
TpRu(CO)(NCMe)Ph (1).

Using propylene and benzene, complex 1 catalyzes the formation of propylbenzene
and cumene in a 1.6:1 ratio, with 10 TOs after 4 hours. In addition, trans- -methylstryene is
observed in quantitative yields (based on initial concentration of 1). The reaction of 1hexene and benzene results in the production of 11 TOs of linear 1-phenylhexene and
branched 2-phenylhexene in a 1.7:1 ratio along with trace amounts of trans-1-phenylhex-1ene. Complex 1 can also catalyze hydroarylation with monoalkylated arenes, albeit at a
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reduced rate to the hydroarylation of benzene. For example, heating ethylbenzene under
ethylene pressure with 0.1 mol % 1 to 90 ºC results in the production of 1,3- and 1,4diethylbenzene with no observation of the ortho substituted 1,2-diethylbenzene. Importantly
the reaction with ethylbenzene is approximately 5 times slower than the conversion of
ethylene/benzene to ethylbenzene (Scheme 1.35), which is opposite the typical relative rates
of acid catalyzed Friedel-Crafts reactions.

Scheme 1.35. Hydroarylation of ethylene using either benzene or ethylbenzene.

In addition to benzene, attempts to extend the Ru(II)-mediated olefin hydroarylation
to heteroaromatic substrates and functionalized olefins was explored.

In the case of

heteroaromatic compounds, TpRu(CO)(NCMe)Me reacts with either furan or thiophene to
initiate regioselective C-H activation and produce methane and TpRu(CO)(NCMe)Ar {Ar =
2-furyl or 2-thienyl} (Scheme 1.36).84 The mechanism for stoichiometric C-H activation of
heteroaromatic substrate is proposed to be similar to that for the C-H activation of benzene.
The reactivity of TpRu(CO)(NCMe)Me with pyrrole was explored. However, unlike furan
and thiophene, TpRu(CO)(NCMe)Me reacts with pyrrole to produce the cyclometallated
complex TpRu(CO){ 2-N,N-(H)N=C(Me)(NC4H3)}.116
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Scheme 1.36. Regioselective stoichiometric C-H activation of furan and thiophene to
produce TpRu(CO)(NCMe)(2-furyl) and TpRu(CO)(NCMe)(2-thienyl), respectively.

The combination of furan and 1 mol % (based on furan) of complex
TpRu(CO)(NCMe)(2-furyl) in mesitylene at 120 ºC under low ethylene pressure (10 - 40 psi)
results in the catalytic production of 2-ethylfuran. Optimal conditions yield approximately
17 turnovers after 24 hours (after which time the catalyst activity decreases) demonstrating
the feasibility of olefin hydroarylation for heteroaromatic substrates.

Equally

TpRu(CO)(NCMe)(2-thienyl) catalyzes the production of the production of 2-ethylthiophene
from thiophene/ethylene hydroarylation.84
Having observed catalysis with selected heteroaromatic substrates, attempts were
made to extend hydroarylation to functionalized olefins (i.e., electron-rich and electron-poor
olefins). In the case of electron-deficient olefins and TpRu(CO)(NCMe)Me, polymerization
was observed.117 For example, heating (90 ºC) a benzene solution of TpRu(CO)(NCMe)Me
in the presence of either styrene or methylmethacrylate led to polymerization of the organic
substrate.

Mechanistic studies are in agreement with radical polymerization reactions.

Investigations with electron-rich substrates revealed that metal-mediated chemistry of the
olefin was observed instead of hydroarylation.118 For example, heating a solution of complex
TpRu(CO)(NCMe)Ph in benzene with ethyl vinyl sulfide leads to the release of styrene and
the isolation of the dimeric species {TpRu(CO)( -SEt)}2 (Scheme 1.37).

46

Reaction of

TpRu(CO)(NCMe)Ph

with

2,3-dihydrofuran

allows

isolation

of

TpRu(CO)(NCMe)(C≡CCH2CH2OH) (Scheme 1.37).

Scheme 1.37. Reactivity of electron-rich olefins with TpRu(CO)(NCMe)Ph.

Experimental and computational studies by Gunnoe and Cundari suggest that benzene
C-H activation is the rate-determining step for the catalytic ethylene hydrophenylation by
TpRu(CO)(NCMe)Ph. Computational studies are consistent with a C-H activation step that
is best considered as a

-bond metathesis type reaction in which the metal back-donates

electron density to the activated hydrogen (see above).81, 89 A combined experimental and
computational Hammett study for aromatic C-H activation by TpRu(L)(NCMe)Ph (L = CO
or PMe3) was performed.89 Using DFT calculatons, reaction rate constants were obtained for
the conversion of TpRu(L)( 2-C,C-C6H5X)Me to TpRu(L)(p-C6H4X) and CH4 (X = Br, Cl,
CN, F, H, NH2, NO2 and Me). A linear Hammett correlation is calculated with a positive
value of 2.6 for L = CO and 3.2 for L = PMe3 (R2 = 0.97 for both). Experiments were unable
to fully replicate the entire range since reactivity was only observed with electronwithdrawing substituents (NO2 and Br) para to the site of C-H activation (Scheme 1.38).
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Thus, even though TpRu(PMe3)(NCMe)Ph (for L = CO no clean reactivity was observed
over the entire range of substrates) was unable to cleanly react with a broad range of 2substituted meta-xylyl compounds the fact that it did react with bromo- and nitro-substituted
meta-xylyl compounds is consistent with computational studies that predict more facile
reaction for electron-withdrawing functionality.

These data are in agreement with the

mechanism of C-H activation being described as -bond metathesis in which the activated
hydrogen has protic character (see above).

Scheme 1.38.
compounds.

Reactivity of TpRu(PMe3)(NCMe)Me with 2-substituted meta-xylyl

If the mechanism of arene C-H activation by TpRu(L)R systems goes by IPT, either
increasing the basicity of R or increasing the acidity of the aryl C-H bond should lower the
activation barrier. Changing the Ru-R moiety to a Ru-X (X = OR or NR2) moiety should
facilitate aromatic C-H activation due to the high basicity of non-dative X ligand. Indeed,
complexes of the type TpRu(PMe3)2X (and a related Ir system developed by Periana and coworkers)119 were synthesized and studied for aromatic C-H activation. These complexes
were found to facilitate 1,2-addition of a benzene C-H bond across Ru-X moiety, but due to
the unfavorable thermodynamics of the overall reaction the resulting Ru-Ph complex was not
observed (Scheme 1.39).91, 92 Lastly, it was found that TpRu(PMe3)(NCMe)Me reacts with
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organic

substrates

that

possess

relatively

acidic

sp3

C-H

bonds

to

produce

TpRu(PMe3)(NCMe)R {R = CH2CN, CH2NO2 and CH2C(O)CH3} and methane (Scheme
1.40).90

For

TpRu(PMe3)(NCMe)(CH2CN)

and

the

related

complex

TpRu(CO){C(Ph)=N(tBu)}(PMe3)120 (see Chapter 2) C-H activation of benzene was not
observed, which is likely a result of the reduced basicity of the moiety to receive the
activated hydrogen.90 Taken together these data point toward a C-H activation mechanism
that is best considered an intramolecular proton transfer as proposed above.

Scheme 1.39. 1,2-addition of a benzene C-D bond across a basic Ru-X moiety. H/D
exchange was also observed at the Tp-4 position (not shown).
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Scheme 1.40. Activation of acidic sp3-hybridized C-H bonds with TpRu(PMe3)(NCMe)Me.
A proposed mechanism for olefin hydrophenylation mediated by TpRu(L)(NCMe)Ph
is shown Scheme 1.41. For L = CO, KIE studies are consistent with benzene C-H activation
being the RDS of the catalytic cycle. The presence of a Ru-H interaction in the calculated
transition state points to the possibility of a rate enhancement by increasing the metal-based
electron density, which would likely impact the overall rate of olefin hydrophenylation. In
order to test this hypothesis the complexes TpRu(L)(NCMe)Ph {L = PMe3, P(pyr)3 and
P(OCH2)3CEt} were prepared and studied.50, 85, 87 The replacement of CO with phosphine
ligands provides a more electron-rich metal center.
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Scheme 1.41. Catalytic hydroarylation of olefins (benzene and ethylene shown) using
TpRu(L)(NCMe)Ph.
.
Using the complex TpRu(PMe3)(NCMe)Ph (2) (0.1 mol %) the catalytic
hydroarylation of ethylene in benzene was explored.50

Analysis of various reaction

conditions ranging from 25 psi to 800 psi of ethylene and 90 ºC to 180 ºC revealed the
maximum production of ethylbenzene at 800 psi of ethylene at 180 ºC.

Under these

conditions, 3.6 TOs of ethylbenzene and 2.5 TOs of styrene (based on 2) were observed after
12 hours.

Attempts to observe the hydrophenylation of 1-hexene using 2 as catalyst under

variable conditions produced no alkylbenzene.

Thus, complex 2 was found to be a

significantly less efficient catalyst for the hydroarylation of olefins than the CO complex 1.
Analysis of the homogeneous catalyst mixture after heating ethylene and benzene
with 2 revealed the near quantitative production of the

3

-allyl complex TpRu(PMe3)( 3-

C3H4Me).50 Further investigations revealed that complex 2 reacts with ethylene to initiate
olefin C-H activation to produce free benzene and a Ru-vinyl system, which converts to the
3

-allyl complex TpRu(PMe3)( 3-C3H4Me) in the presence of excess ethylene. Likewise, in

the absence of aromatic substrate the CO complex 1 also reacts with ethylene to produce the
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3

-allyl complex TpRu(CO)( 3-C3H4Me) (Scheme 1.42).50 Monitoring the formation of

TpRu(L)( 3-C3H4Me) by 1H NMR spectroscopy reveals important differences for L = PMe3
versus CO.

Scheme 1.42. Preparation of TpRu(PMe3)( 3-C3H4Me) and TpRu(CO)( 3-C3H4Me).
Using high pressure J-Young NMR tubes, the conversion of 2 and ethylene (80 psi) to
TpRu(PMe3)( 3-C3H4Me) was monitored at 60 ºC in THF-d8. During the conversion, the
disappearance of 2, the emergence and disappearance of three primary intermediates were
observed. The three primary intermediates have been identified as TpRu(PMe3)( 2-C2H4)Ph,
TpRu(PMe3)( 2-C2H4)( 1-C2H3) and TpRu(PMe3)( 2-C2H4)(CH2CH2CH=CH2) (Scheme
1.43). The identity of TpRu(PMe3)( 2-C2H4)(CH2CH2CH=CH2) has not been confirmed by
independent experiments, and its assignment is based solely on in situ

1

H NMR

spectroscopy. Figure 1.14 depicts the concentration versus time plot for all species observed
in the conversion of 2 and ethylene to TpRu(PMe3)( 3-C3H4Me) from a single experiment
(multiple kinetic studies revealed reproducible results).
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Scheme 1.43. Proposed mechanism for the formation of TpRu(PMe3)( 3-C3H4Me) from the
reaction of TpRu(PMe3)(NCMe)Ph (2) and ethylene. Rate constants reported in units of 10-4
s-1.

Using kinetic simulation (KINSIM/FITSIM software) rate constants for the
conversion of 2 to TpRu(PMe3)( 3-C3H4Me) were determined.

The rate constant for

NCMe/ethylene ligand exchange {kobs = 1.9(4) x 10-4 s-1} from TpRu(PMe3)(NCMe)Ph (2) is
statistically identical with the rate of NCMe/NCCD3 exchange for 2 {kobs = 1.5(1) x 10-4 s1

},50 which supports a dissociative pathway for both transformations.

Assuming that

ethylene coordination to {TpRu(PMe3)Ph} is rapid, the rate of conversion of
TpRu(PMe3)( 2-C2H4)Ph to TpRu(PMe3)( 2-C2H4)( 1-C2H3) provides the rate of Rumediated ethylene C-H activation, which is estimated to be kC2H4act = 1.1(1) x 10-4 s-1.
Ethylene insertion into the Ru-vinyl bond of TpRu(PMe3)( 2-C2H4)( 1-C2H3) forms
TpRu(PMe3)(CH2CH2CH=CH2), which forms TpRu(PMe3)( 2-ethylene)(CH2CH2CH=CH2)
upon coordination of ethylene. Kinetic simulation suggests that ethylene insertion to form
TpRu(PMe3)(CH2CH2CH=CH2)( 2-ethylene) occurs with kC2H4ins = 5.9(6) x 10-5 s-1.
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Dissociation

of

ethylene

from

TpRu(PMe3)(CH2CH2CH=CH2)( 2-ethylene)

and

rearrangement of the butenyl ligand likely leads to the formation of the allyl complex
TpRu(PMe3)( 3-C3H4Me).

Figure 1.14. Plot of concentration versus time for all species observed in the conversion of
TpRu(PMe3)(NCMe)Ph (2) and ethylene to TpRu(PMe3)( 3-C3H4Me) including complex 2
(black, squares), TpRu(PMe3)( 3-C3H4Me) (red, circles), TpRu(PMe3)( 2-C2H4)Ph (blue,
triangles), TpRu(PMe3)( 2-C2H4)( 1-C2H3) (green, diamond) and TpRu(PMe3)( 2C2H4)(CH2CH2CH=CH2) (orange, squares). Data acquired at 60 ºC in THF-d8 under 80 psi
of ethylene.
Similar to the PMe3 system 2, complex 1 is cleanly converted to TpRu(CO)( 3C3H4Me) (98%) at 250 psi ethylene in THF at 70 ºC (Scheme 1.42). However, using high
pressure J-Young NMR tubes to follow the conversion of 2 and ethylene (80 psi) to
TpRu(CO)( 3-C3H4Me) at 60 ºC in THF-d8 reveals important pathway deviations from that
of 2 and ethylene to the allyl complex TpRu(PMe3)( 3-C3H4Me). Figure 1.15 depicts the
concentration versus time plot for all species observed in the conversion of 2 and ethylene to
TpRu(CO)( 3-C3H4Me) from a single experiment (multiple kinetic studies revealed
reproducible results). The proposed mechanism for the formation of TpRu(CO)( 3-C3H4Me)
is shown in Scheme 1.44. The reaction of 1 with ethylene (in the absence of benzene)
proceeds via ethylene coordination followed by rapid olefin insertion and ethylene C-H
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activation to produce free ethylbenzene and presumably TpRu(CO)( 2-C2H4)( 1-C2H3). A
second insertion of ethylene in the Ru-( 1-C2H3) moiety leads to the formation of the
CO complex.

3

-allyl

Consistent with a more rapid rate of olefin insertion for the CO system it is

notable that neither TpRu(CO)( 2-C2H4)(Ph) nor TpRu(CO)( 2-C2H4)( 1-C2H3) are observed
by 1H NMR spectroscopy unlike the same analogs for the PMe3 system 2.

Scheme 1.44. Proposed mechanism for the formation of TpRu(CO)( 3-C3H4Me) from the
reaction of TpRu(CO)(NCMe)Ph (1) and ethylene. Rate constant for ethylene C-H activation
reported in units of 10-4 s-1.

Simulation of the kinetic data reveals that the rate of ethylene C-H activation by
TpRu(CO)( 2-C2H4)(CH2CH2Ph) is kC2H4act = 3.4(4) x 10-5 s-1 (assuming that the RDS for the
formation of TpRu(CO)( 3-C3H4Me) from TpRu(CO)( 2-C2H4)(CH2CH2Ph) is ethylene C-H
activation). In comparison, the rate of ethylene C-H activation by TpRu(PMe3)( 2-C2H4)Ph
is kC2H4act = 1.1(1) x 10-4 s-1. Thus, the relative rates of olefin C-H activation are similar to
the relative rates of overall benzene C-H(D) activation by TpRu(CO)(Ph)(benzene) and
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TpRu(PMe3)(Ph)(benzene) systems with the PMe3 system initializing C-H activation
approximately 3 times more rapidly than the CO complex.

Figure 1.15. Plot of concentration versus time for all species observed in the conversion of
TpRu(CO)(NCMe)Ph (1) and ethylene to TpRu(CO)( 3-C3H4Me) including complex 1
(black, squares), TpRu(CO)( 2-C2H4)(CH2CH2Ph) (red, squares), ethylbenzene (blue,
triangles) and complex TpRu(CO)( 3-C3H4Me) (green, circles). Data acquired at 60 ºC in
THF-d8 under 80 psi of ethylene.
These experimental studies suggest that ethylene insertion into the Ru-Ph bond is
rapid for TpRu(CO)( 2-C2H4)Ph but relatively slow for TpRu(PMe3)( 2-C2H4)Ph, which
provides an explanation for the reduced ethylene hydrophenylation by the PMe3 complex.
Succinctly stated, the more strongly donating PMe3 ligand retards the rate of ethylene
insertion, which ultimately leads to ethylene C-H activation and the irreversible formation of
TpRu(PMe3)( 3-C3H4Me).
Tris-N-pyrrolylphosphine {P(pyr)3} bears similar -acidity to CO,121 yet has more
steric bulk than either the CO or PMe3 ligands (95º and 118º, respectively),122 which may
facilitate the control of regioselectivity of -olefin insertion (i.e., linear to branched ratios of
alkyl arenes). The efficacy of TpRu{P(pyr)3}(NCMe)Ph (3)

as a catalyst for the

hydroarylation of ethylene was probed.85 Catalysis with 3 was explored from 90 ºC to 180
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ºC and 25 psi to 700 psi of ethylene in benzene.

The most successful production of

ethylbenzene using 3 resulted in only 1 turnover at 180 ºC and 100 psi of ethylene in 10
hours, compared to 51 turnovers observed for 2 at 90 ºC and 25 psi ethylene in 4 hours. In
all cases, the catalyst solutions remained homogeneous; however, 1H NMR spectral analysis
of residual non-volatile materials from catalysis failed to conclusively identify 3 or any other
intermediate in the proposed catalytic cycle for the hydroarylation of ethylene. Detailed
studies have revealed that the poor catalyst performance of 3 is likely due to steric
encumberance as a result of the bulky tris-N-pyrrolyl phosphine ligand (Figure 1.17).85 This
steric bulk inhibits olefin coordination as well as inhibits the formation of an

3

-allyl

complex as discussed above for L = CO and PMe3.

Figure 1.16. Comparison of calculated Gibbs Free Energy changes upon coordination of
ethylene to {TpRu(L)Ph} fragments to give TpRu(L)( 2-C2H4)Ph.

The formation of 3 from TpRu{P(pyr)3}(NCMe)Me is proposed to proceed through
the pathway involving benzene precoordination. However, when TpRu{P(pyr)3}(NCMe)Me
is heated at 60 C in C6D6 with 5 equivalents of NCMe, only 6% yield of 3 was observed
after 17 hours.

In addition, the formation of TpRu{ 2-P,C-P(pyr)2(NC4H3)}NCMe is

observed in 12% yield. Heating TpRu{P(pyr)3}(NCMe)Me in neat acetonitrile at 100 C for
3 days results in 62% isolated yield of TpRu{ 2-P,C-P(pyr)2(NC4H3)}NCMe, the product of
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intramolecular C-H activation of a pyrrolyl group to form a 4-membered metallacycle and
free methane (Scheme 1.45).

Presumably the presence of free acetonitrile suppresses

benzene coordination to form TpRu{P(pyr)3}(C6H6)Me, which is likely the precursor to
benzene C-H activation to form 3. As a result, in the presence of free NCMe, intramolecular
C-H activation of a pyrrolyl group competes with intermolecular C-H activation of benzene.
In contrast, heating TpRu(Ppyr3)(NCMe)Ph (3) in NCCD3 at 120 C for 24 hours shows no
sign of intramolecular C-H activation by 1H NMR spectroscopy (Scheme 1.45). Complex 3
readily undergoes degenerate NCMe ligand exchange with NCCD3 at 60 C (t1/2 ~ 80
minutes) and, thus, NCMe is sufficiently labile for complex 3 to provide unsaturated Ru.
The inability to observe intramolecular C-H activation of a pyrrolyl fragment by the phenyl
ligand at 120 C suggests that elimination of benzene from 3 via intramolecular C-H
activation is thermodynamically unfavorable.

Consistent with this proposal, heating

TpRu{ 2-P,C-P(pyr)2(NC4H3)}NCMe for 22 hrs at 80 C in C6D6 forms complex 3 in 50 %
yield (Scheme 145).
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Scheme 1.45. Intermolecular C-H activation of C6H6 by TpRu{P(pyr)3}(NCMe)Me to form
TpRu{P(pyr)3}(NCMe)Ph (3), intramolecular C-H activation of a pyrrolyl moiety to form
TpRu{қ2-P,C-P(pyr)2(NC4H3)}NCMe and irreversible formation of 3 from TpRu{қ2-P,CP(pyr)2(NC4H3)}NCMe.
The reduced cone angle (101 ) of the bicyclic phosphite, P(OCH2)3CEt {compared to
P(pyr)3, 145º}122 was anticipated to allow olefin coordination while the moderate -acidity
was expected to favor olefin insertion over olefin C-H activation. As anticipated, heating
TpRu{P(OCH2)3CEt}(NCMe)Ph (4) in benzene under ethylene pressure results in the
catalytic production of ethylbenzene.87 Testing reactivity from 10 psi to 1000 psi of ethylene
and temperatures from 60 C to 105 C revealed the optimal conditions for catalysis at 90 C
and 10 psi of ethylene producing a maximum 10 TOs of ethylbenzene. Increasing the
temperature to 105 C results in an initial increase in the rate of ethylbenzene production but
overall nearly the same TONs after 28 hours as reactions at lower temperatures. Analysis of
the solution after catalysis reveals conversion to TpRu{P(OCH2)3CEt}( 3-C3H4Me) by 1H
NMR spectroscopy.

Verification of the identity of complex TpRu{P(OCH2)3CEt}( 3-
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C3H4Me) was completed through independent synthesis (Scheme 1.46). As discussed below
formation of the allyl complex TpRu{P(OCH2)3CEt}( 3-C3H4Me) is calculated to more
facile than for L = CO but less than for L = PMe3, and its irreversible formation is likely the
reason for reduced catalytic activity.

Scheme 1.46.
ethylene.

Independent synthesis of TpRu{P(OCH2)3CEt}( 3-C3H4Me) from 4 and

DFT calculations revealed the relative impact of CO/PMe3/P(OCH2)3CEt
replacement on the activation barriers to ethylene C-H activation from TpRu(L)(ethylene)Ph
is minor while the impact on ethylene insertion is calculated to more substantial. To give
insight into this competition, the reaction potential energy surfaces were calculated for the
olefin C H activation from

2

-C2H4 complex A for L = CO, P(OCH2)3CEt and PMe3 (Figure

1.16). The ethylene C H activation goes through an oxidative hydrogen migration character
transition state TS2 to form a Ru-vinyl intermediate C. The calculated

G‡ between the

ethylene C H activation and insertion are 8.6, 7.4 and 3.1 kcal/mol for L = CO,
P(OCH2)3CEt and PMe3, respectively, indicating that ethylene C-H activation becomes
increasingly competitive from CO to P(OCH2)3CEt to PMe3. The improvement in selectivity
mainly results from the different electronic impacts of L on TS1 and TS2. A lower electron
density on the metal center lowers the energy for TS1. Thus, complexes with -acidic CO
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and P(OCH2)3CEt ligands have higher selectivity for ethylene insertion than ethylene C H
activation, and therefore for L = CO or P(OCH2)3CEt (see below) the hydrophenylation of
ethylene is observed to a more appreciable degree than for L = PMe3.

Figure 1.17. Comparison of calculated Gibbs free energies (kcal/mol) for the ethylene
insertion and ethylene CH Activation by TpRu(L)(NCMe)Ph {L = CO, P(OCH2)3CEt and
PMe3}.
The TpRu(L)(NCMe)Ph systems allow for a unique opportunity to study how the
subtle changes of ligand “L” impact the rate of C-H activation, and determine if the rate of CH activation can be correlated with a physical property of the complex. Indeed, a plot of the
rate of C-H activation (kobs) (Scheme 1.47) versus Ru(III/II) potential gives a good linear
correlation with an R2 of 0.97 (Figure 1.18 and Table 1.1).

Due to a competitive

cyclometallation reaction, an accurate rate measurement (kobs) for the reaction of
TpRu{P(pyr)3}(NCMe)Ph (3) with C6D6 was not obtained. Despite the fact that there are a
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number of factors that contribute to the kobs values for overall benzene C-H activation (see
Scheme 1.47) and that the data set is limited, this trend is consistent with the proposal that
increased metal electron density facilitates the overall rate of benzene C-H activation.
Furthermore, the linear relationship suggests that d6/d5 redox potentials might be used as a
predictor for the overall rate of aromatic C-H activation by TpRu(L)(NCMe)R catalysts and,
potentially, for closely related d6 complexes of Ru(II) and other transition metal systems.87,
123

Figure 1.18. Plot of Ru(III/II) potentials (versus NHE) versus kobs for benzene (C6D6) C-D
activation by TpRu(L)(NCMe)Ph {L = PMe3, P(OCH2)3CEt and CO} with R2 = 0.97.

Table 1.1. The significant steric and electronic impacts between the CO, P(pyr)3,
P(OCH2)3CEt and PMe3 ligands upon coordination to ruthenium, and rate constants for
benzene C-H(D) activation by TpRu(L)(NCMe)Ph {L = PMe3, P(OCH2)3CEt or CO} at 60
C with one equivalent of NCMe.
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Scheme 1.47.
Proposed pathway and rate law for benzene C-D activation by
TpRu(L)(NCMe)Ph (L = CO, PMe3, P(OCH2)3CEt or P{pyr}3; [Ru] = concentration of Ru
complex starting material).

1.10

Summary
Octahedral Ru(II) complexes of the type TpRu(L)(NCMe)R have been studied for

olefin hydroarylation and related reactions of the proposed catalytic cycle. This Thesis is an
extension of these efforts where we have sought to: 1) develop and understand key reactions
for catalytic hydroarylation of C-X (X = O or N) multiple bonds, and 2) extend studies of
olefin hydroarylation from the octahedral d6 paradigm to new coordination environments and
electronic structures, which includes both 4-coordinate and d6 Ru(II) systems as well as 4coordinate and d8 Rh(I) complexes.
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Chapter 2: Insertion Reactions Involving C-X (X = NR or O) Multiple Bonds: Toward
the Inter- and Intramolecular Hydroarylation of Imines, Ketones and Related
Substrates

2.1

Introduction
Insertions of substrates that possess multiple bonds into transition metal alkyl, aryl, or

hydride bonds provide a fundamental class of reaction that is central to many catalytic
cycles.1, 2 Although insertions of olefin C=C bonds into metal-alkyl, -acyl, -hydride, or -aryl
bonds have substantial precedent, examples of direct observation of insertion reactions
involving C-O or C-N multiple bonds of imines, ketones, aldehydes, or related substrates
(with the exception of CO and CO2) are scarce (Scheme 2.1).3-16 This is especially true for
late transition metal systems, while examples of insertion reactions of C-O or C-N multiple
bonds (especially involving the formation of metallacycles) are more prevalent for early
transition metal systems.17-21

Scheme 2.1. Insertion of a C=C, C=N or C=O double bond into a metal-carbon bond to
produce new metal-X bond and X-C bonds.

The first well-defined example of an imine insertion into a late transition metal-R (R
= hydride) bond with an isolable insertion product was reported by Fryzuk and co-workers in
1990.6 In attempts toward the catalytic hydrogenation of imines, the insertion of imines into
a bridging hydride ligand of a binuclear Rh(I) complex was observed. Through detailed
kinetic studies as well as isolation of intermediates, it was found that both metal centers in
the binuclear system are involved in the insertion step.6 A potential application of discrete
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imine insertion reactions is the copolymerization of imines with carbon monoxide (CO),
which would produce polyamides. Although examples of copolymerization of ethylene and
carbon monoxide are known,22 studies involving alternating imine/CO insertions are
relatively limited. There have been a few a reports for Ni(II) and Pd(II) mediated reactions,
but the reactions are stoichiometric.10, 13, 14 For a Pd system (Scheme 2.2), insertion of the
imine was found to only occur into a M-acyl bond and not into Pd-alkyl bonds.10
Interestingly, for this Pd system, the imine insertion is regioselective for 2,1-insertion, which
is the opposite regioselectivity expected based on partial charges of the Pd-C(O)Me and free
imine C=N bonds. The resulting ligand forms a

2

-chleate with a second interaction to the

metal through a carbonyl lone pair, which is believed to prevent additional insertion
reactions.10

Scheme 2.2. Attempt at Pd-mediated alternating CO/imine insertions. Insert shows partial
charges that predict a 1,2-imine insertion.

More germane to studies discussed in this chapter, Hartwig et al. have recently
disclosed studies focused on imine and aldehyde insertions into a RhI-Ar (Ar = aryl) bond to
form amido and alkoxo complexes (Scheme 2.3).3-5 In the case of alkoxo complexes it was
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found that trans-Rh(PPh3)2(CO)(p-tolyl) allowed the isolation of the product from
benzealdehyde insertion, trans-Rh(PPh3)2(CO){O-OCH(p-tolyl)(Ar}).3 Extension to imine
insertion was achieved upon replacement of the PPh3 and carbonyl ligands with a bidentate
phosphine and pyridine.4 Organic products result from β-H elimination to produce ketones
or imines, protonolysis to yield alcohols or amines, or, specifically in the case of aldehydes, a
second insertion followed by β-H elimination to produce esters (Scheme 2.3).5 This work
represents the most well-defined insertion reactions of imines and aldehydes into metalhydrocarbyl bonds, and the Hartwig chemistry demonstrates the feasibility of C=N and C=O
bond insertion into M-R bonds for complexes with high d-electron counts. While these
results are enticing, much remains to be learned about this class of reaction including: 1)
impact of metal coordination number and geometry, 2) impact of metal identity, 3) impact of
metal electron density, 4) thermodynamics of insertions, and 5) factors that dictate
regioselectivity.

Insertion of C=N and C=O bonds are so rare that effectively no

parameters/guidelines for catalyst design are known.
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Scheme 2.3. Examples of isolated imine and aldehyde insertions into RhI-Ar bonds.

Another class of unsaturated substrate is isonitrile. Unlike imines, ketones, and
aldehydes, insertion reactions of isonitriles have been commonly observed. Most welldefined isonitrile insertions are analogous to the 1,1-insertion of CO (see Ch.1). Examples of
both stoichiometric and catalytic reactions involving isonitrile insertions have been reported.
For example, Jones et al. reported the catalytic formation imines via the addition of the C-H
bond of benzene across isonitriles using either Fe, Ru and Rh catalysts under photolytic
conditions.23-26 A key step in these catalytic cycles involves the 1,1-insertion of an isonitrile
ligand (Scheme 2.4). Tanaka et al. determined that a Rh(I) square planar complex catalyzes
the addition of aromatic C-H bonds across cyclohexylisonitrile under photolytic conditions to
produce N-benzylidienecyclohexylamine.27 In addition, the catalyst was found to facilitate
the analogous reaction with pentane C-H bonds. In the former case, the yield is high but
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sensitive to the R group on the isonitrile. In the latter, although aliphatic C-H activation is
catalytic, the yields of the imine are low and the reaction suffers overall from the formation
of multiple products.27 A major drawback of these catalytic reactions is the requirement of
photolytic conditions, which limits the possibility of scale-up.

Scheme 2.4. Fe-catalyzed hydroarylation of isonitriles under photolytic conditions with the
1,1-insertion step highlighted in red.

A potential explanation for the scarcity of insertion reactions involving metalhydrocarbyl ligands and substrates with C-O or C-N multiple bonds is a thermodynamic bias
against the insertion process. Since insertion reactions of C=X bonds into M-R bonds result
in the transformation of C=X double bonds into C-X single bonds, the relative bond
dissociation energies (BDEs) of C=X (X = C, O, or N) double bonds and C-X single bonds
contribute to the overall change in enthalpy,

H.28

Another factor that potentially

exacerbates the predisposition against C=O and C=N insertion (relative to C=C insertion) is
the resulting M-X (X = N or O) BDEs. For late transition metal systems, M-C(sp3) BDEs
can be greater than M-NR2 BDEs and of similar magnitude to M-OR BDEs.29, 30 Assuming
that the C-C BDEs of the inserted products are of similar magnitude, the enthalpic factors
that dictate the relative propensity for C=X insertion into M-C bonds are the difference in
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C=X/C-X BDEs and the relative M-X BDEs making general predictions for classes of
substrates complex. Scheme 2.5 shows some estimations for the BDE for C=C, C=N and
C=O bonds converting to C-C, C-N and C-O, respectively. These data suggest that C=C
insertion should be most favorable. Another potential difference between insertion reactions
involving C=X bonds and those involving C=C bonds is the access to both monohapto and
dihapto coordination modes for the former while the latter is restricted to dihapto
coordination (Scheme 2.6).

Scheme 2.5. Comparison of H for insertion of C-X bonds into M-R' bond.

Scheme 2.6. Mono-hapto ( 1) and dihapto ( 2) coordination modes of C=X substrates
compared to di-hapto ( 2) coordination of olefins.

An increased understanding of the factors that dictate the course of insertion reactions
involving C-N or C-O multiple bonds could lead to the development of new pathways for
carbon-carbon bond formation. For example, several advances in catalytic transformations of
aromatic carbon-hydrogen bonds have been recently reported.31-49 Due in part to the atom
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economical nature of these transformations, the addition of carbon-hydrogen bonds across
multiple bonds has emerged as a promising area within organic synthesis (Scheme 2.7).37, 5057

Our group has been exploring the utilization of Ru(II) complexes for the catalytic

hydroarylation of olefins (Scheme 2.8).58-66 For example, TpRu(CO)(NCMe)Ph (1) {Tp =
hydridotris(pyrazolyl)borate} catalyzes the hydroarylation of ethylene and

-olefins, and

heteroaryl systems of the type TpRu(CO)(NCMe)Ar (Ar = 2-thienyl or 2-furyl) catalyze the
regioselective addition of furan or thiophene 2-position C-H bonds across the C=C bond of
ethylene (see Ch. 1).58,

59, 63

Initially, our studies have focused on the hydroarylation of

olefins; however, extension of the C-C bond-forming step to unsaturated substrates other
than olefins would expand the synthetic utility of such reactions (Scheme 2.9).

Scheme 2.7. Representation of hydroarylation, and how it could impact organic synthesis.

Scheme 2.8. Catalytic hydroarylation of olefins (benzene and ethylene shown) using
TpRu(L)(NCMe)Ph.
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Scheme 2.9. Proposed addition of aromatic C-H bonds across C=X multiple bonds catalyzed
by octahedral RuII complexes.

Another challenge for incorporation of these insertion reactions into a catalytic cycle
is that the intermolecular hydroarylation of ketones, imines, and aldehydes (i.e., addition of
an aromatic C-H bond across the C=X unsaturated bond) is often thermoneutral or in some
cases unfavorable by change in enthalpy (see Scheme 2.5). The intermolecular addition of a
carbon-hydrogen bond of benzene across an imine or ketone double bond is often an
endergonic reaction. This is due at least in part to the unfavorable change in entropy.
However, intramolecular variants are often thermally viable due to negligible entropic
contributions (Scheme 2.10). In addition, the intermolecular hydroarylation of isonitriles has
been reported and is a thermodynamically favorable reaction.

Scheme 2.10. Proposed thermodynamically favorable C=X hydroarylation reactions.

Herein, we report on experimental and computational studies that are directed toward
1) establishing boundaries and rationalization for propensity of C=X multiple bond insertion
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reactions with the Ru(II) phenyl complexes TpRu(L)(NCMe)Ph {L = CO (1); L = PMe3 (2)},
and 2) attempted catalytic intramolecular hydroarylation of C=X substrates as well as interand intramolecular hydroarylation of isonitriles (Scheme 2.11). To accomplish goal 1, we
have studied the stoichiometric reactivity of 1 and 2 with various C=X unsaturated substrates.
In addition, DFT calculations were carried out to further delineate the thermodynamics and
kinetics for C=X insertion reactions involving complexes 1 and 2.67,

68

Finally, in a

collaboration with the computational chemistry group of Professor Thomas R. Cundari
(University of North Texas), we have studied the possibility of the hydroarylation of
isonitriles catalyzed by TpRu(L)(NCMe)(Ph) complexes.

Scheme 2.11. Proposed catalytic cycle for RuII-mediated intramolecular hydroarylation of
C=X substrates {(L = CO (1) or PMe3 (2)}.

2.2

Results and Discussion
The results and discussion section is divided into experimental and theoretical studies.

The theoretical calculations were performed by Professor Thomas R. Cundari at the
University of North Texas and are a complement to the experimental work completed at
North Carolina State University.

Following each section of experimental results the
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computational studies that correspond with those particular results are presented. Unless
stated otherwise, all calculated parameters are free energies ( G or

G‡) at 298K. The

computational studies utilize the “Tab” ligand {(tris(azo)borate)} to model the full hydridotris(pyrazolyl)borate (Tp), HCN was used to model acetonitrile (MeCN) and PH3 was used to
model trimethylphosphine (PMe3). In previous research, Tab reproduced the structure and
energetics of the full Tp ligand in potential energy surfaces for C-H activation to within ≤ 2%
and ~ 2 kcal/mol, respectively.58, 59, 61-63
The insertion of ethylene and other -olefins into the Ru-Ph bond of 1, and related
systems, is a key step in the catalytic hydroarylation of olefins (Scheme 2.12).58 Thus, in
order to enter a hydroarylation catalytic cycle with imines, ketones and related unsaturated
substrates, the coordination and insertion of the C=X substrate must be accessible. Our
initial attempts were to observe discrete C=X insertion into the Ru-Ph bond of complex 1,
which is known to coordinate and insert olefins.

Scheme 2.12.
Coordination and insertion of ethylene (C=C substrate) with
TpRu(L)(NCMe)Ph systems is shown on the left and targeted C=X insertion pathway shown
in red on the right.
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Initial reactivity was studied with TpRu(CO)(NCMe)Ph (1) and imines and ketones
(e.g., acetophenone, acetone, N-benzylideneaniline, and N-benzylidenemethylamine) to
determine if insertion of the C=X substrate is accessible (Scheme 2.13). Unfortunately,
initial results from heating complex 1 in the presence of a ketone or imine resulted in the
decomposition of 1 to NMR silent species (1H NMR spectroscopy).

The observed

decomposition of 1 to NMR silent complexes is similar to observations in the absence of
added ketone or imine.59 Thus, we presume 1 does not react with ketones or imines.

Scheme 2.13. Insertion was not observed of imines and ketones into the Ru-Ph bond of 1
was not observed.

In an effort to determine the reason for the lack of ketone/imine insertion into the RuPh bond of 1, theoretical calculations were performed. To observe insertion of a substrate
into the Ru-Ph bond of complex 1, coordination to the Ru metal center is necessary, which is
proposed to occur through reversible acetonitrile dissociation as previously observed for
catalytic hydroarylation of olefins by complex 1.58,

59, 61-63, 69

Methyleneimine and

formaldehyde were used to model imine and ketone insertions, respectively. In addition,
calculations on ethylene insertion, which has been experimentally observed (see above),59
were undertaken in order to compare with calculations for imine/ketone insertion.
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First, the binding energy of the substrates to {TpRu(CO)(Ph)} were calculated.
Scheme 2.14 shows the calculated free energy change upon coordination of methyleneimine,
ethylene and formaldehyde to the five-coordinate, 16-electron model {(Tab)Ru(CO)(Ph)}.
According to the calculations, the relative binding free energies for the most stable
coordination modes are

-coordinated methyleneimine (-18.0 kcal/mol) >

-coordinated

ethylene (-10.8 kcal/mol) > -coordinated formaldehyde (-4.5 kcal/mol).

Scheme 2.14. Calculated binding free energies (kcal/mol, 298 K) of methyleneimine,
ethylene, and formaldehyde to {(Tab)Ru(CO)(Ph)}.

Starting from the

-coordinated ethylene,

-formaldehyde, or

-methyleneimine

complex, the insertion of ethylene and formaldehyde are calculated to be overall
thermodynamically favorable by -5.5 and -10.1 kcal/mol, respectively, and the insertion of
HN=CH2 is calculated to be thermally disfavored by 8.3 kcal/mol (Scheme 2.15). The
calculated barriers for the insertion step reveal that the relative rates should follow the trend
(calculated free energies of activation given in parentheses): formaldehyde (10.4 kcal/mol) >
ethylene (18.6 kcal/mol) > methyleneimine (27.0 kcal/mol).

Scheme 2.15 depicts the

calculated structures of the transition states for insertion of methyleneimine and
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formaldehyde. The transition states possess planar, four-centered active sites similar to that
previously found for the insertion of ethylene into the Ru-Ph bond of (Tab)Ru(CO)(Ph).59
The isomerization of (Tab)Ru(CO)(Ph)(L) (L = methyleneimine or formaldehyde) from the
more stable -coordination mode to the -coordination mode is calculated to be significantly
less favorable for methyleneimine ( G = +14.0 kcal/mol) than for formaldehyde ( G = +2.3
kcal/mol), a result that is potentially exacerbated experimentally by substitution of the
hydrogen atoms on the imine with more sterically alkyl or aryl substituents (Scheme 2.16).
Thus, the calculations suggest that observation of imine insertion may be kinetically inhibited
by, among other possibilities, unfavorable isomerization to the -coordination mode from the
more favorable -coordination mode, which is likely a result of the strong -donor character
of the imine ligand relative to the more weakly donating -coordinated aldehyde or ketone.
Experimentally, the insertion of ethylene into the Ru-Ph bond of complex 1 in NCMe to
produce TpRu(CO)(NCMe)(CH2CH2Ph) has been directly observed, and the complex
TpRu(CO)(NCMe)(CH2CH2Ph) was isolated and fully characterized.70-76 These results are
consistent with the calculated favorable coordination of ethylene and relatively low free
energy of activation for ethylene insertion into the Ru-Ph bond (Scheme 2.15).
Given that formaldehyde insertion is calculated to be thermally favorable by a
substantially large and negative G ( G = -10.1 kcal/mol) and calculated to proceed with a
relatively low free energy of activation ( G‡ = 10.4 kcal/mol), the failure to observe insertion
reactions of ketones when reacted with TpRu(CO)(NCMe)Ph is likely attributable to
relatively weak coordination of the carbonyl group to the metal center and thus an inability to
displace the acetonitrile ligand (Scheme 2.14 and 2.16).
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The

G for coordination of

formaldehyde (both - and -coordination) to {(Tab)Ru(CO)Ph} are calculated in Scheme
2.14. We have previously calculated the binding of NCH to (Tab)(Ru(CO)(NCH)Ph, and
from these data the G for NCH/OCH2 can be calculated. As shown in Scheme 2.17 the G
for coordination ( ) of formaldehyde to (Tab)Ru(CO)(NCH)Ph is endergonic by 8.2
kcal/mol.

Furthermore,

the

G

for

coordination

(Tab)Ru(CO)(NCH)Ph is endergonic by 11.5 kcal/mol.

( )

of

formaldehyde

to

Not only is the formation of

(Tab)Ru(CO)( -OCH2)Ph a prerequisite for C=O insertion, the very endergonic G (+11.5
kcal/mol) is likely further exacerbated experimentally when the hydrogens of formaldehyde
have been replaced with more sterically bulky alkyl or aryl groups.
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Scheme 2.15. DFT calculations for the activation barriers and ground state energies of
ethylene, methyleneimine, and formaldehyde insertion into the Ru-Ph bond of the
computational model (Tab)Ru(CO)Ph. Values are free energies ( G or G‡) at 298 K.
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Scheme 2.16. Calculated free energy changes for conversion of the -coordination to the coordination for methyleneimine and formaldehyde.

Scheme 2.17.
G for the formation of (Tab)Ru(CO)( -OCH2)Ph and (Tab)Ru(CO)( OCH2)Ph from (Tab)Ru(CO)(NCH)Ph and formaldehyde at 298 K.
The reactivity of complex 1 with aldehydes was also studied. As with ketones the
insertion of the C=O double bond of an aldehyde into the Ru-Ph bond of 1 would give an
alkoxide complex. Rather than C=O insertion into the Ru-Ph bond, heating 1 in the presence
of benzaldehyde produces the cis-dicarbonyl complex TpRu(CO)2Ph (3) (Scheme 2.18).
Complex 3 is characterized by symmetric and asymmetric stretches for the CO ligands in the
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IR spectrum at 2041 cm-1 and 1973 cm-1, respectively, as well as 1H (Figure 2.1) and

13

C

(Figure 2.2) spectra consistent with Cs molecular symmetry. In addition, the reaction of 3 in
refluxing acetonitrile with trimethylamine-N-oxide (Me3NO) results in the formation of 1 via
oxidative removal of a CO ligand as CO2 (Scheme 2.18).

Scheme 2.18. Production of cis-dicarbonyl complexes through the metal-mediated
decarbonylation of aldehydes.
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Figure 2.1. 1H NMR spectrum of TpRu(CO)2Ph (3) in CDCl3.
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Figure 2.2.

13

C NMR spectrum of TpRu(CO)2Ph (3) in CDCl3.

The formation of complex 3 from 1 and benzaldehyde is a net decarbonylation of
benzaldehyde mediated by 1 (Scheme 2.18). Transition metal-mediated decarbonylation of
aldehydes is a relatively common reaction, and both stoichiometric and catalytic
decarbonylation reactions have been reported.77 For example, a Ru(II) porphyrin system
catalyzes the decarbonylation of primary aldehydes; however, the reaction is believed to go
through a radical mechanism.78, 79 Rh(I) systems based on Wilkinson’s catalyst have been
found to facilitate catalytic decarbonylation reactions, but require stoichiometric amounts of
a CO abstraction reagent.72, 73 In contrast, both monomeric and dinuclear Rh(I) systems have
been developed to catalytically decarbonylate aldehydes without the addition of CO
abstraction reagents.59, 80
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A possible mechanism for the decarbonylation of benzaldehyde by 1 involves initial
aldehydic C-H bond activation followed by deinsertion of CO from the acyl ligand (Scheme
2.19). The reaction of 1 with para-tolualdehyde was attempted, which would potentially
form two different sets of products, TpRu(CO)2Ph/toluene or TpRu(CO)2(p-tolyl)/benzene,
depending on whether the free benzene produced from the reaction of 1 with benzaldehyde
comes from the aldehyde or the phenyl ligand of 1 (Scheme 2.20). Heating 1 in the presence
of para-tolualdehyde exclusively produces the cis-dicarbonyl complex TpRu(CO)2(p-tolyl)
(4) (Scheme 2.21) which is consistent with a mechanism involving initial aldehydic C-H
activation to produce benzene (Scheme 2.19). Complex 4 is characterized by symmetric and
asymmetric stretches for the CO ligands in the IR spectrum at 2039 cm -1 and 1971 cm-1,
respectively, as well as 1H (Figure 2.3) and

13

C (Figure 2.4) spectra consistent with Cs

molecular symmetry. In addition, a crystal suitable for an X-ray diffraction study was
grown. The ORTEP of complex 4 is shown in Figure 2.5 along with selected bond distances
and angles, which definitively shows the methyl group para to Ru. Table 2.1 presents
selected crystallographic data and collection parameters.

Regardless of the specific

mechanism of C-H activation, the production of benzene indicates that the pathway for
decarbonylation involves the activation of an aldehyde C-H bond and subsequent (or
simultaneous) C-H bond formation with the phenyl ligand of 1 to produce benzene. Thus,
the aryl groups coordinated to Ru in the final dicarbonyl products TpRu(CO)2Ar {Ar = Ph
(3) or p-tolyl (4)}are derived from the aldehyde.
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Scheme 2.19.
Proposed mechanism of aldehyde decarbonylation mediated by
TpRu(CO)(NCMe)Ph (1).

Scheme 2.20.
Possible inorganic and
TpRu(CO)(NCMe)Ph (1) with p-tolualdehyde.

92

organic

products

upon

reaction

of

Figure 2.3. 1H NMR spectrum of TpRu(CO)2(p-tolyl) (4) in CDCl3.

Figure 2.4.

13

C NMR spectrum of TpRu(CO)2(p-tolyl) (4) and excess pentane in CDCl3.
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Figure 2.5. ORTEP (30% probability) of TpRu(CO)2(p-tolyl) (4) (hydrogen atoms have
been omitted for clarity); selected bond lengths (Å) and bond angles (deg): Ru1-C10
1.857(2); Ru1-C11 1.866(2); Ru1-C12 2.087(2); Ru1-N1 2.120(1); Ru1-N3 2.177(2); Ru1N5 2.122(1); Ru1-C12-C13 124.7(2); C12-Ru1-C10 89.19(8); C12-Ru1-C11 89.71(8); N1Ru1-N3 83.69(5); N1-Ru1-N5 85.08(5); N3-Ru1-N5 85.15(5); C12-Ru1-N3 172.50(6); Ru1C10-O1 179.1(2); Ru1-C11-O2 178.2(2); C10-Ru1-C11 90.07(8).

Table 2.1. Selected crystallographic data for TpRu(CO)2(p-tolyl) (4).
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Scheme 2.21. Reaction of TpRu(CO)(NCMe)Ph (1) with p-toluladehyde.

DFT calculations were performed to delineate the details of the aldehyde C=O
insertion (not experimentally observed) into the Ru-Ph bond of 1 versus decarbonylation of
aldehydes (experimentally observed) as shown in Scheme 2.22. Calculations reveal that
aldehyde insertion into the Ru-Ph bond of (Tab)Ru(CO)(Ph) should be facile and favorable
(see above).

However, the reaction of TpRu(CO)(NCMe)Ph with benzaldehyde or p-

tolualdehyde results in decarbonylation reactions to produce benzene and TpRu(CO)2Ar (Ar
= Ph or p-tolyl). As observed above, the net decarbonylation reactions likely proceed by
cleavage of an aldehyde C-H bond, C-H bond formation with the phenyl ligand (to produce
benzene), and deinsertion of CO from an acyl ligand. We have reported that fragments of the
type {TpRu(CO)(R)} (R = alkyl or aryl) can react with aromatic C-H bonds to produce free
R-H and {TpRu(CO)(Ar)} systems with calculated transition states that involve concerted CH bond breaking and R-H bond formation (Figure 2.6).59,

61, 63, 64

The C-H activation

transition state for formaldehyde is structurally similar to previously calculated

-bond

metathesis-type transition states for TpRu(L)R systems.55, 80 In the calculated transition state,
the Ru is within bonding distance with the trans-annular hydrogen atom, which has been
previously referred to as an oxidative hydrogen migration.59 The calculated aldehydic C-H
activation possesses a relatively small

G‡ (18.6 kcal/mol) compared with analogous

calculated G‡ value for benzene C-H activation (21.2 kcal/mol) by {(Tab)Ru(CO)(Me)}63
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but is larger than the corresponding value for furan C-H activation (17.4 kcal/mol).81-86
These results suggest that if decarbonylation can be avoided, catalysts for the addition of
aldehyde C-H bonds across olefin C=C bonds might be possible with closely related Ru(II)
systems. The calculations indicate that aldehyde C-H activation has a more substantial
activation barrier than insertion of the C=O bond into the Ru-Ph bond by 8.2 kcal/mol;
however, the initial products of aldehyde C-H activation (benzene and a formyl complex) are
more stable than the product of C=O insertion by 3.2 kcal/mol (Scheme 2.22). Furthermore,
the decarbonylation step to produce (Tab)Ru(CO)2(H) is highly favorable and is calculated to
produce

products

that

are

46.9

kcal/mol

more

stable

than

starting materials

{(Tab)Ru(CO)(Ph) and CH2O}. Thus, the calculations suggest that carbonyl insertion is
kinetically feasible but is likely difficult to observe due to facile and thermally favorable
decarbonylation.
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Scheme 2.22. DFT calculations for the activation barriers and ground state energies of
formaldehyde insertion into the Ru-Ph bond versus decarbonylation mediated by the
computational model (Tab)Ru(CO)Ph. Values are free energies ( G or G‡) at 298 K.

Figure 2.6.
Proposed transition state for aldehydic C-H bond cleavage by
TpRu(CO)(benzaldehyde)Ph.

As discussed above, the insertion of methyleneimine into the Ru-Ph bond of
(Tab)Ru(CO)Ph is endergonic ( G = 8.3 kcal/mol) and has a relatively high activation
barrier ( G‡ = 27.0 kcal/mol) (Scheme 2.14). However, as shown in Scheme 2.14, the coordination of methyleneimine to (Tab)Ru(CO)Ph is exergonic ( G = -18.0 kcal/mol).
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Thus, we were interested in exploring if we could kinetically “trap” a C=N insertion product
via formation of a stable chelate (Scheme 2.23). In order to do this we chose carbodiimides
as our imine source since there is an adjacent nitrogen atom present that could form a chelate,
and the formation of the resulting chelating amidinate N,N-coordinated complex should be
highly thermodynamically favorable.

Scheme 2.23. Proposed rationale for trapping a C=N bond insertion through formation of a
thermodynamically stable chelated complex.

The reaction of TpRu(CO)(NCMe)Ph (1) with either N,N'-diphenylcarbodiimide or
N,N'-di-n-hexylcarbodiimide results in the formation of the corresponding Ru(II) amidinate
complexes

TpRu(CO){N,N-(Ph)NC(Ph)N(Ph)}

(5)

and

TpRu(CO){N,N-(n-

hexyl)NC(Ph)N(n-hexyl)} (6), respectively (Scheme 2.24). The amidinate complexes 5 and
6 are characterized by
1

CO

= 1937 cm-1 and 1929 cm-1, respectively, in their IR spectra and

H NMR (Figures 2.7 and 2.8) and

13

C NMR (Figures 2.9 and 2.10) spectra that are

consistent with Cs molecular symmetry.

The formation of these amidinate complexes

represents a formal insertion of a C=N bond into the Ru-Ph bond of 1 to form a new C-C
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bond (Scheme 2.23). Insertions of carbodiimide C=N bonds into M-R (R = alkyl or aryl)
bonds of electron deficient early transition metals, lanthanide and main group metals are
relatively common.87 Novak et al. have reported Cu(II) amidinate complexes for the living
polymerization of carbodiimides with catalytic activity equal to that of Ti(IV) systems. 88 For
ruthenium complexes, amidinate ligands are typically used as spectator ligands because of
their bidentate nature, strong binding to the metal center and electronic tunability.89, 90 The
stability of amidinate complexes is displayed in the octahedral TpRu(II) amidinate
complexes 5 and 6. For example, prolonged heating of a solution of 5 or 6 in C6D6 results in
neither an observable chemical reaction nor decomposition of the complex.

Scheme 2.24. Formation of amidinate complexes 5 and 6 through C=N insertion into the RuPh bond of 1 and subsequent chelation of second nitrogen.
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Figure 2.7. 1H NMR spectrum of TpRu(CO){N,N-(Ph)NC(Ph)N(Ph)} (5) CDCl3.

Figure 2.8. 1H NMR spectrum of TpRu(CO){N,N-(n-hexyl)NC(Ph)N(n-hexyl)} (6) CDCl3.
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Figure 2.9.

13

Figure 2.10.
CDCl3.

C NMR spectrum of TpRu(CO){N,N-(Ph)NC(Ph)N(Ph)} (5) CDCl3.

13

C NMR spectrum of TpRu(CO){N,N-(n-hexyl)NC(Ph)N(n-hexyl)} (6)
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To gain further insight into the formation of the amidinate complexes 5 and 6
(Scheme 2.24), computational studies were performed. Scheme 2.25 depicts calculated free
energy changes for the insertion of HN=C=NH into the Ru-Ph bond of {(Tab)Ru(CO)(Ph)}
using the -coordination mode of the carbodiimide. In contrast to methyleneimine ( G = +
8.3 kcal/mol, Scheme 2.14), the insertion of a C=N bond of HN=C=NH into the Ru-Ph bond
of 1 is calculated to be exergonic by 10.0 kcal/mol with an activation barrier of 25.1 kcal/mol
(Scheme 2.25), which is similar to the barrier for methyleneimine insertion (27.0 kcal/mol,
Scheme 2.15). Although the insertion of carbodiimide C=N bond into the Ru-Ph bond is
calculated to have a similar free energy of activation compared to insertion of the imine
HN=CH2, it is calculated to be substantially more favorable thermodynamically with G = 10.0 kcal/mol compared to + 8.3 kcal/mol for methyleneimine. As expected, the formation
of a chelating amidinate ligand is calculated to be quite favorable with an overall change in
free energy of -22.4 kcal/mol versus the product of initial carbodiimide C=N insertion. Thus,
conversion of (Tab)Ru(CO)(Ph)(HN=C=NH) to the amidinate complex (Tab)Ru(CO)( 2N,N-HNC(Ph)NH) is calculated to be favorable by a substantial -32.4 kcal/mol.

The

computational results for methyleneimine and the parent carbodiimide suggest that the
experimentally observed differences between carbodiimides (net insertions observed) and
imines (net insertions not observed) may be derived from ground state thermodynamic
differences rather than activation barriers for the putative C=N insertion steps. The calculated
activation barriers for the insertion of methyleneimine and the parent carbodiimide into the
Ru-Ph bond of (Tab)Ru(CO)(Ph) are quite similar with
the stable

G‡ = 1.9 kcal/mol. In both cases,

-coordination mode likely contributes to the calculated substantial Gibbs free
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energy of activation. Furthermore, conversion of the product from carbodiimide C=N
insertion to a chelating amidinate ligand provides a significant driving force and an
additional 22.4 kcal/mol of stabilization.

Scheme 2.25. DFT calculations for the activation barriers and ground state energies of
carbodiimide insertion into the Ru-Ph bond mediated by the computational model
(Tab)Ru(CO)Ph and chelation to form amidinate complex. Values are free energies ( G or
G‡) at 298 K.

To explore if formation of a chelating ligand allows access to C=X insertion as
observed with carbodiimides, reactivity with carboxamides was explored. For example, the
reaction of 1 with a carboxamide could potentially undergo an insertion of the C=O double
bond into the Ru-Ph bond with subsequent chelation through the nitrogen lone pair of the
amide functionality. Heating N-methylacetamide with complex 1 results in the formation of
the amidate complex TpRu(CO){O,N-OC(Me)N(Me)} (7) and benzene (Scheme 2.26).
Complex 7 was observed by 1H NMR and IR spectroscopy (
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CO

= 1944 cm-1) only.

Numerous attempts were made to isolate the complex, but were thwarted due to the inability
to separate it from excess N-methylacetamide (see Experimental Section). However, the
spectroscopic data are consistent with the formation of the amidate complex 7. The 1H NMR
spectrum of 7 is consistent with an asymmetric complex, where each methyl group of the
amidate moiety resonates as a singlet (each integrate for 3H), and the Tp region is consistent
with an asymmetric complex with three signals for the Tp-4 hydrogens (each a triplet) and
five signals (one coincidental overlap) for the Tp-3/5 hydrogens (each a doublet). A 1H
NMR spectrum of 7 is shown in Figure 2.11.

Scheme 2.26. Formation of amidate complex 7 through carboxamide N-H bond cleavage
and chelation.

104

Figure 2.11. 1H NMR spectrum of TpRu(CO){O,N-OC(Me)N(Me)} (7) and excess Nmethylacetamide in CDCl3.
Instead of insertion/chelation, as observed with carbodiimides, complex 1 mediates
N-H bond activation of the carboxamide N-methylacetamide to produce benzene and the
amidate complex 7.

Reports of reactions with transition metal systems that involve

activation of carboxamide N-H bonds are relatively rare.58, 59, 61, 63, 91 To provide evidence
that the released benzene is derived from N-H activation of the carboxamide, the N-H was
replaced with a methyl group. Heating complex 1 with N,N-dimethylacetamide results in the
decomposition of complex 1 to NMR silent species (1H NMR spectroscopy), which, though
not definitive, is in agreement with the N-H bond being necessary for the reaction.
Last, the reaction of complex 1 with isonitriles was studied in an effort to observe
1,1-C≡N bond insertion into the Ru-Ph bond.

As stated in the introduction, isonitrile

insertion represents a more prevalent example of C-X bond insertion. Heating 1 in the
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presence of t-butylisonitrile produces the new Ru complex TpRu(CO)(CNtBu)Ph (8)
(Scheme 2.27), which was isolated and fully characterized. Complex 8 is characterized by a
CO

= 1952 cm-1 and

CN

= 2143 cm-1 in the IR spectrum, and 1H NMR (Figure 2.12) and 13C

NMR spectra (Figure 2.13) consistent with C1 molecular symmetry where the acetonitrile
ligand of 1 has been replaced with t-butylisonitrile. Attempts were made to observe the 1,1insertion of the C≡N bond of the bound t-butylisonitrile into the Ru-Ph bond of 8. Neither
heating (120 ºC) nor photolysis of 8 in benzene-d6 produced the imine PhC(D)N(tBu), which
would be the organic product of hydroarylation of t-butylisonitrile in the deutarated arene
solvent. As shown in Scheme 2.28, this attempted reaction would require the 1,1-insertion of
the isonitrile as well as coordination and activation (C-D) of benzene-d6.

Scheme 2.27. Formation of ligand exchange products TpRu(CO)(CNtBu)Ph (8) and
TpRu(CO)(PMe3)Ph (10), and equilibrium with 8/PMe3 and isonitrile insertion product,
TpRu(CO){C(Ph)=N(tBu)}(PMe3) (9).
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Scheme 2.28. Proposed mechanism for the hydrophenylation of t-butylisonitrile in benzened6.
In an effort to detect 1,1-insertion of the isonitrile, we attempted to trap the product
with Lewis bases (Scheme 2.29). A solution of 8 in acetonitrile-d3 was both heated and
photolyzed

(in

separate

experiments)

to

potentially

form

TpRu(CO){C(Ph)=N(tBu)}(NCCD3); however, no reaction was observed after heating to 100
ºC or photolysis of the mixture for several hours. Assuming the insertion is kinetically
accessible but thermodynamically unfavorable with the relatively poor ligands benzene or
acetonitrile, the reaction was attempted with a more strongly donating ligand to trap the
putative isonitrile insertion product. Heating 8 in the presence of trimethylphosphine results
in the production of the insertion product TpRu(CO){C(Ph)=N(tBu)}(PMe3) (9) in
equilibrium with starting materials (Scheme 2.27). Since complex 9 was found to be in a
thermodynamic equilibrium with starting materials, its isolation was not possible. However,
spectroscopic data are consistent with formation of the insertion product. For example, in the
IR spectrum a reduction in the intensity of the CN stretch (of complex 8) is observed and a
new CO stretch at 1927 cm-1 is observed. These two observations are consistent with
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insertion of the isonitrile ligand and not the carbonyl ligand. The latter would produce a

CO

at much lower energy (Scheme 2.30). In the 1H NMR spectrum (Figure 2.12) a new singlet
for the tBu group is observed (1.21 ppm), a new doublet for the bound PMe3 (1.27 ppm, 3JPH
= 10 Hz), and the 31P NMR spectrum (Figure 2.14) reveals a singlet (10.5 ppm) in addition to
the free PMe3 (-62.2 ppm). Lastly, to confirm formation of the insertion product 9 rather
than simple PMe3/CNtBu ligand exchange to produce TpRu(CO)(PMe3)Ph, complex 1 was
reacted with trimethylphosphine to produce TpRu(CO)(PMe3)Ph (10), which was isolated
and fully characterized (Scheme 2.26; 1H NMR spectrum, Fig. 2.15; 13C NMR spectrum, Fig.
2.16).

Scheme 2.29. Attempt to trap the 1,1-insertion product with acetonitrile-d3.

Scheme 2.30. Proposed products of CO and CN 1,1-insertion into the Ru-Ph bond.
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Figure 2.12. 1H NMR spectrum of TpRu(CO)(CNtBu)Ph (8) in CDCl3.

Figure 2.13.

13

C NMR spectrum of TpRu(CO)(CNtBu)Ph (8) in CDCl3.
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Figure 2.14. 1H and 31P NMR spectra of TpRu(CO){C(Ph)=N(tBu)}(PMe3) (9) in
equilibrium with TpRu(CO)(CNtBu)Ph (8) and PMe3 in toluene-d8.

Figure 2.15. 1H NMR spectrum of TpRu(CO)(PMe3)Ph (10) in CDCl3.
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Figure 2.16.

13

C NMR spectrum of TpRu(CO)(PMe3)Ph (10) in CDCl3.
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Figure 2.17. van’t Hoff plot for the temperature dependence on Keq for 8/free PMe3 and 9
(R2 = 0.96).
Though slow relative to the 1H NMR and 31P NMR timescales, the exchange between
1/PMe3 and 9 is relatively facile at room temperature as indicated by conversion back to
complex 1 when PMe3 is removed from the reaction mixture. The rapid establishment of
equilibrium allowed for the determination of Keq as a function of temperature and, hence, the
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thermodynamic parameters H and S using a van’t Hoff analysis (Scheme 2.31). A plot of
the ln(Keq) versus 1/T produces a straight line (Figure 2.17), which was used to calculate H
= 9 (1) kcal/mol and S = 20 (3) eu. The large and positive change in entropy { S = 20 (3)
eu} is surprising as one would expect a negative S (or at the most negligible) is anticipated
for a bimolecular reaction (Scheme 2.27).

Scheme 2.31. Derivation of van’t Hoff equation.

Free energy changes for insertion of isonitrile into the Ru-Ph bond of
(Tab)Ru(CO)(Ph)(C≡NH) and subsequent coordination of PH3 were calculated (Scheme
2.32).

The initial insertion is calculated to occur with

G‡ = 17.9 kcal/mol and an

unfavorable change in free energy of G = +5.0 kcal/mol. Coordination of PH3 is calculated
to stabilize the insertion product by -7.5 kcal/mol relative to the product of insertion,
providing an overall G = -2.5 kcal/mol for the conversion of (Tab)Ru(CO)(Ph)(C NH) and
PH3 to (Tab)Ru(CO){C(Ph)NH}(PH3). The calculations are qualitatively consistent with
experimental results discussed above.

For example, heating a benzene solution of

TpRu(CO)(CNtBu)Ph (8) in the absence of phosphine results in no observed changes;
however, heating 8 in the presence of PMe3 allows observation of an equilibrium between
8/PMe3 and the insertion product TpRu(CO){C(Ph)=NtBu}(PMe3) (9).
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Scheme 2.32. DFT calculations for the activation barriers and ground state energies of
isonitrile insertion into the Ru-Ph mediated by the computational model (Tab)Ru(CO)Ph, and
trapping of the insertion product with phosphine. Values are free energies ( G or G‡) at
298 K.

Although isonitrile insertion is observed with complex 1, catalytic hydroarylation of
the isonitrile (from benzene and excess t-butylisonitrile) does not occur (Scheme 2.33). For
example, attempted catalytic hydrophenylation of t-butylisonitrile using complex 1 or 9 in
C6H6 does not result in the production of N-benzylidene-t-butylamine at temperatures up to
120 ºC. Given that the isonitrile insertion is accessible, which is a key step in the overall
catalytic cycle, the failure to observe production of free imine, which would occur through
benzene coordination and C-H activation, is most likely attributable to a substantial kinetic
barrier to aromatic C-H activation by the Ru-iminoacyl system. Although complexes of the
type TpRu(L)(aromatic)R (R = alkyl or aryl) have been demonstrated to initiate aromatic C-
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H activation to produce TpRu(L)(aryl) and R-H,92 it is possible that when R = iminoacyl the
reduced basicity of the iminoacyl ligand (relative to a simple alkyl or aryl ligand) increases
the free energy of activation for the C-H bond cleavage (Figure 2.18).

Scheme 2.33. Net reaction (not observed) for the hydrophenylation of t-butylisonitrile
catalyzed by TpRu(CO)(CNtBu)Ph (8).

Figure 2.18. Proposed change in activation barriers of benzene C-H activation at an
iminoacyl ligand versus an alkyl ligand.

Calculations focused on aromatic C-H activation mediated by {TpRu(L)R} fragments
reveal that the transition state is best described as a -bond metathesis type transformation
(i.e., no oxidative addition intermediate is identified) in which a close Ru-H contact (Ru-H
distance = 1.61 Å for the calculated transition state for benzene C-H activation by
TpRu(CO)Me)80 is calculated for the trans-annular hydrogen (see Ch 1). The close Ru-H
contact suggests the possibility of "oxidative character" for the C-H activation step, and
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hence, increased electron density at the metal center might facilitate the reaction and
therefore potentially render the hydroarylation of isonitriles accessible. As discussed in
Chapter 1, Gunnoe and Cundari have discussed the mechanism of C-H activation by
complexes of the type {TpRu(L)R} in terms of an intramolecular proton transfer (IPT, Figure
2.19)),64, 92 which is consistent with a combined experimental and computational Hammett
study was performed with TpRu(L)(NCMe)Ph to determine if there was any electrophilic
character in the C-H activation event.93 In this model, the ligand receiving the activated
hydrogen is best viewed as an intramolecular base.

According to this model of C-H

activation the reduced basicity of the iminoacyl ligand of TpRu(L){C(Ph)=N(tBu)}(Ph)
would increase the

G‡ for C-H activation. Indeed, recent studies from our group have

demonstrated that a Ru(II) complex with a cyanomethyl ligand (i.e., {TpRu(PMe3)(CH2CN})
does not initiate C-H activation.65 The rationalization for failed aromatic C-H activation is
the same, the CH2CN ligand is not sufficiently basic. Combined, these studies suggest that
C-H activation depends on a) the basicity of the ligand that receives the activated H (i.e., the
proton), b) electron density at Ru (since it back donates to H in the transition state). C-H
Activation by TpRu(L){C(Ph)=N(tBu)}(benzene) likely fails because of criterion “a.”

Figure 2.19. Proposed transition state for intramolecular proton transfer (IPT).
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Next, we pursued possible hydroarylation of isonitriles using complexes of the type
TpRu(PMe3)(C≡NR)R with the strongly donating PMe3 substituted for CO of complex 1.
The more electron-rich TpRu(PMe3)(NCMe)Ph (2) has been previously synthesized and
studied for olefin hydroarylation catalysis (see Chapter 1).61 Complex 2 was found to not be
active for hydroarylation of ethylene due to a competitive ethylene C-H activation;61
however, we envisioned that if 1,1-isonitrile insertion was kinetically accessible, then using
the more electron-rich PMe3 system would reduce the

G‡ to benzene C-H activation

(compared to the CO complex 1). Consistent with this notion, benzene C-H activation by
TpRu(PMe3)(NCMe)Ph is ~ 3 times more rapid than TpRu(CO)(NCMe)Me.61 The reaction
of TpRu(PMe3)(NCMe)Ph (2) with t-butylisonitrile results in the ligand exchange product,
TpRu(PMe3)(CNtBu)Ph (11).23 Neither prolonged heating (100 ºC) nor photolysis of 11 in
C6D6 affords 1,1-insertion of the isonitrile (in the presence of excess CNtBu or PMe3) or
production of imine (N-benzylidene-t-butylamine) (Scheme 2.34).

Scheme 2.34. Possible products from reaction of TpRu(PMe3)(CNtBu)Ph (11) with CNtBu
or PMe3. No reaction observed.
The substitution of PMe3 for CO either renders the isonitrile insertion
thermodynamically unfavorable or results in a substantial increase in the activation barrier
for isonitrile insertion.

Calculations on model complexes support the thermodynamic
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argument as the calculated G‡'s (~ 18 kcal/mol) for isonitrile insertion into the Ru-Cipso bond
of (Tab)Ru(L)(Ph)(CNH) {Tab = tris(azo)borate; L = CO or PH3} are identical for the coligands PH3 or CO (Scheme 2.35). However, isonitrile insertion and subsequent coordination
of PH3 {(Tab)Ru(L)(Ph)(CNH) + PH3  (Tab)Ru(L)(PH3)(C(=NH)Ph)} is calculated to be
overall exergonic for L = CO ( Grxn = -2.5 kcal/mol) but endergonic for L = PH3 ( Grxn =
+1.3 kcal/mol). One possible explanation for the unfavorable G for isonitrile insertion for
TpRu(PMe3)(CNtBu)Ph (11) is the enhanced Ru-to-isonitrile d - * back-bonding (see next
paragraph).

Scheme 2.35. DFT calculations for the activation barriers and thermodynamics (kcal/mol) of
isonitrile insertion into the Ru-Ph bond of both (Tab)Ru(CO)(Ph) and (Tab)Ru(PH3)(Ph).
Values are free energies ( G or G‡) at 298 K.

IR spectroscopy reveals that the energy of absorption for the coordination tbutylisonitrile ligand (

CN)

of the PMe3 complex 11 is 2030 cm-1 while that of the CO

complex 8 is 2143 cm-1 (free CNtBu

CN

= 2150 cm-1). The Rh(III) complexes Cp*Rh(X)(p-

tolyl)(CNneo-Pn) (Cp* = pentamethylcyclopentadienyl; X= Cl or Br; CNneo-Pn =
neopentyl-isonitrile), which exhibit

CN

= 2180 (Cl) and 2190 (Br) cm-1, were found to
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undergo facile 1,1-insertion of isonitrile into the Rh-p-tolyl bond.94 Thus, the higher energy
CN

for complex 11 may reflect an enhanced propensity toward insertion of isonitrile, which

is consistent with isonitrile insertion being dictated, at least in part, by the extent of electron
density donated from the metal d orbitals to the * orbitals of the isonitrile (Scheme 2.36).
That is, more strongly -basic metal centers exhibit increased d back-bonding, which serves
to strengthen metal-isonitrile coordination and potentially render insertion less favorable
thermodynamically.

Scheme 2.36.
Comparing CN stretching frequencies in
TpRu(PMe3)(CNtBu)Ph (11), and electron-poor, TpRu(CO)(CNtBu)Ph (8).

electron-rich,

Although intermolecular hydroarylation of isonitriles is not accessible with
TpRu(L)(NCMe)Ph systems, we felt that intramolecular variants might be feasible.

A

possible catalytic cycle starting with TpRu(PMe3)(C≡NR)Ph (R = pendant phenyl group)
complexes is depicted in Scheme 2.37. The key step in this transformation is likely the
intramolecular C-H activation of a tethered phenyl ring on a coordinated isonitrile to produce
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benzene and a metallacycle. Positioning the aryl C-H bond on a coordinated isonitrile might
facilitate the C-H activation. If accessible, the cyclometallated complex would possess ring
strain and thus may undergo a facile insertion to produce the coordinated cyclic imine. A
subsequent intermolecular C-H activation of a second equivalent of isonitrile would release
the organic product and complete the catalytic cycle.

Scheme 2.37. Proposed catalytic cycle for the intramolecular hydroarylation of isonitriles to
produce cyclic imines.
.
Complex 2 reacts with benzylisonitrile and

phenethylisonitrile to produce

TpRu(PMe3)(CNCH2Ph)Ph (12) and TpRu(PMe3){CN(CH2)2}Ph (13), respectively (Scheme
2.38). Although produced quantitatively by 1H NMR spectroscopy, complexes 12 and 13
were isolated in 48% and 32% yield (due to high solubility in hydrocarbon solvents and
difficulty in separation from organic substrates), respectively, and characterized by 1H,
and

13

C

31

P NMR and IR spectroscopy as well as elemental analysis. Salient spectroscopic

features of complexes 12 and 13 include 1H and

13

C spectra that are consistent with

asymmetric complexes as well as singlets in the 31P NMR spectra at 17.2 ppm and 17.0 ppm,
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respectively, and

CN

= 2082 cm-1 and 2066 cm-1, respectively, in the IR spectra. 1H and 13C

spectra for complexes 12 and 13 are shown in Figures 2.20 – 2.23.

Scheme 2.38. Synthesis of complexes containing bound isonitriles ligands with tethered
phenyl groups from TpRu(PMe3)(NCMe)Ph (2).

Figure 2.20. 1H NMR spectrum of TpRu(PMe3)(CNCH2Ph)Ph (12) in C6D12.
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Figure 2.21.

13

C NMR spectrum of TpRu(PMe3)(CNCH2Ph)Ph (12) in CDCl3.

121

Figure 2.22. 1H NMR spectrum of TpRu(PMe3){CN(CH2)2}Ph (13) in C6D12.

Figure 2. 23.

13

C NMR spectrum of TpRu(PMe3){CN(CH2)2}Ph (13) in CDCl3.
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Several attempts were made to induce stoichiometric C-H activation of the tethered
phenyl ring as well as catalytic production of cyclic imine using complexes 12 and 13.
Thermal (100 ºC) and photolytic reactions of complex 12 or 13 in C6D6 in the presence of
excess isonitrile resulted in either no reaction, formation of an uncharacterized TpRu product,
which is likely the bis-isonitrile complex TpRu{CN(CH2)nPh}2Ph (n

= 1 or 2) (see

Experimental Section and Scheme 2.39) and free trimethylphosphine or decomposition to 1H
NMR silent paramagnetic species. In each reaction, no evidence of intramolecular C-H
activation to produce free benzene from the phenyl ligand of 12 or 13 was obtained, and
monitoring the reactions by GC-FID did not reveal evidence of new organic product(s).
Heating solutions of 12 or 13 in cyclohexane-d12 (100 ºC) in the absence of excess free
isonitrile for 3 days did not result in observable reaction, which demonstrates the stability of
12 and 13. In addition, photolysis of benzene solutions of 12 and 13, in the absence of
excess isonitrile, results in decomposition to multiple intractable products.

Scheme 2.39. The proposed formation of bis-isonitrile complexes TpRu{CN(CH2)nPh}2Ph
(n = 1 or 2) in the presence of excess isonitrile (observed by 1H NMR spectroscopy).

To further study the potential for intramolecular isonitrile activation, the reactivity of
2 with 2,6-xylyl-isonitrile to potentially produce 7-methylindole from benzylic C-H
activation and net 1,1-insertion of the isonitrile was studied (Scheme 2.40). Jones and coworkers have reported a ruthenium catalyst for this reaction in which the catalytic
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transformation likely proceeds by activation of a benzylic C-H bond of coordinated 2,6xylyl-isonitrile.95 Heating (80 ºC) a solution of 2 with excess free 2,6-xylyl-isonitrile in C6D6
results in the formation of TpRu(PMe3)(CN-xylyl)Ph (14) and acetonitrile (Scheme 2.40 and
Figure 2.24). Prolonged heating of 14 at 100 ºC results in the formation of a new TpRu
product, which is likely TpRu(CN-xylyl)2Ph (see Experimental Section and Scheme 2.41),
and free trimethylphosphine with no evidence of formation of free benzene or 7methylindole.

The same results were observed when a C6D6 solution of complex 14

(produced in situ) was placed under photolytic conditions.

Scheme 2.40. Formation of TpRu(PMe3)(CN-xylyl)Ph (14) (observed by 1H NMR
spectroscopy), and proposed intramolecular hydroalkylation of an isonitriles to produce 7methylindole. No observation of intramolecular either 7-methylindole or any likely
intermediates of the proposed catalytic cycle was made under a variety of reaction
conditions.
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Scheme 2.41. The proposed formation of bis-isonitrile complexes TpRu(CN-xylyl)2Ph in the
presence of excess isonitrile (observed by 1H NMR spectroscopy).

Figure 2.24. 1H NMR spectrum of TpRu(PMe3)(CN-xylyl)Ph (14), free 2,6-xylyl-isonitrile,
and acetonitrile in C6D6.
Theoretical calculations were performed to delineate the details of intramolecular
isonitrile hydroarylation (not experimentally observed) mediated by {(Tab)Ru(PMe3)Ph}.
The computational results are summarized in Scheme 2.42. Computational studies were
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limited to the reactivity of

phenethylisonitrile since the product of hydroarylation, 3,4-

dihydroisoquinoline, is known and isolable,96 compared to the product from intramolecular
hydroarylation of benzylisonitrile, isoindole, which is reported to be unstable.58
In order to enter the proposed catalytic cycle, complex 1a must undergo
intramolecular C-H activation to release benzene and form the metallacyle 2b (Scheme 2.42).
The first step of the proposed mechanism involves isomerization of the

1

-C-coordinated

phenethylisonitrile to coordinate the ortho C-H bond to the metal. While an agostic isomer
was sought, the geometry obtained upon DFT optimization of 1b corresponds more closely to
a weak

2

-C=C adduct of benzene rather than a true

2

-C-H agostic system. The 1a  1b

transformation is calculated to be endothermic by a substantial 36 kcal/mol. Calculating the
binding enthalpy of methylisonitrile to (Tab)Ru(PH3)Ph reveals a value of 39 kcal/mol.
Thus, the

2

-C=C interaction is very weak and estimated to be in the range of approximately

3 kcal/mol. The calculated enthalpy difference for the 1a  1b transformation corresponds
almost entirely to the energetics of dissociating the isonitrile ligand from the complex,
compensated minimally by a weak -arene interaction.
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Scheme 2.42. DFT calculations for the thermodynamics of intramolecular isonitrile
hydroarylation mediated by the computational model (Tab)Ru(PH3)Ph. Values are enthalpy,
H(free energy, G) at 298 K.

Aromatic C-H activation from 1b to produce benzene and the unsaturated 16-electron
complex (Tab)Ru(PH3)(o-C6H4CH2CH2NC) (2a) is calculated to be close to thermoneutral
( Hrxn = +4 kcal/mol, see Scheme 2.42), which implies that the Ru-C bond strengths for the
Ru-Ph and Ru-C≡NCH2CH2Ph ligands are approximately the same. The BDE(C-H) for
benzene and BDE(Cortho-H) for C6H5CH2CH2NC were both calculated to be approximately
109 kcal/mol, further supporting the similar Ru-Caryl/isonitrile BDEs.
Coordination ( 2) of the pendant N≡C arm of 2a produces the 18-electron complex
2b (Scheme 2.41).

The conversion of 2a to 2b is calculated to be exothermic ( H = -10

kcal/mol) with a favorable change in Gibbs free energy of -7 kcal/mol. Examples of nitriles
coordinated in an

2

mode are relatively rare, and a search of the Cambridge Structural
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Database reveals no examples of

2

-coordinated isonitrile ligands. The minimal binding

energy gained by side-on ligation of the isonitrile moiety to the 16-electron complex 2a to
yield 2b is likely partially offset by greater steric hindrance (~1 kcal/mol) in the latter that is
engendered by rotating the CH2CH2NC arm of the isonitrile into a conformation suitable for
binding to Ru. Furthermore, bending of the C≡N-C group from 178º (2a) to 151º (2b) is
calculated to cost an additional 4 kcal/mol for the C6H4CH2CH2NC fragment.
The 1,1-isonitrile insertion reaction, 2b to 3a (Scheme 2.41) is calculated to be
exothermic by 17 kcal/mol, and largely reflects the greater stability of the 3,4dihydroisoquinolinyl ligand in 3a versus the

2

-C6H4CH2CH2NC ligand of complex 2b. The

enthalpy gain from the 1,1-insertion of the isonitrile is offset to a degree by a stronger Ru-C
bond for 2b as compared to 3a, and to a lesser extent the loss of the weak

2

-N≡C interaction

in 2b. Moreover, isonitrile rearrangement prior to the 1,1-insertion step requires bending of
the isocyanide group for ring closure.
The coordination of a second equivalent of phenethylisonitrile to 3a via a C=C bond
is mildly exothermic ( Hrxn = -5 kcal/mol), but endergonic by +8 kcal/mol. This reflects
weak

2

-C=C binding, which is estimated at approximately 3 kcal/mol in the 1a  1b step

of the process (see above). The release of product, 3,4-dihydroisoquinoline, from the Ru
species by C-H activation of phenethylisonitrile is calculated to be endothermic by 10
kcal/mol. This likely reflects the intrinsically lower bond strength of 3,4-dihydroisoquinoline
(C-H) versus -phenethylisonitrile (C-H) {calculated BDE(C-H) = +10 kcal/mol}.
Complex 1a is calculated to be the most thermodynamically stable species in the
catalytic cycle, and even without calculated transition states the highest points on the
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potential energy surface are +40 kcal/mol (2a + benzene) on the enthalpy surface and +34
kcal/mol (1b) on the free energy surface (Scheme 2.42). The isonitrile ligand in the starting
material, complex 1a, is strongly bound (35 – 40 kcal/mol) and loss of this binding, coupled
with almost no thermodynamic gain from

-arene interaction of the phenethylisonitrile

substrate renders virtually any transformation from starting material 1a significantly uphill,
including the catalytic cycle for isonitrile hydroarylation. Assuming a system could be
designed that permits access to an active species like 2a, subsequent steps in the catalytic
cycle are thermodynamically reasonable due to greater intrinsic stability of the fused ring
hydroarylation product.
2.3

Conclusions
The combination of experimental and computational studies on insertion of C-X

multiple bonds into the Ru(II) phenyl bond of the fragment {TpRu(L)(Ph)} (L = CO or
PMe3) leads us to the following conclusions:
(1) The scarcity of direct observation of insertion of C-N or C-O multiple bonds into
M-H, M-R, or M-Ar bonds is not attributable in general to an inherently large activation
barrier due to the large BDEs of C-N/C-O multiple bonds.
(2) Given the calculated weak binding of formaldehyde to the model
(Tab)Ru(CO)(Ph) fragment, the failure to experimentally observe insertion of ketones into
the Ru-Ph bond of complex 1 could be attributable to the difficulty in coordinating the ketone
substrates in a dihapto-coordination mode.
(3) For TpRu(CO)(NCMe)Ph (1), the failure to observe imine insertions is proposed
to arise from a substantial activation barrier (attributable, at least in part, to strong
129

1

-binding

of the imine) in combination with an unfavorable change in free energy for formation of the
insertion product.
(4) The failure to observe insertion of aldehyde C=O bonds is likely due to the highly
favorable and kinetically accessible aldehyde C-H activation/decarbonylation.
(5) Similar to imines, the insertion of carbodiimides is likely to proceed with a
relatively high activation barrier; however, the insertion is overall thermodynamically
favorable and the formation of chelating amidinate ligand provides a large enthalpic gain that
allows trapping of the initial high energy product through formation of a very stable chelated
product.
(6) Insertion of isonitrile into the Ru-Ph bond of TpRu(CO)(CNtBu)Ph (8) is
thermally disfavored, and the addition/coordination of PMe3 provides a driving force to
observe the kinetically accessible insertion by trapping the insertion product.
(7) The lack of reactivity of TpRu(PMe3)(CNtBu)Ph (11) toward intermolecular
hydroarylation of t-butylisonitrile, even in the presence of Lewis bases that could “trap” a
coordinatively unsaturated insertion product, is likely due to a thermodynamic bias against
the 1,1-insertion of the isonitrile into the Ru–Ph bond. The isonitrile is the only π-acid ligand
in the coordination sphere of the relatively electron-rich Ru(II) complex, and thus, significant
metal-to-ligand π-back-bonding likely provides a thermodynamic predilection against the net
1,1-insertion.
(8) The lack of catalytic intramolecular hydroarylation of isonitriles, or any welldefined stoichiometric conversion along the proposed catalytic cycle, mediated by
TpRu(PMe3)(CNR)Ph {R = CH2Ph (12), R = CH2CH2Ph (13)} is likely due to a highly
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endothermic reaction to generate reactive intermediates that can undergo intramolecular C–H
activation of the isonitrile (e.g., 1a to 1b in Scheme 2.42). Subsequent steps are likely
thermodynamically reasonable due to the intrinsic stability of the fused ring imine product
compared to the isonitrile starting material. A possible entrée to a more favorable catalytic
cycle could be via pathways in which the strong Ru–isonitrile interaction is maintained
insofar as possible until the second ring of the desired product is formed, perhaps through a
mechanism that entails loss of the trimethylphosphine ligand or another weakly coordinated
co-ligand.
(9) For systems of the type {TpRu(L)(R)} that have been demonstrated to activate CH bonds, catalytic reactions that involve the hydroarylation of C-X multiple bonds are
potentially viable for some systems (e.g., carbodiimides and isonitriles) if conditions can be
found for release of the product of insertion (via C-H activation of an external substrate).
Extension of such transformations to other substrates (e.g., aldehydes, ketones, imines) will
require tuning to overcome the limitations identified herein.
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2.4

Experimental Section
General Methods. All reactions and procedures were performed under anaerobic

conditions in a nitrogen-filled glovebox or using standard Schlenk techniques. Glovebox
purity was maintained by periodic nitrogen purges and monitored by an oxygen analyzer
{O2(g) < 15 ppm for all reactions}. Photolysis experiments were performed using a 450 W
power supply, 450 W lamp, and a quartz cooling jacket filled with flowing water.
Acetonitrile was purified by passage through two columns of activated alumina followed by
distillation from CaH2. Dichloromethane and hexanes were purified by passage through two
columns of activated alumina. Benzene, tetrahydrofuran, and toluene were purified by
distillation from sodium/benzophenone. Pentane was purified by distillation from sodium.
Acetone-d6, CD3CN, C6D6, CDCl3, and C6D5CD3 were degassed via three freeze-pump-thaw
cycles and stored over 4 Å sieves. 1H and 13C NMR spectra were obtained on either a Varian
Mercury 300 MHz or Varian Mercury 400 MHz spectrometer (operating frequencies for 13C
NMR are 75 and 100 MHz, respectively) and referenced against tetramethylsilane using
residual proton signals (1H NMR) or the 13C resonances of the deuterated solvent (13C NMR).
Resonances due to the Tp ligand are listed by chemical shift and multiplicity only (all
coupling constants for the Tp ligand are 2 Hz).
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P NMR spectra were obtained on a Varian

Mercury 400 MHz (operating frequency = 161 MHz) spectrometer and referenced against
external 85% H3PO4.

Unless otherwise noted, NMR spectra were acquired at room

temperature. IR spectra were obtained on a Mattson Genesis II spectrometer as thin films on
a KBr plate or in solution using a KBr solution cell. Elemental analyses were performed by
Atlantic Microlabs, Inc. Synthetic and characterization details of TpRu(CO)(NCMe)Ph (1),58
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TpRu(PMe3)(NCMe)Ph (2),91 and TpRu(PMe3)(CNtBu)Ph (11)61 have been previously
reported. The carbodiimides, N,N'-di-n-hexylcarbodiimide and N,N'-diphenylcarbodiimide,
were prepared by a procedure reported for N,N'-di-n-hexylcarbodiimide.87 Benzaldehyde and
p-tolualdehyde were passed through a plug of activated neutral alumina prior to use.
Acetone was stirred over activated 4 Å sieves prior to use, and acetophenone was purified by
fractional distillation under reduced pressure from P2O5. All other reagents were used as
purchased from commercial sources.
Reactivity of TpRu(CO)(NCMe)Ph (1) with Selected Ketones and Imines.
Reaction

of

1

with

acetone,

acetophenone,

N-benzylideneaniline,

or

N-

benzylidenemethylamine resulted in the isolation of NMR-silent Ru products. These
reactions were monitored by 1H NMR spectroscopy in an effort to observe insertion products
(intermediates) that may decompose. Acetone. To a screw-cap NMR tube was added a
solution of 1 (0.010 g, 0.022 mmol) in acetone-d6 (1.0 mL). The mixture was heated to 60 ºC
and monitored periodically by 1H NMR spectroscopy over the course of 24 h. Analysis by
NMR spectroscopy showed decomposition of the starting Ru complex 1 to NMR-silent
materials without evidence of new diamagnetic Ru systems. Acetophenone. To a screw-cap
NMR tube was added a solution of 1 (0.015 g, 0.033 mmol) and acetophenone (0.005 mL,
0.043 mmol) in C6D6 (1.0 mL). The mixture was heated to 90 ºC and monitored periodically
by 1H NMR spectroscopy over the course of 24 h. Analysis by NMR spectroscopy showed
decomposition of the starting Ru complex 1 to NMR-silent materials without evidence of
new diamagnetic Ru systems. N-Benzylideneaniline. To a screw-cap NMR tube was added
a solution of 1 (0.011 g, 0.024 mmol) and N-benzylideneaniline (0.004 g, 0.022 mmol) in
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C6D6 (1.0 mL). The mixture was heated to 90 ºC and monitored periodically by 1H NMR
spectroscopy over the course of 24 h. Analysis by NMR spectroscopy showed decomposition
of the starting Ru complex 1 to NMR-silent materials without evidence of new diamagnetic
Ru systems. N-Benzylidenemethylamine. To a screw-cap NMR tube was added a solution
of 1 (0.016 g, 0.035 mmol) and N-benzylidenemethylamine (0.005 mL, 0.040 mmol) in C6D6
(1.0 mL). The mixture was heated to 90 ºC and monitored periodically by 1H NMR
spectroscopy over the course of 24 h. Analysis by NMR spectroscopy showed decomposition
of the starting Ru complex 1 to NMR-silent materials without evidence of new diamagnetic
Ru systems.
Preparation of TpRu(CO)2Ph (3). A thick-walled reaction vessel was charged with
1 (0.216 g, 0.467 mmol) and THF (12 mL). To the colorless solution was added
benzaldehdye (1.0 mL, 9.9 mmol), and the mixture was heated in an oil bath to 90 ºC for 48
h. The volatiles were removed in vacuo to leave a light green oil. The complex was separated
from the benzaldehyde by flash chromatography on silica gel, eluting with dichloromethane
to yield a light green solution. The eluent was collected and reduced to dryness in vacuo, and
the resulting solid was stirred in hexanes. The white solid was collected by vacuum filtration
and dried in vacuo (0.114 g, 54% yield). IR and 1H NMR spectroscopy of crude reaction
products revealed only complex 3. IR (KBr):

CO

= 2041, 1973 cm-1. 1H NMR (CDCl3, ):

7.77, 7.34 (3H, 1:2 ratio, each a d, Tp CH 3/5 position), 7.73 (3H, overlapping d's, Tp CH 3/5
position), 6.26 (5H, overlapping m's, phenyl CH), 6.28, 6.21 (3H, 2:1 ratio, each a t, Tp 4 CH
position). 13C{1H} NMR (CDCl3, ): 199.7 (Ru-CO), 154.1 (Ru-phenyl ipso), 144.1, 143.9,
141.8, 135.2, 135.1, 126.8 (phenyl and Tp 3/5 positions, one resonance absent most likely
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due to coincidental overlap), 106.2, 106.0 (Tp 4 position). Anal. Calcd for C17H15BN6O2Ru:
C, 45.61; H, 3.38; N, 18.79. Found: C, 45.62; H, 3.38; N, 18.71.
Preparation of TpRu(CO)2(p-tolyl) (4). The procedure used was similar to that for
complex 3 (with the exception that the heating period was 24 h) using 1 (0.229 g, 0.500
mmol), THF (20 mL), and p-tolualdehdye (0.25 mL, 2.1 mmol). Complex 4 was isolated in
26% yield (0.058 g). IR and 1H NMR spectroscopy of crude reaction products revealed only
complex 4. IR (KBr):

CO

= 2039, 1971 cm-1. 1H NMR (CDCl3, ): 7.74, 7.37 (3H, 1:2 ratio,

each a d, Tp CH 3/5 position), 7.70 (3H, overlapping d's, Tp CH 3/5 position), 6.82 (4H, br s,
phenyl CH), 6.27, 6.19 (3H, 1:2 ratio, each a t, Tp CH 4 position), 2.27 (3H, s, -CH3).
Variable-temperature NMR studies showed that the broad singlet due to the aryl hydrogens
begins to decoalesce at -20 ºC to produce two resonances that are not fully resolved at -60 ºC.
13

C{1H} NMR (CDCl3, ): 199.8 (Ru-CO), 149.2 (Ru-phenyl ipso), 144.1, 143.9, 141.5,

135.2, 135.1, 131.9, 127.9 (phenyl and Tp 3/5 positions), 106.0 (Tp 4 position, overlap of
resonances), 21.1 (p-tolyl-CH3). Anal. Calcd for C17H15BN6O2Ru(C5H12)0.28 (Note: A 1H
NMR spectrum of the analysis sample indicated the presence of pentane in a 1:3.57 molar
ratio with complex 4): C, 48.40; H, 4.26; N, 17.46. Found: C, 48.55; H, 4.24; N, 17.46.
Preparation of TpRu(CO){N,N-(Ph)NC(Ph)N(Ph)} (5). A thick-walled pressure
tube was charged with 1 (0.246 g, 0.535 mmol) and THF (18 mL). To the colorless solution
was added N,N'-diphenylcarbodiimide (0.372 g, 1.94 mmol) in THF (2 mL), and the mixture
was heated in an oil bath to 90 ºC for 48 h during which time the solution changed from
colorless to yellow. The volatiles were removed under reduced pressure to produce a yellow
oil. A precipitate formed upon stirring the oil in pentane for 24 h. The solid was collected by
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vacuum filtration, washed with additional pentane, and dried in vacuo (0.129 g, 39% yield).
IR (KBr):

CO

= 1937 cm-1. 1H NMR (CDCl3, ): 8.09, 7.81, 7.64, 7.48 (6H, 1:1:2:2 ratio,

each a d, Tp CH 3/5 position), 7.22-7.17 (5H, overlapping m's, phenyl CH), 6.98-6.93 (5H,
overlapping m's, phenyl CH), 6.83-6.81 (2H, m, phenyl CH), 6.54-6.52 (3H, overlapping m's,
phenyl CH), 6.37, 6.10 (3H, 1:2 ratio, each a t, Tp CH 4 position). 13C{1H} NMR (CDCl3, ):
202.8 (Ru-CO), 170.1 (NCN), 147.3, 145.6, 139.0, 135.4, 135.2, 129.3, 129.2, 128.5, 128.1,
124.6, 122.0 (phenyl and Tp 3/5 positions, one resonance is absent likely due to coincidental
overlap), 105.8, 105.5 (Tp 4 positions). Anal. Calcd for C29H25BN8ORu: C, 56.78; H, 4.11;
N, 18.27. Found: C, 56.71; H, 3.94; N, 18.26.
Preparation of TpRu(CO){N,N-(hx)NC(Ph)N(hx)} (6). A thick-walled pressure
tube was charged with 1 (0.187 g, 0.405 mmol) and THF (18 mL). To the colorless solution
was added N,N'-di-n-hexylcarbodiimide (0.398 g, 1.89 mmol) in THF (2 mL), and the
mixture was heated in an oil bath to 90 ºC for 72 h during which time the solution changed
from colorless to yellow. The volatiles were removed under reduced pressure to produce a
yellow oil. The mixture was purified using column chromatography on silica gel, eluting
with neat toluene. The product eluted as a light green band. The toluene was removed under
reduced pressure to produce a yellow-green oil. The product is highly soluble in all common
organic solvents, and all attempts at isolation of a solid failed. The oil was isolated and dried
in vacuo (0.149 g, 58% yield). IR (KBr):

CO

= 1929 cm-1. 1H NMR (CDCl3, ): 7.86, 7.77,

7.64, 7.63 (6H, 1:1:2:2 ratio, each a d, Tp CH 3/5 position), 7.44-7.41 (2H, m, phenyl CH),
7.32-7.25 (3H, overlapping m's, phenyl CH), 6.32, 6.13 (3H, 1:2 ratio, each a t, Tp CH 4
position), 2.91-2.65 (4H, m, -NCH2), 1.36-1.01 (16H, overlapping br m's, -CH2-), 0.79 (6H, t,
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3

JHH = 6.6 Hz, -CH3). 13C{1H} NMR (CDCl3, ): 203.5 (Ru-CO), 175.0 (NCN), 145.0, 138.8,

135.1, 134.7, 132.2, 128.8, 128.4, 128.3 (phenyl and Tp 3/5 positions), 105.7, 104.9 (Tp 4
positions), 48.4, 32.5, 32.0, 26.9, 22.9 (CH2), 14.4 (CH3). Anal. Calcd for C28H41BN8ORu: C,
54.46; H, 6.69; N, 18.14. Found: C, 54.46; H, 6.65; N, 18.13.
Preparation of TpRu(CO){N,O-(Me)NC(Me)O} (7). A thick-walled pressure tube
was charged with 1 (0.203 g, 0.441 mmol) and THF (15 mL). To the colorless solution was
added N-methylacetamide (0.175 mL, 2.29 mmol) in THF, and the mixture was heated in an
oil bath to 90 ºC for 24 h during which time the solution changed from colorless to yellow.
The volatiles were removed under reduced pressure to produce a yellow oil that was dried in
vacuo. Attempts to separate the excess N-methylacetamide from 7 were not successful. For
example, complex 7 decomposes on solid-supports constructed from silica gel, activated
alumina, or deactivated alumina. Attempts at recrystallization from multiple solvents
(including mixtures) failed to produce pure material. Efforts to sublime the Nmethylacetamide under reduced pressure (~30

C and ~ 20 mTorr) resulted in the

decomposition of 7. Heating a 1:1 mixture of 1 and N-methylacetamide resulted in the
decomposition of 1. Last, a mixture of the previously reported TpRu(CO)(NCMe)(OTf) and
lithium N-methylacetamidate were reacted in attempts to independently synthesize 7;
however, no reaction was observed at ambient conditions and decomposition was observed at
elevated temperatures. Since 7 could not be separated from N-methylacetamide,
characterization data include only IR and 1H NMR spectroscopy. IR (KBr):
1

CO

= 1944 cm-1.

H NMR (CDCl3, ): 7.77, 7.42, 7.57, 7.48 (4H total, 1:1:1:1 ratio, each a d, Tp CH 3/5
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position), 7.63 (2H total, overlapping d's, Tp CH 3/5 position), 6.34, 6.15, 6.13 (3H total,
1:1:1 ratio, each a t, Tp CH 4 position), 2.83 (3H total, s, -CH3), 1.92 (3H total, s, -CH3).
Reaction of TpRu(CO)(NCMe)Ph (1) with N,N-Dimethylacetamide. A screw-cap
NMR tube was charged with a solution of 1 (0.037 g, 0.081 mmol) in C6D6 (1.0 mL). To the
colorless solution was added N,N-dimethylacetamide (0.075 mL, 0.81 mmol). The mixture
was heated to 90 ºC and monitored periodically by 1H NMR spectroscopy over the course of
24 h. Analysis by NMR spectroscopy showed decomposition of the starting Ru complex (1)
to NMR-silent materials without the observation of new diamagnetic Ru systems.
Preparation of TpRu(CO)(CNtBu)Ph (8). A colorless solution of 1 (0.233 g, 0.507
mmol) and tert-butylisonitrile (0.30 mL, 2.6 mmol) in THF (20 mL) was heated in an oil bath
to 90 ºC for 21 h. After the heating, the volatiles were removed in vacuo to produce a
colorless oil. The oil was dissolved in dichloromethane and purified by column
chromatography on silica gel, eluting with neat dichloromethane. The product eluted as a
light yellow band. The volatiles were removed under reduced pressure to produce a white
solid. To the resulting white solid was added hexanes, and the mixture was stored overnight
at -20 ºC. The white solid was collected by vacuum filtration, washed with pentane, and dried
in vacuo (0.085 g, 33% yield). IR (KBr):

CO

= 1952 cm-1 and

CN

= 2143 cm-1. 1H NMR

(CDCl3, ): 7.67 (4H, overlapping d's, Tp CH 3/5 position), 7.34, 7.23 (2H, 1:1 ratio, each a
d, Tp CH 3/5 position), 6.87-6.90 (5H, m, phenyl CH), 6.21 (1H, t, Tp CH 4 position), 6.14
(2H, overlapping t's, Tp CH 4 position), 1.51 (9H, s, CH3). 13C{1H} NMR (CDCl3, ): 203.6
(Ru-CO), 161.4 (Ru-phenyl ipso), 144.2, 143.2, 143.0, 142.2, 134.7, 134.6, 134.5, 125.8,
121.1 (phenyl, Tp 3/5 positions, and Ru-CNtBu), 105.5, 105.4, 105.3 (Tp 4 positions), 57.5
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{C(CH3)3} 31.5 {C(CH3)3}. Anal. Calcd for C21H24BN7ORu: C, 50.21; H, 4.82; N, 19.52.
Found: C, 50.21; H, 4.99; N, 19.23.
Attempted Insertion of Isonitrile of TpRu(CO)(CNtBu)Ph (8). Method A
(Thermolysis). A screw-cap NMR tube was charged with a solution of 8 (0.010 g, 0.020
mmol) in either NCCD3 or C6D6 (0.7 mL). The colorless solution was heated to 100 ºC and
monitored periodically by 1H NMR spectroscopy over the course of 24 h. Analysis by NMR
spectroscopy showed no evidence of reaction. Method B (Photolysis). A screw-cap NMR
tube was charged with a solution of 8 (0.010 g, 0.020 mmol) in either NCCD3 or C6D6 (0.7
mL). The colorless solution was photolyzed with short-wavelength UV light and monitored
periodically by 1H NMR spectroscopy over the course of 3 h. Analysis by NMR
spectroscopy showed decomposition of 8 to NMR-silent materials without observation of a
new diamagnetic Ru system.
Sample Procedure for Reaction of TpRu(CO)(CNtBu)Ph (9) with PMe3 to
Produce TpRu(CO)(PMe3){C(Ph)=N(tBu)} (9). A J-Young NMR tube was charged with 8
(0.029 g, 0.057 mmol) and C6D6 (1.0 mL). To the colorless solution was added PMe3 (0.025
mL, 0.28 mmol). The mixture was heated to 100 ºC and monitored periodically by 1H NMR
spectroscopy over the course of 24 h at which time it was determined that the system had
reached equilibrium between 8 and complex 9. IR (thin film on KBr) analysis revealed
complex 8 (

CO

= 1952 cm-1 and

CN

= 2143 cm-1) and a new complex assigned as

TpRu(CO)(PMe3){C(Ph)=N(tBu)} (9) with a

CO

= 1927 cm-1. 1H NMR (C6D6, ): 8.75,

7.56, 6.23 (3H, 1:1:1 ratio, each a d, Tp CH 3/5 position), 6.81 (1H, tt, 3JHH = 7 Hz and 4JHH
= 1 Hz, phenyl para-CH), 6.60 (1H, dt, 3JHH = 7 Hz and 4JHH = 1 Hz, phenyl meta-CH), 5.95
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(1H, br dd, 3JHH = 7 Hz and 4JHH = 1 Hz, phenyl ortho-CH), other Tp CH 3/5 and phenyl CH
resonances overlap with resonances due to complex x, 6.11, 5.81, 5.59 (3H, 1:1:1 ratio, each
a t, Tp CH 4 position), 1.27 (9H, d, 3JHP = 10 Hz, P(CH3)3), 1.21 (9H, s, CH3). 31P{1H} NMR
(C6D6, ): 11.0 (PMe3). The volatiles were removed in vacuo (including all PMe3), and the
resulting oil was taken up in C6D6 (1.0 mL). Heating this solution to 100 ºC for 72 h resulted
in conversion predominantly to complex 8 and free trimethylphosphine, as determined by 1H
NMR, 31P{1H} NMR, and IR spectroscopy.
Preparation of TpRu(CO)(PMe3)Ph (10). A colorless solution of 1 (0.208 g, 0.451
mmol) and trimethylphosphine (0.20 mL, 2.3 mmol) in THF (20 mL) was heated in an oil
bath to 90 ºC for 24 h. After the heating, the volatiles were removed in vacuo to produce a
colorless oil. The oil was dissolved in dichloromethane (2 mL), and pentane (15 mL) was
added. The resulting white solid was stored for ~12 h at -20 ºC, collected by vacuum
filtration, washed with cold pentane, and dried in vacuo (0.095 g, 43% yield). IR (KBr):

CO

= 1928 cm-1. 1H NMR (CDCl3, ): 7.75, 7.71, 7.43, 7.15 (4H, 1:1:1:1 ratio, each a d, Tp CH
3/5 position), 7.61 (2H, overlapping d's, Tp CH 3/5 position), 7.03-7.00 (2H, m, phenyl CH),
6.89-6.83 (3H, overlapping m's, phenyl CH), 6.23 (2H, overlapping t's, Tp CH 4 position),
6.05 (1H, t, Tp CH 4 position), 1.34 (9H, d, P(CH3)3, 2JHP = 9 Hz).

13

C{1H} NMR (CDCl3,

): 206.2 (d, 2JCP = 18 Hz, Ru-CO), 165.2 (d, 2JCP = 13 Hz, Ru-phenyl ipso), 144.0, 143.0
142.9, 142.8, 142.6, 142.5, 135.2, 135.0, 134.3, 125.6, 120.6 (phenyl, Tp 3/5 positions),
105.5, 105.2 (Tp 4 positions), 31.5 (d, 1JCP = 30 Hz, P(CH3)3).
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P{1H} NMR (CDCl3, ):

12.7 (PMe3). Anal. Calcd for C19H24BN6OPRu: C, 46.08; H, 4.88; N, 16.97. Found: C, 45.64;
H, 5.07; N, 16.70.
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Equilibrium Studies for the Reversible Conversion of TpRu(CO)(CN tBu)Ph (8)
to TpRu(CO)(PMe3){C(Ph)=N(tBu)} (9). A representative experiment for the determination
of Keq for the reaction of 8 and PMe3 to produce complex 9 is given. A stock solution
consisting of 5 (0.069 g, 0.14 mmol), C6D5CD3 (toluene-d8) (4.0 mL), and PMe3 (0.012 mL,
0.14 mmol) was prepared. Ferrocene (0.006 g, 0.0325 mmol) was added as an internal
standard. The solution was equally partitioned between four J-Young NMR tubes. The
solutions were separately heated to 80, 90, 100, and 110 ºC. The progress of each reaction
was monitored periodically by 1H NMR spectroscopy until equilibrium was established. The
relative concentrations of 8, PMe3, and 9 were determined by integration of 1H NMR spectra.
The same procedure was repeated in two additional experiments with variable concentrations
of PMe3 (2 and 5 equiv based on 8).
Reactivity of TpRu(PMe3)(NCMe)Ph (2) and t-butylisonitrile.

Method A. t-

Butylisonitrile (0.020 mL, 0.018 mmol) was added to a colorless solution of 2 (0.018 g,
0.0035 mmol) in C6D6 (0.7 mL), and the solution was transferred to a screw-cap NMR tube.
This solution was heated to 80 °C (5 h) to form previously reported TpRu(PMe3)(CNtBu)Ph
(11) (1H NMR spectroscopy). The solution was then heated to 90 °C and monitored
periodically by 1H NMR spectroscopy. After 24 h, the reaction showed no change by 1H
NMR spectroscopy. Method B. t-Butylisonitrile (0.025 mL, 0.025 mmol) was added to a
colorless solution of 2 (0.022 g, 0.0048 mmol) in C6D6 (0.7 mL) and transferred to a screwcap NMR tube. This solution was heated to 80 °C (5 h) to form TpRu(PMe3)(CNtBu)Ph (11)
(1H NMR spectroscopy). The reaction was then placed under photolytic conditions and
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monitored periodically by 1H NMR spectroscopy. After 12 h the reaction showed no change
by 1H NMR spectroscopy.
Thermolysis of TpRu(PMe3)(CNtBu)Ph (11) and trimethylphosphine.

t-

Butylisonitrile (0.007 mL, 0.0062 mmol) was added to a colorless solution of 11 (0.017 g,
0.0033 mmol) in C6D6 (0.7 mL) and transferred to a screw-cap NMR tube. This solution was
heated to 60 °C (15 h) to form TpRu(PMe3)(CNtBu)Ph (11) (1H NMR spectroscopy).
Trimethylphosphine (0.007 mL, 0.008 mmol) was added to the colorless solution. The
resulting solution was heated to 100 °C and monitored periodically by

1

H NMR

spectroscopy. After 24 h the reaction showed no change by 1H NMR spectroscopy.
Preparation of TpRu(PMe3)(CNCH2Ph)Ph (12).

A colorless solution of 2

(0.209 g, 0.411 mmol) and benzylisonitrile (0.15 mL, 1.2 mmol) in THF (20 mL) was heated
in an oil bath to 80 °C for 6 h. After the heating period, the volatiles were removed in vacuo
to produce a colorless oil. The oil was dissolved in dichloromethane and purified by column
chromatography on silica gel eluting with dichloromethane. The product came off as a light
yellow band. The dichloromethane was reduced to approximately 1 mL, under vacuum, and
hexanes were added to precipitate a white solid. The white solid was collected by vacuum
filtration, washed with pentane, and dried in vacuo (0.114 g, 48% yield). IR (KBr):
νCN = 2066 cm−1. 1H NMR (C6D12, δ): 7.56, 7.52, 7.42, 7.40 (4H total, 1:1:1:1 ratio, each a d,
Tp CH 3/5 position), 7.30, 6.92 (2H total, 1:1 ratio, each a d, Tp CH 3/5 position), 7.23-7.12
(5H total, m, overlapping phenyl CH), 6.91–6.89 {2H total, d (overlapping with Tp-3,5),
phenyl CH}, 6.64–6.62 (3H total, m, overlapping phenyl CH), 6.02, 6.01, 5.79 (3H total,
1:1:1 ratio, each a t, Tp CH 4 position), 4.65, 4.75 (2H total, AB pattern, CH2), 1.14 {9H
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total, d, 2JHP = 8 Hz, P(CH3)3}. 13C NMR (CDCl3, δ): 179.1 (d, 2JCP = 19 Hz, Ru-CN or Ruphenyl ipso), 172.1 (d, 2JCP = 13 Hz, Ru-phenyl ipso or Ru-CN), 143.5, 143.4, 143.3, 143.1,
143.0, 142.8, 136.1, 134.7, 134.5, 133.8, 128.7, 127.8, 127.1, 124.7, 119.1 (phenyl and Tp
3/5 positions, note: one resonance missing due to coincidental overlap), 104.9, 104.7 (Tp 4
positions, 2:1 ratio due to coincidental overlap), 48.6 (CNCH2Ph), 18.0 {d, 1JCP = 28 Hz, RuP(CH3)3}. 31P NMR (CDCl3, δ ): 17.2 (s). Anal. Calc. For C27H33BN7PRu: C, 53.44; H, 5.31;
N, 16.78. Found: C, 53.71; H, 5.41; N, 16.57%.
Preparation of TpRu(PMe3)(CNCH2CH2Ph)Ph (13). A colorless solution of 2
(0.192 g, 0.377 mmol) and β-phenethylisonitrile (0.15 mL, 1.1 mmol) in THF (20 mL) was
heated in an oil bath to 80 °C for 6 h. After the heating period, the volatiles were removed in
vacuo to produce a colorless oil. The oil was dissolved in dichloromethane and purified by
column chromatography on silica gel eluting with dichloromethane. The product came off as
a light yellow band. The eluent was reduced to approximately 1 mL, under vacuum, and
hexanes were added to precipitate a white solid. The white solid was collected by vacuum
filtration, washed with pentane, and dried in vacuo (0.072 g, 32% yield). IR (KBr):
νCN = 2082 cm−1. 1H NMR (C6D12, δ): 7.54, 7.51, 7.39, 7.37, 7.28, 6.61 (6H total, 1:1:1:1:1:1
ratio, each a d, Tp CH 3/5 position), 7.06-6.98 (5H, m, overlapping phenyl CH), 6.91–6.88
(2H, d, 3JHH = 8 Hz, phenyl CH), 6.65–6.62 (3H, m, overlapping phenyl CH), 6.20, 5.99,
5.78 (3H total, 1:1:1 ratio, each a t, Tp CH 4 position), 3.79–3.66 (2H total, m, α-CH2), 2.84
(2H total, overlapping d’s, 3JHH = 7 Hz, β-CH2), 1.12 {9H total, d, 2JHP = 8 Hz, P(CH3)3}. 13C
NMR (CDCl3, δ): 176.4 (d, 2JCP = 18 Hz, Ru-CN or Ru-phenyl ipso), 172.5 (d, 2JCP = 13 Hz,
Ru-phenyl ipso or Ru-CN), 143.4, 143.3, 143.0, 143.2, 143.0, 142.7, 137.9, 134.6, 135.5,
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133.8, 133.7, 128.9, 128.7, 126.9, 124.7, 119.0 (phenyl and Tp 3/5 positions), 104.9, 104.7
(Tp 4 positions, 2:1 ratio due to coincidental overlap), 45.7 (CNCH2CH2Ph) 37.8
(CNCH2CH2Ph), 18.0 {d, 1JCP = 28 Hz, Ru-P(CH3)3}.

31

P NMR (CDCl3, δ): 17.0 (s). Anal.

Calc. For C27H33BN7PRu: C, 54.19; H, 5.52; N, 16.39. Found: C, 53.58; H, 5.54; N, 16.10%.
Thermolysis of TpRu(PMe3)(NCMe)Ph (2) and benzylisonitrile. Benzylisonitrile
(0.030 mL, 0.025 mmol) was added to a colorless solution of 2 (0.020 g, 0.0039 mmol) in
C6D6 (0.7 mL) and transferred to a screw-cap NMR tube. The solution was heated to 80 °C
and monitored periodically by

1

H NMR spectroscopy. After 9 h the complex

TpRu(PMe3)(CNCH2Ph)Ph (12) had formed. After prolonged heating (30 h), a second Ru
complex was present (Tp resonances and free trimethylphosphine). The data from the 1H
NMR spectrum of the new complex are consistent with the partial formation of
TpRu(CNCH2Ph)2Ph: (C6D6, δ) 7.98, 7.75, 7.69 (5H total, 1:2:2 ratio, each a d, Tp CH 3/5
position), one Tp CH 3/5 position missing due to coincidental overlap, phenyl resonances
missing due to coincidental overlap with excess benzylisonitrile, 6.29 (2H total, t, Tp CH 4
position), one Tp CH 4 position missing due to coincidental overlap, 4.02 (2H total, d,
2

JHH = 7.2 Hz CH2), 0.82 {9H total, d, 2JHP = 2.7 Hz, free P(CH3)3}. After 90 h, the complex

decomposed. The formation of new organic molecule(s) was not observed by GC-FID.
Thermolysis of TpRu(PMe3)(NCMe)Ph (2) and β-phenethylisonitrile.

β-

Phenethylisonitrile (0.030 mL, 0.022 mmol) was added to a colorless solution of 2 (0.022 g,
0.0042 mmol) in C6D6 (0.7 mL) and transferred to a screw-cap NMR tube. The solution was
heated to 80 °C and monitored periodically by 1H NMR spectroscopy. After 9 h, the complex
TpRu(PMe3)(CNCH2CH2Ph)Ph (13) had formed. After prolonged heating (30 h), a second
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Ru complex was present (Tp resonances and free trimethylphosphine). The data from the 1H
NMR spectrum of the new complex are consistent with the partial formation of
TpRu(CNCH2CH2Ph)2Ph: (C6D6, δ) 7.84, 7.67(2H total, 1:1 ratio, each a d, Tp CH 3/5
position), four Tp CH 3/5 positions missing due to coincidental overlap, phenyl resonances
missing due to coincidental overlap with excess β-phenethylisonitrile, 6.31 (2H total, t, Tp
CH 4 position), one Tp CH 4 position missing due to coincidental overlap, 3.50-3.48 (2H
total, m, α-CH2), 3.01–2.98 (2H total, m, β-CH2), 0.82 {9H total, d, 2JHP = 2.7 Hz, free
P(CH3)3}. After 90 h, the complex had decomposed. Also, the formation of new organic
molecule(s) was not observed by GC-FID.
Thermolysis of TpRu(PMe3)(CNCH2Ph)Ph (12).

A colorless solution of 12

(0.012 g, 0.0021 mmol) in cyclohexane-d12 (0.7 mL) was added to a screw-cap NMR tube.
The reaction was heated to 100 °C and monitored periodically by 1H NMR spectroscopy.
After prolonged heating (70 h), 1H NMR spectroscopy revealed no reaction.
Thermolysis of TpRu(PMe3)(CNCH2CH2Ph)Ph (13). A colorless solution of 13
(0.010 g, 0.0017 mmol) in cyclohexane-d12 (0.7 mL) was added to a screw-cap NMR tube.
The solution was heated to 100 °C and monitored periodically by 1H NMR spectroscopy.
After prolonged heating (70 h), 1H NMR spectroscopy revealed no reaction. Note: a small
amount of benzene ( 4%) was produced but no other changes in the NMR spectrum were
observed.
Photolysis of TpRu(PMe3)(NCMe)Ph (2) and benzylisonitrile. Benzylisonitrile
(0.020 mL, 0.016 mmol) was added to a colorless solution of 2 (0.016 g, 0.0031 mmol) in
C6D6 (0.7 mL) and transferred to a screw-cap NMR tube. The solution was photolyzed and
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monitored periodically by 1H NMR spectroscopy. After 18 h, the complex had undergone
partial ligand exchange to form TpRu(PMe3)(CNCH2Ph)Ph (12). After prolonged reaction
time (190 h), no additional changes were noted.
Photolysis of TpRu(PMe3)(NCMe)Ph (2) and β-phenethylisonitrile.

β-

Phenethylisonitrile (0.020 mL, 0.015 mmol) was added to a colorless solution of 2 (0.015 g,
0.0030 mmol) in C6D6 (0.7 mL) and transferred to a screw-cap NMR tube. The solution was
photolyzed and monitored periodically by 1H NMR spectroscopy. After 18 h, the complex
had undergone ligand exchange to form TpRu(PMe3)(CNCH2CH2Ph)Ph (13). After
prolonged reaction time (90 h), a second Ru complex was present (Tp resonances and free
trimethylphosphine), but the reaction did not fully convert from the ligand exchange product.
After 190 h the complex showed only minimal change by 1H NMR spectroscopy.
Photolysis

of

TpRu(PMe3)(CNCH2Ph)Ph

(12)

and

benzylisonitrile.

Benzylisonitrile (0.020 mL, 0.016 mmol) was added to a colorless solution of 12 (0.023 g,
0.0040 mmol) in C6D6 (0.7 mL) and transferred to a screw-cap NMR tube. The solution was
photolyzed and monitored periodically by 1H NMR spectroscopy. After 20 h, 1H NMR
showed a mixture of complex 12 and a new complex. This new complex possessed
inequivalent Tp resonances, a new CH2 resonance, and a new PMe3 resonance. However,
after 90 h, it could not be fully converted, and since the phenyl resonances of the starting
material overlap with free isonitrile it cannot be conclusive whether or not this is the
intramolecular C–H activation product.
Photolysis of TpRu(PMe3)(CNCH2CH2Ph)Ph (13) and β-phenethylisonitrile. βPhenethylisonitrile (0.012 mL, 0.0087 mmol) was added to a colorless solution of 13
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(0.016 g, 0.0027 mmol) in C6D6 (0.7 mL) and transferred to a screw-cap NMR tube. The
solution was photolyzed and monitored periodically by 1H NMR spectroscopy. After
prolonged reaction time (30 h), a second Ru complex was present {Tp resonances, CH2
resonances (phenethylisonitrile) and free trimethylphosphine}. However, after 90 h, it could
not be fully converted, and since the phenyl resonances of the starting material overlap with
free isonitrile it cannot be conclusive whether or not this is the intramolecular C–H activation
product.
Photolysis of TpRu(PMe3)(CNCH2Ph)Ph (12). A colorless solution of 12 (0.015 g,
0.026 mmol) in C6D6 (0.7 mL) was added to an NMR tube fitted with a rubber septum. The
solution was photolyzed for 20 h and monitored by 1H NMR spectroscopy. The TpRu
complex decomposed to a paramagnetic species for which the resonances had broadened into
the baseline of the 1H NMR spectrum.
Photolysis of TpRu(PMe3)(CNCH2CH2Ph)Ph (13).

A colorless solution of 13

(0.015 g, 0.025 mmol) in C6D6 (0.7 mL) was added to an NMR tube fitted with a rubber
septum. The solution was photolyzed for 20 h and monitored by 1H NMR spectroscopy. The
TpRu complex decomposed to a paramagnetic species where the resonances had broadened
into the baseline of the 1H NMR spectrum.
Thermolysis of TpRu(PMe3)(NCMe)Ph (2) and 4-phenyl-2-butanone. 4-Phenyl2-butanone (0.025

mL, 0.17 mmol) was added to a colorless solution of 2 (0.023 g,

0.045 mmol) in C6D6 (0.7 mL) and transferred to screw-cap NMR tube. The solution was
heated to 80 °C and monitored periodically by 1H NMR spectroscopy. After 8 h, the 1H
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NMR spectrum showed H/D exchange at the Tp-4 positions, and after 18 h the Ru complex
had decomposed to a paramagnetic 1H NMR silent species.
Thermolysis of TpRu(PMe3)(NCMe)Ph (2) and 2,6-xylylisonitrile.

2,6-Xylyl-

isonitrile (0.016 g, 0.012 mmol) was added to a colorless solution of 2 (0.016 g,
0.0031 mmol) in C6D6 (0.7 mL) and transferred to a screw-cap NMR tube. The reaction was
heated to 80 °C and monitored periodically by 1H NMR spectroscopy. After 3 h the complex
TpRu(PMe3)(CN-xylyl)Ph (14) had formed. IR (KBr): νCN = 2025 cm−1. 1H NMR (C6D6, δ):
7.58 (2H total, overlapping d’s, Tp CH 3/5 position), 7.32 (1H total, d, Tp CH 3/5 position),
7.52–7.46 (5H total, m, overlapping phenyl CH), 6.77 (3H total, br s, phenyl CH), Tp CH 3/5
position missing due to overlap with solvent and phenyl (3H total), 6.01, 5.99, 5.80 (3H total,
1:1:1 ratio, each a t, Tp CH 4 position), 2.20 {6H total, s, (CH3)2}, 1.08 {9H total, d,
2

JHP = 8 Hz, P(CH3)3}. 31P NMR (C6D6, δ): 14.4 (s). After prolonged heating (100 °C, 130 h),

a second uncharacterized Ru complex was observed, consistent with the partial formation of
TpRu(CN-xylyl)2Ph: (C6D6, δ) 7.94, 7.70 (3H total, 2:1 ratio, each a d, Tp CH 3/5 position),
three Tp CH 3/5 positions missing due to coincidental overlap, 6.99–6.77 (6H total, m,
overlapping phenyl CH), 6.72–6.67 (5H total, m, phenyl CH), 5.97 (2H total, t, Tp CH 4
position), one Tp CH 4 position missing due to coincidental overlap, 2.29 {12H total, s,
(CH3)4}, 0.82 {9H total, d, 2JHP = 2.7 Hz, free P(CH3)3}. However, after 180 h of heating the
1

H NMR spectrum revealed decomposition to multiple intractable materials.
Computational Methods. The MOE program98 and the MMFF9499 force field were

initially used to identify the lowest energy conformations for subsequent refinement of
geometries with DFT methods.

All quantum calculations employed the Gaussian03
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package.100 The B3LYP functional (Becke's three-parameter hybrid exchange functional101
using the LYP correlation functional containing both local and nonlocal terms of Lee, Yang,
and Parr)102 and VWN (Slater local exchange functional103 plus the local correlation
functional of Vosko, Wilk, and Nusair)104, 105 were employed in conjunction with the Stevens
valence basis sets and effective core potentials. Closed-shell (diamagnetic) and open-shell
(paramagnetic) species were modeled within the restricted and unrestricted Kohn-Sham
formalisms, respectively. All systems were fully optimized without symmetry constraint and
analytic calculations of the energy Hessian were performed to get harmonic vibrational
frequencies for each complex. These frequencies were also used to confirm species as
minima (all frequencies positive) or transition states (only one negative frequency) and to
obtain free energies (using unscaled vibrational frequencies) in the gas phase at 1 atm and
298.15 K.
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Chapter 3: Four- and Five-Coordinate Ruthenium(II) Hydride Complexes Supported
by N-Heterocyclic Carbene Ligands

3.1

Introduction
As described in Chapters 1 and 2, our group has utilized Ru(II) complexes of the type

TpRu(L)(NCMe)R to probe the impact of steric and electronics parameter, of the ligand “L”
on catalytic hydroarylation of olefins including key reactions in and out of the catalytic cycle
(Scheme 3.1).1-14 Though work with the TpRu and closely related octahedral d6 complexes
remains of interest to us, we are also interested in moving away from the Tp ligand motif to
other ancillary ligands. Amongst other goals, we wish to explore the impact of different
coordination and electronic environments on catalytic olefin hydroarylation, especially
systems with unique coordination numbers and electron counts.

One strategy involves

directing our efforts to sterically demanding N-heterocyclic carbene (NHC) ligands that will
aid in accessing coordinatively unsaturated (i.e., 4- and 5-coordinate) Ru(II) complexes
(Figure 3.1).

The goal of this research is to access coordinatively unsaturated Ru(II)

complexes, in particular monomeric 4-coordinate systems, and if such systems are accessed
they can be studied both fundamentally (coordination chemistry) and for application toward
catalytic reactions. Of particular interest are catalytic reactions such as hydrogenation, olefin
hydroarylation and oxidative hydroarylation of olefins. This is likely possible since NHC’s
have been shown to possess similar electronic properties to trisalkylphosphines (i.e., strong
-donors).15-20 However, with "fan-shaped" geometries, the steric properties of NHCs are
distinct from phosphines (Figure 3.2). Perhaps somewhat counterintuitive, NHC ligands
have been found to simultaneously enhance catalyst stability and activity (compared to
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phosphine analogs) including applications in olefin metathesis,21-26 hydrogenation27-30 and
hydrosilylation reactions.31

Scheme 3.1. Brief overview of studies/reactivity for TpRu(L)(NCMe)R systems.

Figure 3.1. Comparison of the octahedral RuII systems with monoanionic tridentate Tp
ligand with the proposed complexes that possess the neutral monodentate IMes ligand.

Figure 3.2. Steric profile comparison for N-heterocyclic carbene and phosphine ligands.
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Six-coordinate octahedral systems dominate the chemistry of d6 Ru(II) since this
coordination environment fills all bonding and non-bonding orbitals and maximizes metalligand bonding (Figure 3.3).

Five-coordinate Ru(II) complexes (adopting either square

pyramidal or trigonal bipyramidal geometry) are known, and many examples have been
isolated and structurally characterized with the use of sterically demanding ligands.32-37
Although examples of 4-coordinate d6 complexes are extremely rare, recently, examples of 4coordinate Ru(II) complexes have emerged recently. In most cases these complexes are
better characterized as octahedral where the four ligands around the metal center adopt a seesaw geometry and two intramolecular agostic interactions complete the octahedral
coordination sphere (e.g., Figure 3.4).38-41 However, there have been two examples of true
monomeric 4-coordinate Ru(II) that adopt a square planar geometry, are paramagnetic (S = 1)
and do not possess intramolecular C-H agostic interactions (see below for further
discussion).42, 43 In both cases, the systems possess a -donating ligand.
Accessing these low coordination number Ru(II) complexes is interesting for several
reasons. For example, a monomeric 4-coordinate Ru(II) formally is a 14-electron complex,
which would increase the electrophilicity of the metal center and likely impart novel
reactivity (relative to 5- and 6-cooridnate complexes, see below). In fact, Caulton et al. have
discussed a series of studies on novel reactions of 4-coordinate Ru(II) systems.44-48 In
addition, the factors that dictate when such a Ru(II) complex can be accessed (i.e., ligand set,
monodentate versus multidentate ligands, overall charge neutral or cationic) and the role of
ligand identity on coordination geometry and electronic structure are not well understood.
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Figure 3.3. Qualitative molecular orbital diagram for an 18-electron octahedral complex.

Figure 3.4. Example of double C-H agostic interaction in the Ru(II) complex
[{P(tBu)2Me}2Ru(CO)(Ph)]+.38
3.1.1 Catalytic C-H Functionalization
Our primary interest in four-coordinate Ru(II) systems is derived from the possibility
of catalytic reactivity that complements the TpRu(L)(NCMe)R catalysis. For example, the
charge neutral TpRu systems must dissociate the Lewis base NCMe ligand to enter a
catalytic cycle, while a coordinatively unsaturated cationic Ru(II) system can directly enter
catalysis. In addition, it is well documented that ligand identity can dramatically impact the
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regioselectivity of -olefin insertion, and the coordination environment of a four-coordinate
Ru(II) cation might exhibit improved selectivity relative to TpRu(L)R fragments. Finally,
olefin hydroarylation by TpRu(L)(NCMe)R catalysts predominantly generates saturated
alkylarene product,1, 9, 11, 14 which is highly desirable in many cases. This selectivity has been
attributed to reversible -hydride elimination, which is in part due to coordinatively saturated
Ru systems.2

Coordinatively unsaturated systems might provide access to oxidative

hydroarylation of olefins due to the possibility of associative olefin displacement after hydride elimination (Scheme 3.2). In addition, due to the high coordinative unsaturation at
the metal center (14 valence electrons), the ground state energy for the catalyst is likely to be
higher than for a 5-coordinate (16 electron) Ru(II) complex. This might lower the activation
barrier for C-H activation (Figure 3.3), and if C-H activation is the RDS of the olefin
hydroarylation catalytic cycle, an increase in the overall rate of catalysis would be observed.
In addition, a 14-electron 4-coordinate Ru(II) complex would be highly electrophilic and
would likely show an enhanced propensity to coordinate benzene prior to the C-H activation
event as well as increased rate of olefin coordination and insertion.
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Scheme 3.2. Proposed mechanism for the oxidative hydrophenylation of ethylene to produce
stryene and ethane (red) using 4-coordinate Ru(II) complexes supported by NHC ligands.

Figure 3.5. Lowering the activation barrier to C-H activation via ground state destabilization
with coordinatively/electronically unsaturated Ru(II).
Examples of catalytic oxidative hydroarylation of olefins are limited.49-58

In

particular, conversions of benzene and unactivated olefins (e.g., ethylene) to styrene are rare.
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The overall catalytic cycle involves the addition of an aromatic C-H bond across a C=C bond
with net removal of two hydrogen atoms by an oxidant (Scheme 3.3).

Cu(II) and Ag(I) salts

with molecular oxygen have been used as oxidants for the Pd-mediated synthesis of styrene
from benzene, ethylene and other olefins.52-54 Other oxidants include the use of organic
hydroperoxides with catalytic amounts of Pd; however, these reactions produce waste that
must be separated and disposed.55, 56 More recently, molecular oxygen has been used as an
oxidant with catalytic amounts of Ru, Rh or Pd.57 Tanaka et al. have disclosed a Rh(I)
system that produces styrene from benzene and ethylene under photolytic conditions without
an external oxidant; however, the reaction is not scalable due to photolytic conditions and the
formation of multiple products.58

Scheme 3.3. Oxidative hydrophenylation of ethylene to produce styrene.
3.1.2 General Properties of Ru(II) and (NHC)RuII Complexes
Since the initial discovery of a transition metal dihydrogen complex in 1983 by
Kubas et al. (Figure 3.6),59-61 there has been significant interest in the coordination chemistry
of dihydrogen.62-64 It has been shown that coordination of dihydrogen can precede H-H bond
cleavage to form two hydride ligands (i.e., oxidative addition, Scheme 3.4), which is a key
step in many catalytic hydrogenation reactions.65-67

For example, Wilkinson’s catalyst

(PPh3)3RhCl, and related systems commonly adopt what has been referred to as the dihydride
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mechanism for catalytic hydrogenation, where coordination and subsequent oxidative
addition of H2 occur along the catalytic pathway.65,

68

Interest in the transition metal

mediated coordination and activation of dihydrogen also emanates from the relevance to the
coordination/activation of other non-polar X-H bonds (e.g., X = C or Si, see Chapter 1 for CH activation).69-75 Significant effort has been directed toward isolation of metal complexes
with -coordinated H-H, C-H, Si-H and related bonds as well as understanding the factors
that control the equilibrium between the

-adduct and the oxidative addition product

(Scheme 3.4).64, 76-90 A close study of the features of the metal complex (i.e., metal identity,
metal oxidation state, charge and ligands) with the formation of -complexes (C-H and H-H)
will allow for better catalyst design since the coordination of this type of substrate is an
integral part of the cleavage and subsequent functionalization of the bond (see Chapter 1).

Figure 3.6. First isolated and structurally characterized H2 -complex.

Scheme 3.4. Coordination of dihydrogen and subsequent oxidative addition.
The d6 metals Ru(II) and Os(II) have been commonly used to form -complexes with
H2 and in many cases such species also serve as effective hydrogenation catalysts. 91-98
Ruthenium mono-hydride systems often serve as precursors to hydrogenation catalysts and/or
dihydrogen complexes.27,

92, 99, 100

Most germane to the work presented herein are the

monohydride Ru(II) complexes supported by N-heterocyclic carbenes (NHC) and/or
phosphines. For example, the five-coordinate Ru(II) complex (PCy3)2Ru(Cl)(H)(CO), where
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the Ru possesses a square pyramidal geometry with the hydride ligand in the apical position,
has been reported to catalytically hydrogenate olefins at room temperature under 1 atm of H2
with high turnover frequencies (Scheme 3.5).100 NHC ligands have been employed by many
research groups as stable and strongly electron-donating alternatives to phosphine ligands.1720

Nolan et al. have replaced a single phosphine ligand of (PCy3)2Ru(Cl)(H)(CO) with an

NHC

to

produce

(IMes)(PCy3)Ru(Cl)(H)(CO)

{IMes

=

1,3-bis-(2,4,6-

trimethylphenyl)imidazol-2-ylidene}.27 The mixed NHC/phosphine complex is less active as
a hydrogenation catalyst (at room temperature) than the bis-phosphine complex
(PCy3)2Ru(Cl)(H)(CO), but exhibits similar activity at elevated temperatures. The decreased
activity for the mixed NHC/phosphine complex at ambient temperature is proposed to be due
to a combination of stronger coordination of IMes (versus PCy3) and enhanced steric
congestion at the metal center. The addition of HBF4 to (IMes)(PCy3)Ru(Cl)(H)(CO) is
proposed to trap the putative four-coordinate, 14-electron intermediate (IMes)Ru(Cl)(H)(CO)
(and produce [HPCy3][BF4]), which was found to be a more active catalyst than the 16electron precursor (IMes)(PCy3)Ru(Cl)(H)(CO) (Scheme 3.5).27
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Scheme
3.5.
Hydrogenation
of
1-hexene
(IMes)(PCy3)Ru(Cl)(CO)(H) or (IMes)Ru(Cl)(CO)(H).

using

(PCy3)2Ru(Cl)(CO)(H),

In addition to the examples of hydrogenation, a series of trans-(NHC)RuII mono and
dihydride complexes have been prepared,101 which show interesting reactivity toward intraand intermolecular X-H (X = C, N, or O)102-106 and C-X (X = C or N)105, 107 bond activation
(Schemes 3.6 and 3.7). For example, the Ru(II) complex (NHC)Ru(PPh3)2(CO)(H)2 {NHC =
1,3-bis(ethyl)-4,5-dimethylimidazol-2-ylidene (IEt2Me2) or IMes} undergoes intramolecular
C-H activation of an ethyl group (IEt2Me2) or ortho methyl group (IMes) in the presence of
a hydrogen acceptor (Scheme 3.6). Heating the complex (IMes)2Ru(PPh3)(CO)(H)2 for 2
days results in intramolecular C-C activation of an ortho methyl group of IMes to produce
methane (Scheme 3.6).

In an interesting result, heating Ru(PPh3)3(CO)(H)(Cl) with

IiPrHMe2 {IiPrHMe2 = 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene} results in a mixture
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of products including an intramolecular C-H activation product, ligand exchange with a
single PPh3 (C-bound) and N-bound carbene, which is a result of C-N bond activation and is
a tautomer of the C-bound ligand exchange product (Scheme 3.6). Lastly, intramolecular CH activation of an ortho methyl group of IMes has been utilized in catalytic C-C bond
formation. As shown in Scheme 3.7, using a catalytic amount of (IMes)2Ru(PPh3)(CO)(H)2
with a hydrogen acceptor in an equal molar quantity, catalytic C-C bond formation is realized
in a combined alcohol dehydrogenation/Wittig reaction. A simplified proposed mechanism
is shown in Scheme 3.7, the hydrogen acceptor is believed to generate the cyclometallated
IMes active catalyst, the active catalyst dehydrogenates the alcohol and the resulting Rudihydride complex hydrogenates the Wittig reaction product to produce the new organic and
regenerate the active catalyst.106

Scheme 3.6. Examples of intramolecular C-H and X-C (X = C or N) bond activation in
Ru(II) NHC compelexes.
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Scheme 3.7. Catalytic C-C bond-forming using a cyclometallated Ru(II) system. A. Overall
organic reaction. B. Catalyst activation (i.e., generation of the cyclometalated species. C.
Proposed mechanism.

Herein, we report on experimental and computational studies centered around the
synthesis, characterization and reactivity of a cationic four-coordinate Ru(II) hydride
complex supported by two IMes ligands. This represents a rare example of a monomeric 4coordinate Ru(II) complex. Though a crystal structure was not obtained, experimental and
computational (DFT) support a 4-coordinate Ru(II) structure that has see-saw geometry and
does not possess agostic interactions.
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3.2

Results and Discussion

3.2.1 Synthesis, Characterization and Fundamental Reactivity of
(IMes)2Ru(Cl)(H)(CO) (1)
Heating previously reported [Ru(CO)2Cl2]n with excess IMes in toluene followed by
the addition of methanol forms the five-coordinate Ru(II) complex (IMes)2Ru(Cl)(H)(CO)
(1) in 32% isolated yield (Scheme 3.8). The 1H NMR spectrum (Figures 3.7 and 3.8) of 1
shows a resonance at -25.4 ppm (C6D6) while the IR spectrum (thin film on KBr) of 1 reveals
CO

at 1886 cm-1. Similar to (PCy3)2Ru(Cl)(H)(CO) and (IMes)(PCy3)Ru(Cl)(H)(CO),27, 100

the Ru-H stretching frequency was not observed by IR spectroscopy. The hydride of the
previously reported Ru(II) bis-phosphine complex (PCy3)2Ru(Cl)(H)(CO) resonates at -24.7
ppm (1H NMR), and this complex exhibits a

CO

at 1901 cm-1 in the IR spectrum.27,

(IMes)(PCy3)Ru(Cl)(H)(CO) exhibits a Ru-H resonance at -24.8 ppm (1H NMR) and

100

CO

at

1896 cm-1 (IR) (Table 3.1).27 Thus, the salient NMR and IR data for 1 are consistent with the
data obtained for (PCy3)2Ru(Cl)(H)(CO) and (IMes)(PCy3)Ru(Cl)(H)(CO). Although we
have not been able to obtain a suitable crystal for X-ray diffraction, given the similar
spectroscopic

features

between

1

(PCy3)2Ru(Cl)(H)(CO)/(IMes)(PCy3)Ru(Cl)(H)(CO) systems,27,

and
100

the

we presume that the

structure of 1 is also similar (with a square pyramidal geometry, trans IMes ligands, trans Cl
and CO ligands), and the hydride in the apical position of the square pyramid as shown in
Scheme 3.8. During the course of our studies, the synthesis of (IMes)2Ru(Cl)(H)(CO) (1)
from Ru(AsPh3)3(CO)H2 or Ru(IMes)2(CO)(OH)H was reported by Whittlesey et al.108
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Scheme 3.8. Preparation of (IMes)2Ru(Cl)(H)(CO) (1).

Figure 3.7. 1H NMR spectrum of (IMes)2Ru(Cl)(H)(CO) (1) in C6D6.
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Figure 3.8.

13

C NMR spectrum (IMes)2Ru(Cl)(H)(CO) (1) in C6D6.

Table 3.1. Comparison of CO stretching fequency (IR) and Ru-H resonance (1H NMR) of
complex 1 to closely related Ru(II) mono-hydride complexes.

The source of the hydride ligand in 1 is unclear. Use of CD3OD in place of CH3OH
or toluene-d8 in place of perprotio-toluene does not result in deuterium incorporation into the
final product (1H NMR spectroscopy reveals no change for syntheses using these deuterated
reagents) (Scheme 3.9).

Heating [Ru(CO)2Cl2]n with two equivalents of free IMes in

toluene-d8 (prior to methanol addition) results in a mixture of products including a single RuH resonance at -4.5 ppm without evidence of complex 1. Reflux of this mixture (after
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heating in toluene-d8) in either CH3OH or CD3OD produces complex 1 without evidence of
deuterium incorporation into the hydride position (Scheme 3.9).

Scheme 3.9. Attempts to determine if the hydride source came from either of the reaction
solvents by using deuterated solvents.
At room temperature, the 1H NMR spectrum of 1 is consistent with Cs molecular
symmetry (with a mirror plane that contains Ru, H, Cl and CO, if the square pyramidal
geometry is assumed, see above), rapid rotation about the Ru-CNHC bonds, and hindered
Ncarbene-Cmesityl rotation (Scheme 3.10). For example, the methyl groups of the mesityl rings
resonate as three equivalent broad singlets, one singlet is observed for the NHC-olefin
backbone hydrogen atoms and two singlets appear due to inequivalent aryl hydrogens of the
IMes ligands (see Scheme 3.10 and Figure 3.9). Heating a toluene-d8 solution of 1 to 95 ºC
does not result in changes in the 1H NMR spectrum. However, at -20 ºC, two of the methyl
groups begin to broaden and decoalesce, and at -40 ºC, resonances due to aryl hydrogen
atoms begin to decoalesce. At -60 ºC, the resonance due to the olefinic IMes hydrogens
decoalesce into two broad singlets that integrate to 2H each. Also at -60 ºC, the aryl
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hydrogens resonate as four singlets that integrate for 2H each, and the methyl groups are
observed as five singlets (likely six symmetry unique groups with two overlapping
resonances). The NMR spectra at low temperatures are consistent with hindered C-Nmesityl
and Ru-CNHC bond rotation (Scheme 3.10). At room temperature, rotation about the Ru-CNHC
bonds is rapid relative to the NMR timescale. Using CD2Cl2 as the solvent, kinetic data for
Ru-CNHC bond rotation have been derived at various temperatures. In CD2Cl2, the slow
exchange regime for Ru-CNHC bond rotation was reached at -65 ºC (based on the
decoalescence of an IMes-Me broad singlet into two singlets), and these data were used to
calculate activation parameters for rotation about the Ru-CNHC bond (Figure 3.10 and Scheme
3.11). The process is enthalpically dominated { H‡ = 13.7(1) kcal/mol} with relatively
negligible entropy contributions { S‡ = 2.7(6) eu}, which is consistent with an
intramolecular fluxional process.

Scheme 3.10. Proposed fluxional bond rotations of 1 in solution. IMes backbone and aryl
hydrogens have been labeled. RT = room temperature.
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Figure 3.9. Variable-temperature 1H NMR of (IMes)2Ru(Cl)(H)(CO) (1) in toluene-d8.
Spectra show a complex with Cs molecular symmetry that possesses slow N-Cmesityl rotation
and fast Ru-CNHC bond rotation going through several decoalescence points to produce a
complex with Cs molecular symmetry and slow bond rotations. Hydride region not shown.

Scheme 3.11. Derivation of the Erying equation.
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Figure 3.10. Eyring plot from variable temperature 1H NMR spectroscopy of 1 (R2 = 0.97).
The plot relates rate constants for Ru-CNHC bond rotation as a function of temperature.
Attempts were made to cleave the hydride ligand of complex 1. However, neither
reaction with HCl nor other sources of chlorine (e.g., N-chlorosuccinimide or CCl4) resulted
in the clean formation of (IMes)2Ru(Cl)2(CO) from (IMes)2Ru(Cl)(H)(CO) (1) (see
Experimental Section) (Scheme 3.12). In all cases, either the reaction led to decomposition,
formation of multiple products, or incomplete conversion to an unidentified new IMes-Ru
system under various conditions including either thermolysis of photolysis.

Scheme 3.12. Attempts to replace the hydride ligand of 1 with a chloride ligand.

Complex 1 is formulated as a 16-electron complex with an available coordination
site. However, the presence of two sterically bulky IMes ligands might be expected to inhibit
coordination of a sixth ligand. To explore whether or not ligand association is accessible, we
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reacted 1 with neutral 2-electron donating substrates. Heating complex 1 up to 100 ºC in
acetonitrile or in C6D6 with an excess PMe3 results in no observed reaction by 1H NMR
spectroscopy (Scheme 3.13).

Scheme 3.13. Complex 1 neither reacts with acetonitrile nor with trimethylphosphine.

In contrast to NCMe and PMe3, the reaction of 1 with CO (1 atm) at room
temperature rapidly produces the cis-dicarbonyl Ru(II) complex (IMes)2Ru(Cl)(H)(CO)2 (2)
(Scheme

3.14).

The

synthesis,

characterization

and

crystal

structure

of

(IMes)2Ru(Cl)(H)(CO)2 (2) have been reported.108 However, the Ru-H IR stretch of 2 was
not reported (see below for further discussion), and our X-ray data for complex 2 is discussed
below, with several notable structural features. The 1H NMR spectrum (Figures 3.11 and
3.12) of 2 reveals the resonance due to the hydride ligand at –4.20 ppm (C6D6), which
integrates to 1H.

The IR spectrum (thin film on KBr) shows a low intensity absorption at

1941 cm-1 assigned as the

Ru-H

stretch as well as symmetric and asymmetric

CO

stretches at

2035 cm-1 and 1905 cm-1, respectively. The assignment of the absorption at 1941 cm-1 (IR)
as

Ru-H

is supported by the synthesis of the isotopomer (IMes)2Ru(Cl)(D)(CO)2 (2-d1) from

2 and D2 (30 psi) (Scheme 3.14). In the IR spectrum of 2-d1, the band at 1941 cm-1 is absent.
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The calculated

Ru-D

of 2-d1 (based on differences in reduced mass, Scheme 3.15) is

approximately 1379 cm-1; however, the IR spectrum of 2 between 1485 cm-1 and 1380 cm-1
contains multiple absorptions, and we were unable to identify the Ru-D stretch in the IR
spectrum of 2-d1 (Figure 3.13).

Scheme 3.14. Preparation of (IMes)2Ru(Cl)(H)(CO)2 (2) from the reaction of 1 with CO, and
preparation of the deuterium isotopomer (IMes)2Ru(Cl)(D)(CO)2 (2-d1) upon reaction of 2
with D2 gas. RT = room temperature.
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Figure 3.11. 1H NMR spectrum of (IMes)2Ru(Cl)(H)(CO)2 (2) in C6D6.

Figure 3.12.

13

C NMR spectrum of (IMes)2Ru(Cl)(H)(CO)2 (2) in C6D6.
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Figure 3.13. IR spectrum of (IMes)2Ru(Cl)(H)(CO)2 (2) (left) and (IMes)2Ru(Cl)(D)(CO)2
(2-d1) (right).

Scheme 3.15. Calculation of the Ru-D stretching frequency, based on reduced mass, for
complex 2-d1 using the Ru-H stretch of complex 2.
A single crystal of 2 suitable for an X-ray diffraction study was grown, and the
resulting structure is shown in Figure 3.14 with crystallographic data and collection
parameters given in Table 3.2. The data for 2 from our study are similar to those previously
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reported.108 The structure contains a CO/Cl site disorder with the positions of the disordered
atoms obtained from a difference Fourier map. The hydride position of 2 was recovered
from a difference map with a Ru-H bond distance of 1.54(2) Å, which is in agreement with
other reported RuII-H bond distances from X-ray diffraction studies including
(IMes)(PCy3)Ru(Cl)(H)(CO)
bis(diphenylphosphino)ethane;

{Ru-H

1.57(2)

Å},27

Ru-H

1.60(2)

Å},

and

CpRu(dppe)H

{dppe

=

CpRu(dpbz)H

{dpbz

=

bis(diphenylphosphino)benzene; Ru-H 1.56(5) Å}.109 The heterocyclic rings of the trans
IMes ligands of 2 approach co-planarity with the imidazole rings only slightly twisted {twist
angle ( t) = 0.5[N3-C24-C3-N1 + N4-C24-C3-N2]}101 by 17.2º relative to one another.
Twisting of IMes ligands has been observed in other trans-IMes2Ru complexes (Figure
3.15).101 The C24-Ru-C3 bond angle deviates from linearity to 168.69(5)º with a slight
bending of the two carbene ligands away from the CO ligand (C1) toward the hydride ligand
(H1). This may be a result of the slight steric bulk of CO compared with the hydride ligand;
however, electronic effects cannot be eliminated as a root cause of the C24-Ru-C3 bending.
For example, Eisenstein et al. have discussed electronic factors that contribute to P-Os-P
angular

distortions

(167.5º

and

141.4º)

in

six-coordinate

Os(II)

systems

(PR3)2Os(Cl)(CO)(X)(carbene) (X = H or Cl).110 The Os system resembles complex 2 with
two strong -donors (PR3 for the Os complex and IMes for 2), two strong -acids (carbene
and CO for the Os systems and 2 CO ligands for complex 2) and Cl/H ligands. Thus,
bending of the IMes ligands away from the -acid CO may enhance Ru-to-CO d -backbonding (Figure 3.16).110
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Figure 3.14. ORTEP of (IMes)2Ru(Cl)(H)(CO)2 (2) (30% probability with most hydrogen
atoms omitted). Selected bond lengths (Å): Ru-C3, 2.115(1); Ru-C24, 2.110(1); Ru-Cl,
1.986(2); Ru-H1, 1.54(2); C1-O1, 1.136(2). Selected bond angles (º): C3-Ru-C24,
168.69(5); C1-Ru-H1, 179.3(7); C24-Ru-C1, 96.13(5); C3-Ru-H1, 85.4(7); C24-Ru-H1,
83.2(7). Insert shows complex 2 viewed down the C3-Ru-C24 axis (only the imidazolyl
rings and Ru are shown) to highlight the degree to which the imidazolyl rings are twisted.
Table 3.2.
Selected crystallographic data and collection
(IMes)2Ru(Cl)(H)(CO)2 (2) and [(IMes)2Ru(H)(CNtBu)2(CO)][BAr'4] (5).

180

parameters

for

Figure 3.15. Generic depiction of the twist angle ( T) in trans-(IMes)2Ru complexes.

Figure 3.16. Comparing octahedral Os(IV) and Ru(II) systems that deviate from typical
octahedral geometry to enhance -backbonding via orbital mixing.

At room temperature, 2 and excess HCl produce the 6-coordinate Ru(II) complex
(IMes)2Ru(Cl)2(CO)2 (5), which is isolated as a white solid in 82% yield (Scheme 3.16). The
1

H NMR spectrum (Figures 3.17 and 3.18) of 5 shows no resonance upfield of 0 ppm, which

is consistent with the absence of a hydride ligand. The IMes ligands of 5 approach coplanarity as determined by 1H NMR spectroscopy.

For example, two resonances are

observed in a 2:1 ratio due to the ortho and para methyl groups. The IR spectrum (thin film
on KBr) shows the symmetric and asymmetric CO absorption at 2025 and 1955 cm-1.
Complex 5 is likely produced via protonation of the hydride ligand followed by H2/Cl- ligand

181

exchange. Monitoring the reaction by 1H NMR spectroscopy did not allow the observation
of [(IMes)2Ru(Cl)( 2-H2)(CO)2][Cl] (no reaction intermediates were observed at room
temperature); however, free H2 was observed at 4.42 ppm (1H NMR).

Scheme 3.16. Preparation of (IMes)2Ru(Cl)2(CO)2 (3) from reaction of HCl with complex 2
at room temperature.

Figure 3.17. 1H NMR spectrum of (IMes)2Ru(Cl)2(CO)2 (3) in CDCl3.
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Figure 3.18.

13

C NMR spectrum of (IMes)2Ru(Cl)2(CO)2 (3) in CDCl3.

Having shown that complex 1 could coordinate a sixth ligand (1 + CO  2, Scheme
3.14), we were next interested in dissociating a ligand from complex 1. Due to the bulkiness
and strong electron-donating ability of the IMes ligands (as described in the Introduction), we
envisioned complex 1 as a likely candidate to access a cationic 4-coordinate monomeric 14valence electron Ru(II) system.
The reaction of 1 with [Na][BAr'4] {Ar' = 3,5-(CF3)C6H3} at room temperature
produces a new species assigned as four-coordinate [(IMes)2Ru(H)(CO)][BAr'4] (4) (Scheme
3.17), which is isolated in 70% yield as a brick-red powder. The 1H NMR spectrum (Figure
3.19) of 4 shows the Ru-H as broad resonance at -26.4 ppm (C6D6), which integrates to 1H,
and the IR spectrum shows a

CO

stretch at 1933 cm-1 (CH2Cl2). Thus, conversion of 1 to 4

results in a 47 cm-1 increase in the CO absorption energy, which is consistent with the
decrease in electron density and metal d -back-bonding to CO that is expected upon removal
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of chloride to generate a cationic complex. Similar to 1, the Ru-H stretching frequency was
not identified in the IR spectrum of 3. In agreement with our assignment of 4 as the product
of chloride abstraction, the reaction of 4 with [Bu4N][Cl] quantitatively produces 1 (by 1H
NMR spectroscopy) at room temperature (Scheme 3.17).

Scheme 3.17. Preparation of [(IMes)2Ru(H)(CO)][BAr'4] (4) (forward reaction). Reaction of
4 with [Bu4N][[Cl] (reverse reaction).
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Figure 3.19. 1H NMR of [(IMes)2Ru(H)(CO)][BAr'4] (4) in C6D6. Top spectrum shows the
broad hydride resonance.

Based on characterization data, complex 4 appears to be a four-coordinate Ru(II)
complex. Although scant, recent examples of formally four-coordinate 14-electron Ru(II)
systems have been reported, and, as anticipated, such systems are highly reactive.44-48 With
limited exceptions, octahedral geometries, in which C-H agostic interactions complete the
"six-coordinate" nature, are adopted for these systems.38, 40, 41, 111 For example, the complex
[{P(tBu2Me)}2Ru(Ph)(CO)][BAr'4] has been reported with an IR spectrum that is consistent
with C-H agostic interactions (

CH

= 2722 cm-1 and 2672 cm-1).38 The Ru(II) complex
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[{P(tBu2Me)}2Ru(H)(CO)][BAr'4], which is closely related to complex 4 with two strongly
donating ligands (alkylphosphines) and hydride/CO ligands, has been reported to possess two
C-H agostic interactions as determined by X-ray crystallography.40 Studies by Nolan et al. of
low coordinate d6 Rh and Ir systems with N-heterocyclic carbene ligands are also relevant
here.112 Two remarkable systems that are four-coordinate and Ru(II) without evidence of
stabilizing agostic interactions are (PNPtBu)Ru(Cl) {PNPtBu = [(tBu)2PCH2SiMe2)2N} and
P,O-(tBu2PCH2SiMe2O)2Ru reported by Caulton et al.42,

43, 113

2

-

The triplet ground state of

these d6 complexes has been attributed, at least in part, to the square planar geometry and donating N- or O-based ligands (see below for further discussion).42 By IR and 1H NMR
spectroscopy, we see no evidence of C-H agostic bonding for 4. Furthermore, IR spectra of 4
in toluene, methylene chloride and hexafluorobenzene reveal no significant change in the CO
stretching frequency, which suggests that solvent does not coordinate to complex 4.
Cooling a solution of 4 in toluene-d8 in the NMR probe results in the appearance of
resonances due to a new complex with a simultaneous decrease in the intensity of the
resonances due to complex 4. At -60 ºC, an approximate 2:1 molar ratio of the resonances
due to complex 3 and the new complex is observed (based on integration of resonances due
to IMes =CH groups). Upon warming back to room temperature, the original 1H NMR
spectrum is acquired. These data suggest a temperature dependent and reversible equilibrium
(Figure 3.20), and we propose that an equilibrium between complex 4 and the N2 adduct
[(IMes)2Ru(H)(CO)(N2)][BAr'4] (4-N2) is likely (Scheme 3.18).

To further confirm

coordination of dinitrogen by 4 at low temperatures, a toluene-d8 solution of 3 was
transferred to a J-Young NMR tube and was thoroughly degassed via multiple freeze-pump-
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thaw cycles and back-filled with argon (1 atm). Cooling this solution in the NMR probe
from 20 ºC to -40 ºC results in no observable changes (Scheme 3.18). Hence, in the absence
of dinitrogen, at low temperatures the second complex assigned as the nitrogen adduct 4-N2
is not observed. In addition, pressurizing a J-Young NMR tube containing a solution of 4
with 80 psi of dinitrogen results in the observation of a mixture of 4 and 4-N2 at room
temperature (by 1H NMR spectroscopy). Furthermore, subsequent degassing of this reaction
tube with argon (via multiple freeze-pump-thaw cycles) results in the disappearance of 4-N2
and quantitative conversion back to complex 4 (Scheme 3.18). Unfortunately, attempts to
acquire low temperature IR spectra (in order to observe the coordinated dinitrogen ligand)
were thwarted by decomposition of 4 (see the Experimental Section for details). Several
attempts were made to grow crystals of 4 suitable for an X-ray diffraction study. In all
attempts, complex 4 apparently crystallizes as [(IMes)2Ru(H)(CO)(N2)][BAr'4] (4-N2). A
representative ORTEP is shown in Figure 3.21; however the X-ray data are complicated by
disorder. Finally, recrystallization of complex 4 under an argon atmosphere with a variety of
solvent combinations did not produce X-ray quality single crystals.
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Scheme 3.18. Reversible coordination of N2 at low temperature and high pressure. No
observation of 4-N2 when under Ar.

Figure 3.20. Thermodyanic rationalization for temperature dependent equilibrium between 4
+ N2 and 4-N2.
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Figure 3.21. ORTEP drawing of [(IMes)2Ru(H)(CO)(N2)][BAr'4] (4-N2) cation showing
naming and numbering scheme. Ellipsoids are at the 50% probability level and hydrogen
atoms were omitted for clarity. Ru-H was not found in the difference map, but is likely in an
apical position.

Preliminary DFT calculations support the experimental conclusion that N2 binding to
4 is feasible at low temperatures.114 For example, the coordination of N2 to 4 leads to two
isomers of 4-N2. As shown in Scheme 3.19, one isomer positions N2 trans to the hydride
ligand (4-N2-1), while the second isomer has N2 trans to the carbonyl (4-N2-2). 4-N2-2 is
calculated to be more stable than 4-N2-1 by 3.7 kcal/mol in free energy. The Ru-N bond
length in 4-N2-2 is calculated to be 2.089 Å, which is markedly shorter than that in 4-N2-1
(2.185 Å).

The calculated thermodynamic data indicate a temperature dependent and

reversible equilibrium between 4, 4-N2-1 and 4-N2-2. At 273.15 K, the coordination of N2 to
4 to form 4-N2-2 is calculated to be exergonic by 2.8 kcal/mol; however, the formation of 4-
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N2-2 is calculated to be endergonic by 0.2 kcal/mol at 298.15 K. These calculations are
consistent with experimental observations in which the formation of 4-N2 is only observed at
low temperature (at atmospheric pressure of N2). Additionally, the more stable 4-N2-2
isomer is calculated to be close in energy to the isomer 4-N2-1. Therefore, it is not surprising
that X-ray data for 4-N2 are complicated by disorder (Figure 3.21).

G = - 2.8 kcal/mol
0.2 kcal/mol)

G = - 0.9 kcal/mol
- 3.5 kcal/mol)

N2

N2

4-N2-2

4

4-N2-1

+

Scheme 3.19. Coordination of N2 to singlet sawhorse [(IMes)2Ru(H)(CO)] (4) (hydrogen
atoms are omitted and the aryl groups of IMes ligands are shown in wire frame for clarity).
Free energies are obtained using unscaled vibrational frequencies in the gas phase at 1 atm
and 213.15 K; data in parentheses are obtained at 298.15K.
Additional evidence for the identity of complex 4 comes from reaction with tertbutylisonitrile. At room temperature, 4 and excess CNtBu rapidly produce the cis-isonitrile
Ru(II) complex [(IMes)2Ru(H)(CNtBu)2(CO)][BAr'4] (5) (Scheme 3.20).

The 1H NMR

spectrum (Figures 3.22 and 3.23) of 4 shows the Ru-H resonance at –7.99 ppm (C6D6), and
the IR spectrum (thin film on KBr) shows an absorption at 1975 cm-1 assigned as
as symmetric and asymmetric

CN

CO

as well

stretches at 2150 cm-1 and 2120 cm-1, respectively. A

small shoulder is observed on the CO absorption at 1975 cm-1, which is likely due to an
overlap of a low intensity Ru-H stretch with the CO absorption.

190

Scheme 3.20. Preparation of [(IMes)2Ru(H)(CO)(CNtBu)2][BAr'4] (5).

Figure 3.22. 1H NMR spectrum of [(IMes)2Ru(H)(CO)(CNtBu)2][BAr'4] (5) in C6D6.
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Figure 3.23.

13

C NMR spectrum of [(IMes)2Ru(H)(CO)(CNtBu)2][BAr'4] (5) in CDCl3.

A single crystal of 5 suitable for an X-ray diffraction study was grown, and the
resulting structure is shown in Figure 3.24 with crystallographic data collection and
parameters given in Table 3.2. The hydride ligand of 5 was located with a Ru-H bond
distance of 1.68 Å.

In contrast to 2, the trans IMes ligands of 5 are approximately

perpendicular to each other with a twist angle

t

{0.5[N1-C1-C22-N4 + N2-C1-C22-N3]}101

of 74.4º. Both of the isonitrile ligands were found to be slightly bent into an open area
between the mesityl rings of an IMes ligand. These open “pockets” are a result of twisting of
the IMes ligands. For example, the Ru1-C48-N6 bond angle is 168(2)º with the isonitriles
bent away from a mesityl group of the C1-NHC into an opening between the mesityl rings of
the C22-NHC ligand. Likewise, the Ru1-C43-N5 bond angle is 171(2)º with the isonitriles
bent away from the mesityl ring of the C22-NHC ligand into an open pocket. The bending of
the isonitrile ligands are within the range observed for other isonitrile ligands, which readily
distort as a consequence of packing interactions.115, 116 Yu et al. have recently discussed the
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softness of the bending modes of the tert-butyl isonitrile ligand.117 Hence, it is plausible to
surmise that these ligands will readily distort as a consequence of packing interactions.

Figure 3.24. ORTEP of [(IMes)2Ru(H)(CNtBu)2(CO)]+ (5) (30% probability; BAr'4 anion
and most hydrogen atoms omitted). Selected bond lengths (Å): Ru-C1, 2.11(2); Ru-C22,
2.12(2); Ru-C53, 1.87(2); Ru-C48, 2.05(2); Ru-H1, 1.68; C53-O1, 1.15(3); C48-N6, 1.15(2);
C43-N5, 1.16(3). Selected bond angles (º): C1-Ru-C22, 167.5(7); C1-Ru-H1, 82.1; C43-RuC48, 86.8(8); C53-Ru-H1, 88.2; C43-Ru-H1, 172.2; C53-Ru-C48, 168.2(8); Ru-C53-O1,
171(2); Ru-C48-N6, 168(2); Ru-C43-N5, 171(2). Insert shows complex 5 viewed down the
C22-Ru-C1 axis (only the imidazolyl rings and Ru are shown) to highlight the degree to
which the imidazolyl rings are twisted.

Although we have not obtained a crystal of 4 suitable for X-ray diffraction, the
spectroscopic data and reactivity of 4 are consistent with a monomeric four-coordinate Ru(II)
complex in solution at room temperature.

NMR spectra of 4 are consistent with a

diamagnetic system, and utilization of the Evans NMR method to detect paramagnetic
systems resulted in no difference in chemical shift of an internal and external standard. It is
interesting that 4 is apparently diamagnetic while related four-coordinate Ru(II) systems
reported by Caulton et al. (see above) are paramagnetic triplet species. The triplet ground
states for the two complexes reported by Caulton et al. have been attributed in part to the 193

donating ability of the amido and alkoxo moieties.

Figure 3.25 depicts a qualitative

molecular orbital diagram for the (PNP)Ru(Cl) system reported by Caulton et al. that
provides a rationalization for the high spin electron configuration. The increased energy of
the dxz, orbital, which takes on anti-bonding character due to -interaction with the amido
moiety, results in a small energy gap between orbitals that possess dz2 and dxz character. In
contrast, complex 4 does not possess a -donor ligand but, rather, has a strongly -acidic CO
ligand. Hence, the Ru-CO back-bonding interaction is anticipated to lower the energy of the
dxz and dxy orbitals relative to the PNP-Ru system and thus increase the HOMO-LUMO gap
of 4 relative to the Caulton system, which might account for the low spin ground state.

Figure 3.25. Qualitative d-orbital splitting diagram for [(IMes)2Ru(H)(CO)][BAr'4] (4) and
(PNPtBu)Ru(Cl).
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3.2.2 Calculations for [(IMes)2Ru(H)(CO)]+ (4)
Four-coordinate transition metal complexes generally adopt three ideal geometries:
tetrahedron, square planar and sawhorse (or see-saw).118 A qualitative correlation diagram
linking the d-block orbitals for these three geometries is shown in Figure 3.26.
[(IMes)2Ru(H)(CO)]+ (4) has a Ru(II) metal center with a d6 configuration. This d6 complex
is less likely to adopt a tetrahedral geometry, due to the large energy splitting between the
non-bonding pair (dz2, dx2-y2) and the anti-bonding triad (dxy, dyz and dxz), see Figure 3.26.
Additionally, steric repulsion is anticipated to promote a trans orientation of the two bulky
IMes ligands. In fact, no examples of a tetrahedral structure for related four-coordinate 14electron Ru(II) systems have been reported. These Ru(II) systems adopt either a sawhorse
structure,38,

40, 41, 111

in which the open sites of the metal center form C H···Ru agostic

interactions to complete the "six-coordinate" nature, or a square planar structure without
formation of C H agostic interactions.42, 43 Our spectral analysis shows no evidence of C H
agostic interactions in complex 4. It is also very interesting that 4 is characterized to be
diamagnetic, which contrasts the reported square planar PNP-Ru-X systems that are
suggested to be paramagnetic triplet species.42,

43

Density functional theory (DFT)

calculations were thus carried out by Professor Thomas R. Cundari’s group at the Universith
of North Texas to interpret the geometry and electronic structure of the four-coordinate
complex 4.

195

Figure 3.26. The d-orbitals for four-coordinate transition metal complexes in the
tetrahedron, square planar and sawhorse coordination geometry.
When adopting a square planar structure without C H agostic interactions, a d6
complex has the possibility to be a singlet or triplet depending on the magnitude of d-orbital
splitting (Figure 3.26). A -donor ligand may raise the energy of one or more of the nonbonding d-orbitals close that of the dz2 orbital, leading to a triplet state. However, a -acidic
ligand, like CO in our case, might stabilize the non-bonding d-orbitals and increase the dsplitting energy, resulting in a singlet state (see Figure 3.25).

To evaluate the spin

multiplicity of 4 in an assumed square planar geometry and the -donor and

-acceptor

effects of the ligand on the ground state spin multiplicity, DFT calculations were employed
for [(IMes)2Ru(H)(CO)]+ (4) and a hypothetical (IMes)2Ru(H)(NH2) (6) complex in both
singlet and triplet states.

The optimized structures are shown in Figure 3.27.

The

optimization of singlet 4 from a square planar starting geometry leads to two minima. One
(4SP-S-1) is square planar, while the other minimum (4SP-S-2) has two trans-oriented C H
agostic interactions to complete a "six-coordinate" octahedral geometry, as shown in Figure
3.28. In 4SP-S-2, the Ru···CH3 distances are calculated to be about 2.7 Å, which is quite
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similar to those of the complex [{P(tBu2Me)}2Ru(Ph)(CO)][BAr'4] (with two short Ru-CH3
distances: 2.87 and 2.88 Å).38 The Ru···H distances for the agostic interaction in 4SP-S-2 are
calculated to be short at 1.89 Å). Nevertheless, as compared with 4SP-S-1, 4SP-S-2 is 0.3
kcal/mol higher in free energy even though it has agostic interactions (excluding entropic
effects, 4SP-S-2 is 5.4 kcal/mol lower in enthalpy than 4SP-S-1). More importantly, DFT
calculations indicate a more stable triplet square planar structure 4SP-T, which is 10.7
kcal/mol lower in free energy than the singlet 4SP-S-1. As shown in Figure 3.26, for an ideal
square planar complex ( -only ligands), the dz2 is expected to be close in energy to the nonbonding dxy, dyz and dxz orbitals. Although the dxy and dxz can be stabilized by the -acceptor
ligand CO, the dyz orbital remains unperturbed, leading to a nearly unchanged E between dyz
and dz2 (dyz may also be stabilized by IMes ligands, however, the rotation of IMes ligands can
also result in steric repulsion between CO and IMes). The calculated d-splitting of 4SP-T is
only 0.41 eV (Figure 3.28). Thus, assuming a square planar geometry, [(IMes)2Ru(H)(CO)]+
is more likely to be a triplet d6 complex (i.e., paramagnetic). The DFT calculations suggest
that the -acceptor effect of CO cannot lead to a singlet 4 in a square planar structure,
which is contrary to the experimental observation that the cation [(IMes)2Ru(H)(CO)] + is
diamagnetic. Replacing CO with the -donor ligand NH2, we cannot locate a square planar
stationary point for the singlet (IMes)2Ru(H)(NH2) (6). Singlet 6 changed from a square
planar starting geometry to a sawhorse geometry upon full DFT geometry optimization. For
the square planar geometry, the perturbation due to -donor effects of NH2 raises the dxz
slightly higher than dz2 in energy, resulting in a small d-splitting, similar to the case in
Caulton’s system.42 As shown in Figure 3.28, the d splitting energy for 6SP-T is calculated to
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be only 0.15 eV, which is much lower that of 4SP-T. Thus, in a square planar geometry, the
IMes-Ru(II) system tends to be paramagnetic with both -acceptor or -donor ligands. This
initial set of simulations provides an apparent theory-experiment mismatch vis-à-vis complex
4; however, studies of a sawhorse geometry for 4 provide a resolution.

Figure 3.27. Optimized structures for singlet/triplet [(IMes)2Ru(H)(CO)]+ (4) and
hypothetical (IMes)2Ru(H)(NH2) (6). Subscript SP and SH denote square planar and
sawhorse structures, respectively; subscript S and T stand for singlet and triplet species,
respectively. Most hydrogen atoms on the IMes ligands are omitted for clarity. Calculated
free energies are shown in parentheses at 289.15 K and 1 atm (unit: kcal/mol).

198

Figure 3.28.
Perturbed d-orbitals of [(IMes)2Ru(H)(CO)]+ (4) and hypothetical
(IMes)2Ru(H)(NH2) (6) in a square planar geometry. The d-splittings are obtained from
single point RODFT calculations with the unrestricted DFT optimized structures.

A sawhorse structure can be viewed as the cis-divacant fragment of an octahedral
complex. The energy of dz2 is thus expected to be much higher than that of the non-bonding
dxy, dyz and dxz orbitals,as shown in Figure 3.26. Therefore, the d6 complex may tend to be
diamagnetic with doubly occupied non-bonding dxy, dyz and dxz orbitals. The optimized
sawhorse structures for both singlet and triplet 4 are shown in Figure 3.27. The singlet 4SH-S
is much more stable than the square planar singlet 4SP-S-1, being lower in free energy by 35.5
kcal/mol. This singlet sawhorse 4SH-S is also more stable than the square planar triplet 4SP-T,
lower in free energy by 24.8 kcal/mol. However, the triplet sawhorse 4SH-T is calculated to
be 30.3 kcal/mol higher in free energy that 4SH-S.119 Therefore, the singlet 4SH-S in sawhorse
geometry is calculated to be the most thermodynamically stable structure for cation
[(IMes)2Ru(H)(CO)]+. As shown in Figure 3.29, because of the stabilization of the d-orbitals
by -acceptor ligands, IMes and CO, the HOMO/LUMO gap of 4SH-S is calculated to be 3.92
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eV, significantly higher than that of the 4SP-S (2.05 eV). The H-Ru-CO angle of 4SH-S is
calculated to be 84.1o, while that of triplet 4SH-T is 117.0o. The triplet 4SH-T is thus more akin
to an equatorial-vacant trigonal bipyramid. Typically, d6 diamagnetic complexes have strong
C H agostic interactions due the vacant sites on the metal centers when adopting a sawhorse
geometry.38,

40, 41, 111

However, for the cationic complex [(IMes)2Ru(H)(CO)]+, DFT

calculations did not locate a stationary point with C H agostic interactions, perhaps due to
the bulky IMes ligands. As discussed above, even with the more Lewis acidic non-bonding
vacant dz2 in the singlet, 4SP-S-2 is less stable than the 4SP-S-1 by only 0.3 kcal/mol. Thus, the
combined experimental and computational studies indicate that the four-coordinate cation
[(IMes)2Ru(H)(CO)] + is a diamagnetic complex, with a sawhorse structure, and without
C H agostic interactions. Additional confirmation of the fit between experiment and theory
for complex 2 is the calculated

CO

for the singlet sawhorse structure, which is 1936 cm-1

after scaling for anharmonicity (compared with the experimental value of 1933 cm-1).
Furthermore, the room temperature 1H NMR spectrum of 4 is consistent with the sawhorse
geometry in which there is rapid rotation (relative to the NMR time scale) around the RuCNHC bonds to render the four mesityl rings time average equivalent as well as all four =CH
moieties of the NHC ligands.

200

Figure 3.29. Perturbed d-orbitals of the cation [(IMes)2Ru(H)(CO)]+ (4) and fictive
(IMes)2Ru(H)(NH2) (6) in sawhorse geometry.
3.2.3 H/D Exchange of Hydride with D2: (IMes)2Ru(Cl)(H)(CO) (1) Versus
[(IMes)2Ru(H)(CO)][BAr'4] (4)
Following the reaction of (IMes)2Ru(Cl)(H)(CO) (1) with D2 (30 psi) at room
temperature by 1H NMR spectroscopy reveals the production of (IMes)2Ru(Cl)(D)(CO) (1d1) and free HD (1:1:1 triplet, 1JHD = 43 Hz, 4.42 ppm) (Scheme 3.21). At later reaction
times, the production of free H2 (singlet, 4.42 ppm) is also observed, which likely results
from the reaction of HD with 1 to produce 1-d1 and H2. Consistent with the incorporation of
deuterium into the hydride position of 1 to produce 1-d1, the reaction of 1 with D2 results in
the disappearance of the resonance at -25.4 ppm in the 1H NMR spectrum. Furthermore, the
H/D exchange of the Ru-hydride has been confirmed with a 2H NMR spectrum of 1-d1,
which shows a singlet at approximately -25 ppm (Figure 3.30). Consistent with the 1H NMR
spectrum from the reaction of 1 with D2, the 2H NMR of 1-d1 does not display deuterium
incorporation at other ligand positions.
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Scheme 3.21. Hydride/deuteride ligand exchange for complexes 1 and 4 upon reaction with
D2.

Figure 3.30. 2H NMR of (IMes)2Ru(Cl)(D)(CO) (1-d1) showing Ru-D resonance at
approximately -25 ppm.

Reaction of the formally 14-electron cation [(IMes)2Ru(H)(CO)][BAr'4] (4) with D2
(30 psi) at room temperature produces the isotopomer [(IMes)2Ru(D)(CO)][BAr'4] (4-d1) by
1

H NMR spectroscopy (Scheme 3.21). Neither free HD nor H2 are observed in the 1H NMR
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at room temperature (see below), but consistent with the H/D exchange the resonance at 26.4 ppm disappears. In contrast to 1, in addition to H/D exchange at the hydride ligand, the
reaction of 4 with D2 incorporates deuterium into the ortho methyl groups of the IMes
ligands as observed by 1H and 2H NMR spectroscopy (Figure 3.31). This suggests that a C-H
agostic species is kinetically accessible. After 3 hours at room temperature at 30 psi D2, 20%
H/D exchange (by integration of 1H NMR spectra) is observed at the IMes methyl groups.
Prolonged reaction with D2 results in the production of multiple uncharacterized (IMes)Ru
products, and a decrease in intensity of resonances due to complex 4.

Error!
2
Figure 3.31.
H NMR of [(IMes)2Ru(D)(CO)][BAr'4] (4-d1) showing deuterium
incorporation into the IMes methyl groups at approximately 2 ppm (resonance at 7 ppm is the
reference, C6D6).

Careful monitoring of the reaction of 4 with D2 (30 psi) reveals production of the
isotopomer 4-d1, [(IMes)2Ru(D)(CO)]+ after 5 minutes with negligible deuterium
incorporation into the ortho methyl groups. The system was then frozen and degassed to
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remove all D2 and placed under N2 (1 atm). After 15 minutes at room temperature, the
hydride resonance (-26.4 ppm) returns by 1H NMR spectroscopy (Scheme 3.22). These
results suggest that H/D exchange into the ortho methyl groups of the IMes ligands upon
reaction of 4 and D2 likely occurs by initial H/D exchange at the Ru-H position followed by
H/D exchange between the methyl groups and Ru-D (Scheme 3.23), which may occur via
metallation of a methyl group of the mesityl ring. Deuterium should be incorporated into the
ortho methyl groups of the IMes ligands; however, the anticipated multiplet by 1H NMR
spectroscopy of a CH2D group is not observed. This is likely due to the H/D exchange
occurring with all eight ortho methyl groups of the IMes ligands (two resonances by 1H
NMR spectroscopy), which result in only 2.5% D at each methyl ligand (20% total deuterium
incorporation evenly spread over 8 methyl groups). The rate of H/D exchange into the ortho
methyl groups of the IMes ligands of 4 was determined at 40 ºC (30 psi D2) to be
approximately 1.4 x 10-4 s-1. A short induction period (approximately 10 minutes) was
observed prior to significant change at the ortho position of the IMes ligands, which is likely
due to H/D exchange at the Ru-H position prior to incorporation into the methyl groups. We
were unable to measure the rate accurately over three half-lives due to a competitive
decomposition pathway at prolonged reaction times. This decomposition precluded attempts
to measure the rate of H/D exchange back to perprotio-[(IMes)2Ru(H)(CO)][BAr'4] (4) when
the solution was degassed and pressurized with H2 (30 psi).

Intramolecular C-H, C-N and

C-C bond activations of RuII bound IMes (and other NHCs) ligands have been reported: C-C
and C-N bond activations were found to be stoichiometric and lead to new cyclometalated
IMes ligands (C-C activation)105 or new N-coordinated NHC ligands (C-N activation).107
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The intramolecular C-H bond activation of IMes produces an IMes cyclometallated RuII
complex,105 and other NHCs that show intramolecular C-H activation have been successfully
incorporated into catalytic C-C bond formation reactions (see above).103, 104

Scheme 3.22. Deuterium incorporation into the Ru-H of 4 precedes deuterium incorporation
into the methyl groups.

Scheme 3.23. Reversible H/D scrambling into the ortho IMes methyl groups of 4.
Variable-temperature 1H NMR was used to further explore the lack of observation of
free H2/HD upon reaction of 3 with D2 at room temperature (see above). A toluene-d8
solution of 4 in a J-Young NMR tube was pressurized with D2 (30 psi), and placed in the
NMR probe. At room temperature the spectrum showed resonances consistent with complex
4-d1. Cooling the probe from 20 ºC to -60 ºC did not result in any observable change in the
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spectrum (i.e., no observation of free H2 or HD) (Scheme 3.23). The probe was then warmed
from 20 ºC to 80 ºC, which did not show any observable change in the spectrum; however,
the extent of H/D exchange at the IMes ortho methyl positions was found to increase (as
expected) as the temperature was increased.
In a separate experiment, a J-Young NMR tube containing a toluene-d8 solution of 4
was pressurized with D2 (30 psi) for 20 minutes. After the reaction time, complete H/D
exchange at the Ru-H position was observed by 1H NMR spectroscopy, and the solution was
degassed by freeze-pump-thaw cycles and backfilled with H2 (30 psi). At room temperature
the spectrum showed resonances consistent with complex 4-d1, and a broad resonance at 0.62
ppm (Scheme 3.24). Cooling the probe from 20 ºC to -60 ºC resulted in the observation of
the resonance at 0.62 ppm broadening into the baseline. The probe was then warmed from
20 ºC to 80 ºC resulted in the observation of the resonance at 0.62 ppm increasing in
intensity. These data suggest that the resonance at 0.62 ppm is a time average of free H 2 and
the Ru-H (4) resonances undergoing rapid exchange on the 1H NMR timescale. Indeed,
pressurizing a J-Young NMR tube with H2 (30 psi) containing a toluene-d8 solution of 3
resulted in the same observations as 4-d1 under H2 pressure. Thus, we suggest a time average
resonance at 0.62 ppm for free H2 and the Ru-H (4) where we were unable to reach the
decoalescence point at low temperatures and at room and elevated temperatures the rate of
exchange is fast, which is consistent with the lack of observation of free HD for reaction of 4
with D2 (Scheme 3.24).
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Scheme 3.24. Variable-temperature 1H NMR spectroscopy of 4 and 4-d1 under D2 and H2
pressure, respectively.

We were interested in determining the extent to which removal of chloride from 1
impacts the rate of hydride/deuteride ligand exchange. The reaction of 1 with D2 (30 psi) at
room temperature was followed by 1H NMR spectroscopy over the course of three hours, at
which time conversion to 1-d1 is complete. A plot of ln[1] versus time gives a linear fit, and
the average kobs from multiple reactions is 1.70(2) x 10-4 s-1 (a sample plot is given in Figure
3.32). The reaction of 4 with D2 (30 psi) at room temperature results in complete conversion
to 4-d1 in less than 5 minutes as determined by 1H NMR spectroscopy. Thus, at room
temperature the half-life for the conversion of 4/D2 to 4-d1 is less than 150 seconds compared
to approximately 70 minutes for the conversion of 1/D2 to 1-d1. Though the rate data for
conversion of 4/D2 to 4-d1 is not quantitative, the reaction is at least 28 times faster than
production of 1-d1 from 1/D2.
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Figure 3.32. Plot relates the disappearance of the Ru-H (for complex 1) resonance as a
function of time at room temperature under 30 psi D2 (R2 = 0.97).
For H/D exchange with complex 1, we also probed the impact of D2 pressure on the
reaction rate. Increasing the D2 pressure was found to not have an impact on the rate of H/D
exchange at the hydride position for complex 1. This suggests that the rate-determining step
may involve IMes ligand dissociation. A mechanism for the H/D exchange between 3/D2 to
3-d1 is shown in Scheme 3.25, and a similar mechanism can be proposed for conversion of
1/D2 to 1-d1 with the addition of IMes ligand dissociation prior to D2 coordination and D-D
cleavage. Attempts to measure the rate of H/D exchange of 1 with D2 (30 psi) and added free
IMes were thwarted due to undesired decomposition of the reaction solution to
uncharacterized species. However, though only qualitative, the large enhancement of rate of
H/D exchange upon removal of a Cl- anion is consistent with a dissociative pathway.
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Scheme 3.25. Possible pathways for the reaction of 4 with D2 to produce 4-d1.
3.2.4 Catalytic Hydrogenation
Since the hydride complexes 1 and 4 were found to activate D2, we attempted
catalytic hydrogenation reactions. Both 1 and 4 are active for the addition of H-H bonds
across C=C and C=O bonds. As depicted in Table 3.3, the olefin substrate scope ranges from
terminal to internal olefins including mono- and disubstituted olefins. Hydrogenation was
also extended to C=O bonds of acetone and benzaldehyde (Table 3.4). All hydrogenation
reactions were monitored by 1H NMR spectroscopy, and only complex 1 or 4 was observed
during the course of the reaction, which suggests that the mono-hydride systems are the
catalyst resting states.
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Table 3.3. Ru-catalyzed hydrogenation of olefins. Unless noted otherwise, reactions
performed in C6D6, at 60 ºC, 30 psi H2 and 5 mol % of catalyst relative to olefin
concentration.

Using complex 4 as catalyst, the rates of hydrogenation for hexenes follow the trend:
trans-3-hexene > trans-2-hexene > 1-hexene (entries 2-4, Table 3.3). In fact, monitoring the
hydrogenation of 1-hexene by

1

H NMR spectroscopy reveals initial and complete

isomerization to trans-2-hexene prior to hydrogenation (Scheme 3.26). Due to overlapping
resonances, it cannot be stated with certainty whether trans-2-hexene is further isomerized to
trans-3-hexene prior to hydrogenation, although this seems likely given the rapid rate of
isomerization compared with rate of hydrogenation. The present results are in agreement
with other mono-hydride Ru systems that isomerize olefins.100
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Attempts at the

hydrogenation of benzene with 4 resulted in no reaction (60 ºC, 30 psi H2) or decomposition
of 4 (120 ºC, 60 psi H2). The hydrogenation of the disubstituted olefin 1,4-cyclohexadiene
occurs at approximately the same rate as the mono-substituted olefin cyclohexene (entries 6
and 7, Table 3.3). During the course of 1,4-cyclohexadiene hydrogenation, cyclohexene is
observed as a short-lived intermediate. The hydrogenation of styrene using D2 in place of H2
results in the incorporation of deuterium into the ethyl group of ethylbenzene (Scheme 3.27).
The 1H NMR spectrum of the reaction product of styrene with D2 shows broad multiplets at
2.43 and 1.06 ppm for the methylene and methyl groups of ethylbenzene, respectively.

Scheme 3.26. Isomerization and subsequent hydrogenation of 1-hexene mediated by 4.

Scheme 3.27. Catalytic hydrogenation of styrene using D2 catalyzed by 4.
The cationic and coordinatively unsaturated complex 4 is a more active
hydrogenation catalyst for hydrogenation than complex 1. For example, under the same
conditions, the hydrogenation of 1-hexene is complete in only 6 hours using 4 and after 27
hours with complex 1 as catalyst (entries 1 and 2, Table 3.3). Both 1 and 3 are significantly
less active for the hydrogenation of 1-hexene compared to the previously reported
(PCy3)2Ru(Cl)(H)(CO)100 and (IMes)(PCy3)Ru(Cl)(H)(CO)27 systems.

The catalytic

hydrogenation of 1-hexene using (PCy3)2Ru(Cl)(H)(CO) has a TOF of 12,000 hr-1 at room
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temperature and 1 atm H2, and for (IMes)(PCy3)Ru(Cl)(H)(CO) the TOF is 3,000 hr-1 at
room temperature and 4 atm H2.27, 100 Complex 1 and 3 were found to hydrogenate 1-hexene
with a TOF of 0.8 hr-1 and 3.3 hr-1, respectively (60 ºC and 2 atm H2). At room temperature,
5 mol % 4 was found to hydrogenate/isomerize 1-hexene completely (by 1H NMR) to a
mixture of trans-2-hexene (10%) and hexane (90%), at which time significant catalyst
decomposition had occurred. The substantially decreased activity of the bis-IMes complex 4
compared to the mixed IMes/phosphine, and to an even greater extent the bis-phosphine
complex, is most likely a combination of steric factors and the strong binding nature of IMes
ligands, which prohibits ligand dissociation and may thus inhibit olefin coordination. Over
the course of catalytic hydrogenation reactions using 4, there is no evidence of olefin
coordination to the 4-coordinate 14-electron Ru(II) cation, which further supports the steric
argument.
As noted above, 4 isomerizes 1-hexene to trans-2-hexene prior to hydrogenation.
Thus, we studied the reaction of 3 with trans-2-hexene in the absence of H2 (Scheme 3.28).
After 20 hours, 27% conversion of trans-2-hexene to trans-3-hexene is observed with 5 mol
% 4 at 60 ºC, longer times resulted in no further changes by 1H NMR spectroscopy.
Recently, Grotjahn et al. have reported the remarkable isomerization of dotriacont-31-en-ol
to dotriacontan-2-one catalyzed by a cationic Ru(II) complex, which moves the C=C double
bond 30 C-C linkages!120

The reaction of 9-decen-1-ol with 5 mol % 4 at 70 ºC results in

the complete isomerization to an internal olefin, likely 8-decen-1-ol, after 2 hours (Scheme
3.29). Prolonged reaction time (24 hours) results in no further changes. In contrast, the
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Ru(II) catalyst, [CpRu{ 2-P,N-P(iPr)2(C8H13N2)}(NCMe)][PF6], (5 mol %) was found to
catalyze the same reaction at 70 ºC, which resulted in 84% yield of decanal in 4 hours.120

Scheme 3.28. Isomerization of trans-2-hexene catalyzed by 4 (in the absence of H2) to a
thermodynamic distribution of 2- and 3-hexene. No observation of cis- isomers.

Scheme 3.29. Complex 4 catalyzed isomerization of 9-decen-1-ol compared to the
[CpRu{ 2-P,N-P(iPr)2(C8H13N2)}(NCMe)][PF6] catalyzed isomerization.
A possible mechanism for the hydrogenation (and isomerization of olefins) is shown
in Scheme 3.30. Assuming that complex 4 is 4-coordinate Ru(II) with a 14-valence electron
count, olefin association is likely the initial step. If N2 is coordinated to 4, it is likely very
labile (at room temperature, see above). Olefin insertion would give a 5-coordinate 16
electron complex that could be followed by insertion of the olefin into the Ru-H bond. After
insertion,

-hydride elimination/re-insertion/ -hydride elimination sequences followed by

olefin dissociation provides a pathway for olefin isomerization. At this time, we do not have
data that would allow for us to discern H2 oxidative addition versus -bond metathesis.
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Scheme 3.30. Possible pathway for olefin hydrogenation mediated by complex 4, and where
-hydride elimination likely occurs.

Table 3.4. Ru-catalyzed hydrogenation of carbonyl groups. All reactions performed in
C6D6, at 60 ºC, 30 psi H2 and 5 mol % of catalyst relative to carbonyl concentration.
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The reduction of aldehydes and ketones using H2 in place of NaBH4 or LiAlH4
(stoichiometric reducing agents) is a widely employed reaction for both commodity and fine
chemical synthesis due to the atom economical nature of the reaction, and the ability to
produce enantiomerically pure alcohols from prochiral ketones.121 Ru(II) complexes have
been shown to possess exceptional reactivity for the addition of H2 across C=O bonds.121-123
Extension of hydrogenation to carbonyl groups by 1 and 4 was explored (Table 3.4).
Complex 3 is less active for the hydrogenation of carbonyl groups than for olefins, and
complex 1 essentially shows little reactivity for carbonyl hydrogenation (entry 1, Table 3.4).
Whittlesey et al. have reported that complex 1 catalyzes the hydrogenation of the C=O group
of para-substituted acetophenones, and they report less than quantitative % conversions as
well even under more forcing conditions (Scheme 3.31).108

Scheme 3.31. Catalytic hydrogenation of para-substituted acetophenones catalyzed by 1.

The hydrogenation of benzaldehyde by 4 to benzylalcohol occurs at a slightly slower
rate (entry 2, Table 3.4) than the hydrogenation of styrene (entry 5, Table 3.3).

The

hydrogenation of acetone by 3 was found to be slowest of all substrates studied (entry 3,
Table 3.4). To explore the selectivity of hydrogenation of C=C versus C=O substrates, we
attempted the hydrogenation of 3-vinyl-benzaldehyde. Complete hydrogenation of the vinyl
group to produce 3-ethyl-benzaldehyde is observed after 24 hours by 1H NMR spectroscopy
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(Scheme 3.32). At this time, there is no evidence (by 1H NMR spectroscopy) for reduction
of the carbonyl group. The intermediate aldehyde is characterized by 1H NMR spectroscopy
with a new aldehyde C-H resonance (9.72 ppm) compared to the vinyl-aldehyde (9.64 ppm),
resonances consistent with an ethyl group (2.29 ppm, q, 3JHH = 8 Hz; 0.95 ppm, t, 3JHH = 8
Hz) and complete disappearance of the resonances due to the vinyl group.

Prolonged

reaction time (84 total hours) results in the complete hydrogenation of the carbonyl to
produce 3-ethyl-benzylalcohol (entry 4, Table 3.4).

These results suggest that, though

complex 4 can hydrogenate both C=C and C=O substrates, it is kinetically selective for the
C=C functionality. Attempted extension of catalytic hydrogenation to carboxamides (Nmethylacetamide) or esters (methyl acetate) resulted in no reaction or decomposition of 4,
respectively.

Scheme 3.32. Stepwise hydrogenation of 3-vinyl-benzaldehyde catalyzed by 4.
3.2.5 Oxidative Hydrophenylation of Ethylene
Thus far, the reactivity of complex 4 shows reversible activation of the ortho-methyl
groups of the IMes ligands at room temperature, catalytic hydrogenation of olefins, ketones
and aldehydes, and -hydride elimination from Ru-alkyl groups is kinetically accessible as
evidenced by facile isomerization (see above). From these data (as described in detail in the
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preceding sections), we were interested in studying if complex 4 was active for catalytic
intermolecular C-H activation, in particular oxidative hydrophenylation of ethylene to
produce styrene, both in the presence and absence of an added oxidant (Scheme 3.33).

Scheme 3.33. Proposed mechanism for the oxidative hydrophenylation of ethylene catalyzed
by 4, overall reaction shown in bubble and product styrene is in red in the catalytic cycle.
In pressure reactors, catalysis was explored from 70 ºC to 150 ºC and 25 psi to 500
psi of ethylene in benzene (Table 3.5). Different oxidants were used at representative
temperatures and pressures. The most successful production of styrene using 4 provided 1.5
turnovers at 90 ºC and 100 psi of ethylene in 42 hours in the absence of added oxidant. In all
cases, the catalyst solutions remained homogeneous; however, 1H NMR spectral analysis of
residual materials (non-volatiles) from catalysis failed to identify 4 or any other intermediate
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in the proposed catalytic cycle for the hydrophenylation of ethylene (oxidative or nonoxidative). Presumably, 4 decomposes to NMR-silent materials; however, in some cases
complex 1 was observed, likely formed by advantageous Cl- anions. Thus, despite efficient
hydrogenation of olefins, complex 4 is not an efficient catalyst for production of
ethylbenzene (hydrophenylation of ethylene) nor styrene (oxidative hydrophenylation of
ethylene). This is likely due to the high thermal instability of complex 4, in particular in the
absence of any strongly donating ligands.
Table 3.5. Ru-catalyzed oxidative hydrophenylation of ethylene. Reactions performed in
benzene with 0.1 mol % 4.
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3.3

Conclusions
(IMes)2Ru(Cl)(H)(CO) (1) has provided a starting point to explore a variety of

reactions with a bis-NHC RuII system. The sterically encumbering and strongly donating
IMes ligands of 1 were utilized to synthesize, isolate and characterize a reactive 4-coordinate
monomeric Ru(II) complex, [(IMes)2Ru(H)(CO)][BAr'4] (4).

Facile ligand coordination

(e.g., tBuNC), reversible intramolecular C-H activation and reversible N2 coordination have
been observed for 4. In addition, complex 4 was found to be active for olefin, ketone and
aldehyde hydrogenation with kinetic selectivity for C=C over C=O hydrogenation. Despite
efficient hydrogenation of olefins, complex 4 is not an efficient catalyst for production of
ethylbenzene (hydrophenylation of ethylene) nor styrene (oxidative hydrophenylation of
ethylene). This is likely due to the high thermal instability of complex 4, in particular in the
absence of any strongly donating ligands.
Though a crystal structure of 4 was not obtained, with the experimental and
computational data presented herein we feel confident that 4 is a monomeric 4-coordinate
Ru(II) complex that possesses a sawhorse geometry and diamagnetic. Four-coordinate Ru(II)
structures, in the past, have been characterized one of two ways, which include either square
planar and paramagnetic stabilized by a -donor ligand or a diamagnetic sawhorse structure
with two C-H agostic interactions to complete the octahedral coordination sphere. However,
the combined experimental and computational results that have been presented herein
suggest that a diamagnetic 14-electron species is accessible in the absence of agostic
interactions. Furthermore, these results suggest that the presence/absence of -active (donor
or acceptor) ligands may only play a minor role in the ground state geometry, and the square
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planar paramagnetic Ru(II) complexes are likely a result of constrained ligand geometry
rather than the presence of a -donor ligand.
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3.4

Experimental Section
General Methods.

Unless otherwise noted, all reactions and procedures were

performed under anaerobic conditions in a nitrogen filled glovebox or using standard Schlenk
techniques. Glovebox purity was maintained by periodic nitrogen purges and monitored by
an oxygen analyzer {O2(g) < 15 ppm for all reactions}. Hexanes were purified by passage
through two columns of activated alumina. Acetonitrile and methanol were purified by
distillation from calcium hydride.

Pentane was purified by distillation from sodium.

Benzene,

toluene

tetrahydrofuran,

sodium/benzophenone.

and

were

purified

by

distillation

from

CD3CN, C6D6, CDCl3, CD3OD, CD2Cl2, and C6D5CD3 were

degassed via three freeze-pump-thaw cycles and stored over 4Å sieves.

Photolysis

experiments were performed using a 450 watt power supply, 450 watt lamp, and a quartz
cooling jacket with flowing water.

1

H and

13

C NMR spectra were obtained on either a

Varian Mercury 300 MHz or Varian Mercury 400 MHz spectrometer (operating frequencies
for

13

C NMR are 75 and 100 MHz, respectively) and referenced against tetramethylsilane

using residual proton signals (1H NMR) or the 13C resonances of the deuterated solvent (13C
NMR).
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F NMR spectra were obtained on a Varian 300 MHz spectrometer (operating

frequency 282 MHz) and referenced against an external standard of hexafluorobenzene ( = 164.9).

31

P NMR spectra were obtained on a Varian 400 MHz spectrometer (operating

frequency 161 MHz) and referenced against an external standard of H3PO4 ( = 0). 2H NMR
spectra were obtained on a Bruker 500 MHz spectrometer (operating frequency 78 MHz) in
C6H6 and referenced against residual C6D6 ( = 7.16). Unless otherwise noted NMR spectra
were acquired at room temperature. IR spectra were obtained on a Mattson Genesis II
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spectrometer as either thin films on a KBr plate or in a solution flow cell. Elemental analyses
were performed by Atlantic Microlabs, Inc.

[Ru(CO)2Cl2]n, IMes, and NaBAr'4 were

prepared according to reported procedures.124-126

Cyclohexene was degassed via three

freeze-pump-thaw cycles and stored over 4Å sieves. Styrene was vacuum distilled from
CaH2. Carbon monoxide (99.5%), H2 (99.9%) and ethylene (99.5%) were obtained from
MWSC High-Purity Gases and used as received.

D2 (99.8% D) was obtained from

Cambridge Isotope Laboratories and used as received. All other reagents were purchased
from commercial sources and used without further purification.
(IMes)2Ru(Cl)(H)(CO) (1).108 A yellow heterogeneous solution of [Ru(CO)2Cl2]n
(0.162 g, 0.711 mmol), IMes (0.443 g, 1.46 mmol) and toluene (20 mL) in a sealed pressure
tube was heated in an oil bath to 100 ºC for 24 hours. After the heating period, the orange
solution was filtered, and the volatiles were removed from the filtrate in vacuo to produce an
orange residue. The residue was dissolved in methanol (20 mL) and heated to reflux for 48
hrs. During the heating period, an orange precipitate formed. The volatiles were reduced to
approximately 5 mL. After stirring overnight in methanol, the orange solid was collected by
vacuum filtration, washed with hexanes, and dried in vacuo (0.148 g, 27% yield). IR (KBr):
νCO= 1886 cm-1. 1H NMR (room temperature C6D6, ): 6.83, 6.79 (8H total, 1:1 ratio, each a
br s, IMes aryl), 6.17 (4H total, s, IMes HC=CH), 2.34, 2.19, 2.08 (36H total, 1:1:1 ratio,
each a br s, IMes –CH3), -25.30 (s, Ru-H).
2

13

C NMR (room temperature C6D6, ): 202.2 (d,

JCH = 10 Hz, Ru-CO,), 195.3 {d, 2JCH = 10 Hz, Ru-C(IMes)}, (The CO and C(IMes)

resonances were found to be coupled to the Ru-H; however, when a

13

C{1H} was obtained

with only the Ru-H resonance decoupled the CO and C(IMes) resonances collapsed to
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singlets.) 137.7, 137.3, 136.7, 136.4, 129.4 (each a s, IMes-aryl, likely one overlap), 121.9
(NCH=CHN), 21.7 (s, p-CH3), 19.5 (s, o-CH3), 19.4 (s, o-CH3).
(Found): m/z 738.6 (739,

MS (EI) Calculated

= 0.4 ppm) {(IMes)2Ru(H)(CO)}+.

(IMes)2Ru(Cl)(H)(CO)2 (2).108 Carbon monoxide was gently bubbled through a
yellow solution of 1 (0.078 g, 0.010 mmol) in benzene (20 mL) in a 100 mL round-bottom
Schlenk flask. The solution immediately turned colorless. After stirring for 1 hour at room
temperature, the CO purge was stopped, and the volatiles were reduced to ~1 mL in vacuo.
Hexanes were added to precipitate a white solid, which was collected by vacuum filtration,
washed with hexanes, and dried in vacuo (0.066 g, 82% yield). Crystals suitable for an X-ray
diffraction study were grown by layering a benzene solution of 2 with pentane at room
temperature under a N2 atmosphere. IR (KBr): νRu-H = 1941 cm-1,
1

CO =

2035 cm-1, 1905 cm-

. 1H NMR (C6D6, ): 6.74, 6.73 (8H total, 1:1 ratio, each a br s, IMes aryl), 6.07 (4H total,

s, IMes HC=CH), 2.25, 2.19 (36H total, 1:2 ratio, each a s, IMes –CH3), -4.22 (1H, s, Ru-H)
13

C NMR (C6D6, ): 204.1 (s, Ru-CO), 185.5 {s, Ru-C(IMes}, 139.5, 137.7, 137.0, 136.7,

129.8, 129.7 (each a s, IMes-aryl), 123.4 (NCH=CHN), 21.6 (s, p-CH3), 19.2 (s, o-CH3), 19.1
(s, o-CH3).
(IMes)2Ru(Cl)2(CO)2 (3). HCl (4 M solution in 1,4-dioxane, 0.050 mL, 0.20 mmol)
was added to a yellow solution of 2 (0.055 g, 0.068 mmol) in benzene (20 mL) in a 100 mL
round bottom flask. The solution was stirred for 1 hour. At which time the volatiles were
reduced to ~1 mL in vacuo. Hexanes were added to precipitate a white solid, which was
collected by vacuum filtration, washed with hexanes, and dried in vacuo (0.047 g, 82%
yield). IR (KBr): νCO = 2025 and 1955 cm-1. 1H NMR (C6D6, ): 6.72 (8H total, br s, IMes
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aryl), 5.95 (4H total, s, IMes HC=CH), 2.27, 2.14 (36H total, 2:1 ratio, each a s, IMes –CH3).
13

C NMR (CDCl3, ): 194.7 (s, Ru-CO), 174.5 {s, Ru-C(IMes)}, 138.6, 138.5, 136.6 (each a

s, IMes-Aryl), 125.0 (NCH=CHN), 21.4 (s, p-CH3), 18.8 (s, o-CH3). MS (EI) Calculated
(Found): m/z 801.05 (801,

= 0.4 ppm) {(IMes)2Ru(CO)2(Cl)}+.

[(IMes)2Ru(H)(CO)][BAr'4] (4). [Na][BAr'4] (0.085 g, 0.096 mmol) was added to a
yellow solution of 1 (0.094 g, 0.012 mmol) in benzene (20 mL), and the mixture was stirred
at room temperature for 24 hrs. The resulting orange-yellow solution was filtered through a
plug of Celite. The filtrate was reduced to ~1 mL in vacuo. Hexanes were added to
precipitate an orange-red solid. After storing at -20 ºC overnight to maximize precipitation,
the brick-red solid was collected by vacuum filtration, washed with hexanes, and dried in
vacuo (0.105 g, 54% yield). IR (C6H6): νCO = 1933 cm-1.

1

H NMR (C6D6, ): 8.39 (8H

total, br s, o-Ar'), 7.69 (4H total, br s, p-Ar'), 6.69 (8H total, br s, IMes aryl), 6.00 (4H total,
br s, IMes HC=CH), 2.21, 1.58, 1.50 (36H total, each a s, 1:1:1 ratio IMes –CH3), -26.43 (1H
total, br s, Ru-H)

13

C NMR (C6D6, ): 202.9 (br s, Ru-CO), 188.4 {br s, Ru-C(IMes)},

163.1 (1:1:1:1 ratio, q, 1JBC = 50 Hz, B-C), 139.7, 135.8, 135.6, 135.2, 135.0, 130.1, 130.0,
127.4, 123.8, 123.3, 120.2 (each a sharp s, IMes-aryl and BAr'4-aryl), 131.0, 130.1, 129.6
(each a br s, IMes-aryl and BAr'4-aryl), 125.6 (q, 1JFC = 271 Hz, BAr'4-CF3),
(NCH=CHN), 21.2 (s, o-CH3), 17,7 (s, p-CH3).

118.4

19

F NMR (C6D6, ): -60.8 (s).

[(IMes)2Ru(H)(CNtBu)2(CO)][BAr'4] (5).

CNtBu (0.012 mL, 0.11 mmol) was

added to a yellow solution of 1 (0.051 g, 0.0032 mmol) in benzene (20 mL) in a 100 mL
round-bottom flask. The solution immediately turned colorless. After stirring for 1 hour, the
volatiles were reduced to ~1 mL in vacuo. Hexanes were added to precipitate a white solid,
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which was collected by vacuum filtration, washed with hexanes, and dried in vacuo (0.046 g,
82% yield). Crystals suitable for an X-ray diffraction study were grown by layering a
benzene solution of 4 with pentane at room temperature under a N2 atmosphere. IR (KBr):
νCN= 2150 cm-1, 2120 cm-1,
stretch).

1

CO

= 1975 cm-1 (also has a low energy shoulder, likely Ru-H

H NMR (C6D6, ): 8.42 (8H total, s, o-Ar'), 7.72 (4H total, s, p-Ar'), 6.68, 6.67

(8H total, 1:1 ratio, each a br s, IMes aryl), 5.87 (4H total, s, IMes HC=CH), 2.13, 1.76 (36H
total, 1:2 ratio, each a s, IMes –CH3), 0.98, 0.77 {18H total,1:1 ratio, each a s, -C(CH3)3}, 7.99 (1H total, s, Ru-H).

13

C NMR (C6D6, ): 200.8 (s, Ru-CO), 183.0 {s, Ru-C(IMes},

162.0 (1:1:1:1 ratio, q, 1JBC = 50 Hz, B-C), 139.3, 138.4, 136.0, 135.8, 135.0, 129.6, 129.5,
126.6, 124.2, 123.0, 119.4, 117.6 (each a s, IMes-aryl, BAr'4-aryl, Ru-CNtBu, NCH=CHN),
129.0 (q, 2JFC = 28 Hz, meta-BAr'4), 124.8 (q, 1JFC = 271 Hz, BAr'4-CF3), 57.5, 56.4 {each a
s, -C(CH3)3} 30.2, 29.7, 21.2, 19.0, 18.8 {each a s, -C(CH3)3 o-CH3, p-CH3}.
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F NMR

(C6D6, ): -60.8 (s). Anal. Calcd. For C85H79B1F24N6O1Ru: C, 57.74; H, 4.47; N, 4.75.
Found: C, 57.26; H, 4.45; N, 4.76.
Reaction of [Ru(CO)2Cl2]n With IMes in Toluene-d8 and CD3OD. A yellow
heterogenous solution of [Ru(CO)2Cl2]n (0.037 g, 0.16 mmol), IMes (0.011 g, 0.36 mmol)
and toluene (5 mL) in a sealed pressure tube was heated in an oil bath to 100 ºC for 24 hours.
After the heating period, an aliquot was analyzed by 1H NMR spectroscopy, which showed a
mixture of (IMes)Ru products (none of which corresponded to 1) and a single resonance
upfield of 0 ppm at -4.5 ppm. The mixture was filtered, and the orange filtrate was equally
divided between two 38 mL pressure tubes. CH3OH and CD3OD (5 mL) were added
separately to the reaction mixtures. The tubes were sealed and heated in an oil bath to 80 ºC
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for 24 hours. After the heating period, aliquots were removed from each, and the volatiles
were removed in vacuo. The residues from each reaction were dissolved up in C6D6.

1

H

NMR spectroscopy of both samples (CH3OH and CD3OD reactions) revealed complex 1
without incorporation of deuterium.
Variable Temperature 1H NMR Spectroscopy of (IMes)2Ru(Cl)(H)(CO) (1). a.)
An orange solution of complex 1 (0.006 g, 0.008 mmol) in toluene-d8 (0.6 mL) was
transferred to a screw-cap NMR tube. 1H NMR spectra were obtained at 10 ºC intervals from
25 ºC to 95 ºC, which resulted in only minor changes from the room temperature 1H NMR
spectrum. No observation of the methyl resonances coalescing into a 2:1 ratio was made,
which would be indicative of rapid rotation of both the N-Cmesityl and Ru-CNHC bonds on the
NMR timescale. b.) The solution was then cooled in the NMR probe.

1

H NMR spectra

were obtained at 20 ºC intervals ranging from 20 ºC to -60 ºC. At -20 ºC, two resonances due
to the methyl resonances began to decoalesce. At -40 ºC, the resonances due to the aryl
hydrogens began to decoalesce. At -60 ºC, a near idealized Cs molecular symmetry for 1 was
observed where the aryl hydrogens were 4 singlets, the backbone hydrogens of the imidazole
rings resonate as 2 singlets, and the methyl resonances were observed as 5 singlets (possibly
6 resonances due to overlap with the solvent). c.) An orange solution of complex 1 (0.006 g,
0.008 mmol) in methylene chloride-d2 (0.6 mL) was transferred to an NMR tube. 1H NMR
spectra were obtained at 5 ºC intervals ranging from 0 ºC to -70 ºC. At -10 ºC, a set of IMes
methyl resonance is at the coalescence temperature. Further cooling allowed this resonance
to decoalesce into two singlets. These resonances were followed until no further change was
observed in chemical shift or peak width at half height (-65 ºC). These data were used to
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calculate a rate constant for Ru-CIMes bond rotation using line broadening and the coalescence
temperature.
Reactivity

of

(IMes)2RuCl(H)(CO)

(1)

With

Acetonitrile

and

Trimethylphophine. a) As a control experiment, an orange solution of complex 1 (0.006 g,
0.008 mmol) in C6D6 (0.6 mL) was transferred to a screw-cap NMR tube. The solution was
heated to 90 ºC for 12 hours, which resulted in no reaction by 1H NMR spectroscopy. b) An
orange solution of complex 1 (0.006 g, 0.008 mmol) in C6D6 (0.6 mL) was transferred to a
screw-cap NMR tube. Acetonitrile (3 L, 0.057 mmol) was added. The solution was heated
to 90 ºC for 12 hours with no reaction by 1H NMR spectroscopy. c) An orange solution of
complex 1 (0.010 g, 0.01 mmol) in C6D6 (0.6 mL) was transferred to a screw-cap NMR tube.
Trimethylphosphine (7 L, 0.079 mmol) was added. The solution was heated to 90 ºC for 12
hours with no reaction by 1H NMR spectroscopy.
NMR Scale Preparation of (IMes)2Ru(Cl)(D)(CO)2 (2-d1). An orange solution of
complex 1 (0.008 g, 0.009 mmol) in C6D6 (0.6 mL) was transferred to a J-Young NMR tube.
The tube was evacuated by two freeze-pump-thaw cycles, pressurized with D2 (30 psi) and
heated to 60 ºC. After 6 hours, complete conversion to the Ru-D isotopomer (2-d1) was
observed by 1H NMR spectroscopy. Incorporation of deuterium into the methyl groups of
the IMes ligands was not observed. IR analysis (thin film on KBr) showed disappearance of
the absorption at 1941 cm-1.
Reaction of [(IMes)2Ru(H)(CO)][BAr'4] (4) with [Bu4N][Cl]. An orange solution
of complex 4 (0.006 g, 0.004 mmol) in C6D6 (0.6 mL) was added to [Bu4N][Cl] (0.003 g,
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0.011 mmol), stirred for 5 minutes and transferred to an NMR tube. Quantitative formation
of complex 1 was observed by 1H NMR spectroscopy.
Attempts to produce (IMes)2Ru(Cl)2(CO) from (IMes)2Ru(Cl)(H)(CO) (1). a)
Reaction of (IMes)2Ru(Cl)(H)(CO) (1) with HCl. HCl (4 M solution in 1,4-dioxane, 0.050
mL, 0.20 mmol) was added to a yellow solution of 2 (0.062 g, 0.080 mmol) in benzene (20
mL) in a 100 mL round bottom flask. The solution was stirred for 3 hours, after which the
volatiles were reduced to ~1 mL in vacuo. Hexanes were added to precipitate a creamyellow solid, which was collected by vacuum filtration, washed with hexanes, and dried in
vacuo (0.057 g). IR (KBr): νCO = 1939 cm-1. The 1H NMR spectrum (CDCl3) revealed two
complexes with no resonances upfield of 0 ppm; however, we were unable to separate the
complexes despite several attempts at chromatographic separation.

b) Reaction of

(IMes)2Ru(Cl)(H)(CO) (1) with CCl4. A yellow solution of 2 (0.010 g, 0.013 mmol) in CCl4
(20 mL) in a 100 mL round bottom flask was heated to reflux. After 3 hours, analysis of the
reaction mixture by IR (thin film on KBr) showed no reaction.

c)

Reaction of

(IMes)2Ru(Cl)(H)(CO) (1) with N-chlorosuccinimide. N-Chlorosuccinimide (0.003 g, 0.023
mmol) was added to a yellow solution of 2 (0.016 g, 0.021 mmol) in toluene (5 mL) in a 100
mL round bottom flask. The solution was heated to reflux for 3 hours. Analysis of the
reaction mixture by IR (thin film on KBr) and 1H NMR spectroscopy showed the formation
of multiple (IMes)Ru systems.

d)

Reaction of (IMes)2Ru(Cl)2(CO)2 (5) with Me3NO.

Me3NO (0.025 g, 0.333 mmol) was added to a yellow solution of 2 (0.012 g, 0.015 mmol) in
toluene (10 mL) in a 100 mL round bottom flask. The solution was heated to reflux for 8
hours. Analysis of the reaction mixture by IR (thin film on KBr) showed no reaction.
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Variable Temperature 1H NMR Spectroscopy of [(IMes)2Ru(H)(CO)][BAr'4] (4).
a) An orange solution of complex 3 (0.0012 g, 0.007 mmol) in toluene-d8 (0.6 mL) was
transferred to a screw-cap NMR tube.
ranging from 25 ºC to -80 ºC. At

1

H NMR spectra were obtained at 10 ºC intervals

0 ºC, two complexes (2:1 ratio) were observed. At

temperatures below 0 ºC, no further changes are observed until the temperature reaches -80
ºC where all resonances have broadened into the baseline.

Warming back to room

temperature resulted in the original spectrum. b) The solution was then heated in the NMR
probe. 1H NMR spectra were obtained at 20 ºC intervals ranging from 20 ºC to 80 ºC. As
the temperature was increased only the single room temperature complex was present, and
the resonances did sharpen slightly including the Ru-H resonance.
Reversible formation of [(IMes)2Ru(H)(CO)(N2)][BAr'4] (4-N2) Under N2
Pressure. An orange solution of complex 4 (0.007 g, 0.004 mmol) in C6D5CD3 (0.6 mL)
was transferred to a J-Young NMR tube. The tube was evacuated by two freeze-pump-thaw
cycles and backfilled with N2 (80 psi) at room temperature. The room temperature 1H NMR
spectrum showed resonances consistent with complex 4 and complex 4-N2 (as observed by
low temperature 1H NMR spectroscopy) in an approximate 3:1 ratio favoring complex 3.
The tube was evacuated by five freeze-pump-thaw cycles and back-filled with argon (40 psi).
The room temperature 1H NMR spectrum showed complex 4 with no evidence of complex 4N2.
NMR Scale Preparation of (IMes)2Ru(Cl)(D)(CO) (1-d1). An orange solution of
complex 1 (0.007 g, 0.009 mmol) in C6D6 (0.6 mL) was transferred to a J-Young NMR tube.
The tube was evacuated by two freeze-pump-thaw cycles, pressurized with D2 (30 psi) and
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heated to 60 ºC. After 6 hours, complete conversion to the Ru-D isotopomer (1-d1) and free
H2 and HD were observed by 1H NMR spectroscopy. Incorporation of deuterium into the
methyl groups of the IMes ligands was not observed. The volatiles were removed in vacuo,
and the sample was dried overnight. The residue was taken up in C 6H6 (0.6 mL) and
transferred to an NMR tube. 2H NMR spectroscopy showed a singlet at -25 ppm (referenced
to residual C6D6). The 2H NMR spectrum was acquired overnight using a 10 second pulse
delay time.
NMR Scale Preparation of [(IMes)2Ru(D)(CO)][BAr'4] (4-d1).

An orange

solution of complex 3 (0.010 g, 0.0062 mmol) in C6D6 (0.6 mL) was transferred to a J-Young
NMR tube. The tube was evacuated by two freeze-pump-thaw cycles and pressurized with
D2 (30 psi) at room temperature. After 3 hours, complete conversion to the Ru-D isotopomer
(4-d1) was observed by 1H NMR spectroscopy. In addition, incorporation of deuterium into
the methyl groups of the IMes ligand(s) was observed (approximately 20% D incorporation
after 3 hours). The volatiles were removed in vacuo, and the sample was dried overnight.
The residue was taken up in C6H6 (0.6 mL) and transferred to an NMR tube.

2

H NMR

spectroscopy showed only a singlet at 1.7 ppm for D incorporation into the IMes Me groups
(referenced to residual C6D6) with no observable resonance in the region of -20 to -30 ppm,
which is consistent with the very broad Ru-H resonance for 3 observed by 1H NMR
spectroscopy. The 2H NMR spectrum was acquired overnight using a 10 second pulse delay
time.
Variable Temperature 1H NMR Spectroscopy of [(IMes)2Ru(H)(CO)][BAr'4] (4)
Under D2 Pressure. An orange solution of complex 3 (0.014 g, 0.0087 mmol) in C6D5CD3
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(0.6 mL) was transferred to a J-Young NMR tube. The tube was evacuated by two freezepump-thaw cycles and pressurized with D2 (30 psi) at room temperature.

At room

temperature 1H NMR spectroscopy showed complex 4, and no resonance for the Ru-H. The
probe was cooled from 20 ºC to -60 ºC, and spectra were obtained at 10 ºC intervals. As the
probe was cooled there was no observable change in the 1H NMR spectrum. As the probe
was warmed (20 ºC to 80 ºC) there was no observable change in the 1H NMR spectrum of 4.
Variable Temperature 1H NMR Spectroscopy of [(IMes)2Ru(D)(CO)][BAr'4] (4d1) Under H2 Pressure.

An orange solution of complex 4 (0.017 g, 0.011 mmol) in

C6D5CD3 (0.6 mL) was transferred to a J-Young NMR tube. The tube was evacuated by two
freeze-pump-thaw cycles and pressurized with D2 (30 psi) at room temperature. After 20
minutes, 1H NMR spectroscopy showed complete disappearance of the Ru-H resonance of 3.
The tube was evacuated by two freeze-pump-thaw cycles and pressurized with H2 (30 psi) at
room temperature. At room temperature 1H NMR spectroscopy showed complex 4, no
resonance for the Ru-H, and a broad singlet at 0.62 ppm assigned as a time average between
free dihydrogen and Ru-coordinated hydrogen species due to rapid exchange. The probe was
cooled from 20 ºC to -60 ºC with 1H NMR spectra obtained at 10 ºC intervals. Consistent
with the assignment of the resonance at 0.62 ppm as the average of a rapid exchange between
free dihydrogen and Ru-coordinated hydrogen, as the probe was cooled the broad resonance
at 0.62 ppm broadened into the baseline; however, at -60 ºC the slow exchange regime was
not reached. Warming the sample solution (20 ºC to 80 ºC) resulted in sharpening of the
resonance at 0.62 ppm (broad at room temperature). These data are consistent with a time
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averaged resonance for free dihydrogen and coordinated hydrogen ligands at 0.62 ppm and
explain the inability to observe free HD from the reaction of D2 with complex 4.
Variable Temperature 1H NMR Spectroscopy of [(IMes)2Ru(H)(CO)][BAr'4] (4)
Under H2 Pressure. An orange solution of complex 4 (0.010 g, 0.0061 mmol) in C6D5CD3
(0.6 mL) was transferred to a J-Young NMR tube. The tube was evacuated by two freezepump-thaw cycles and pressurized with H2 (30 psi) at room temperature.

At room

temperature 1H NMR spectroscopy showed complex 4, and a broad singlet at 0.62 ppm.
Variable temperature NMR spectroscopy was identical to that described immediately above.
Variable Temperature 1H NMR Spectroscopy of [(IMes)2Ru(H)(CO)][BAr'4] (4)
Under Argon. An orange solution of complex 4 (0.013 g, 0.008 mmol) in C6D5CD3 (0.6
mL) was transferred to a J-Young NMR tube. The tube was evacuated by four freeze-pumpthaw cycles and backfilled with Ar (1 atm) at room temperature. The room temperature 1H
NMR spectrum showed resonances consistent with complex 3 including the Ru-H and one
unassigned resonance at 3.5 ppm. The NMR probe was cooled from 20 ºC to -40 ºC, and
spectra were obtained at 20 ºC intervals. At low temperature only one complex was present
in solution as compared to two observed complexes when the solution of 3 is not degassed
prior to the variable-temperature experiment.
Rate of Incorporation of Deuterium Into (IMes)2Ru(Cl)(H)(CO) (1) and
[(IMes)2Ru(H)(CO)][BAr'4] (3). a) A 0.013 M stock solution of 1 (0.031 g, 0.040 mmol)
in C6D6 (3 mL) was prepared. Aliquots (0.5 mL) of the stock solution were transferred to
three separate J-Young NMR tubes along with hexamethyldisiloxane (2 L, 0.0094 mmol) as
an internal standard. The NMR tubes were degassed by two freeze-pump-thaw cycles and
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back-filled with D2 (30 psi). The reactions were monitored by 1H NMR spectroscopy. For
all data acquisition, the spectral window was 8 ppm to -28 ppm, and a 10 second pulse delay
time was used. The disappearance of the hydride resonance was measured as a function of
time. Each sample a plot of ln[hydride resonance integration] versus time gave a straight
line, and a kobs was found by taking the average of the three plots (see Supporting
Information). b) An orange solution of complex 4 (0.014 g, 0.0087 mmol) in C6D5CD3 (0.6
mL) was transferred to a J-Young NMR tube. The tube was evacuated by two freeze-pumpthaw cycles and pressurized with D2 (30 psi) at room temperature. After 5 minutes, the Ru-H
resonance had completely disappeared by 1H NMR spectroscopy. Thus, t1/2 ≤ 1 minute.
Rate Dependence on D2 for H/D Exchange at the Hydride Position of
(IMes)2Ru(Cl)(H)(CO) (1). A 0.013 M stock solution of 1 (0.121 g, 0.156 mmol) in C6D6
(12 mL) was prepared. Aliquots (0.5 mL) of the stock solution were transferred to three
separate J-Young NMR tubes along with hexamethyldisiloxane (2 L, 0.0094 mmol) as an
internal standard. The NMR tubes were degassed by two freeze-pump-thaw cycles and backfilled with D2. Each set of three reactions was done at 15 psi, 45 psi and 60 psi D2. The
reactions were monitored by 1H NMR spectroscopy. For all data acquisition the spectral
window was 8 ppm to -28 ppm, and a 10 second pulse delay time was used.

The

disappearance of the hydride resonance was measured as a function of time. Each sample a
plot of ln[hydride resonance integration] versus time gave a straight line, and a kobs was
found by taking the average of the three plots (see Supporting Information).
Sample Hydrogenation Reaction (Cyclohexene). NaBAr'4 (0.006 g, 0.007 mmol)
was added to a yellow solution of 1 (0.005 g, 0.006 mmol) in C6D6 (0.6 mL) in a screw-cap
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vial. After stirring for 5 minutes, the solution was transferred to a J-Young NMR tube along
with hexamethyldisiloxane (2

L, 0.0094 mmol) as an internal standard.

The olefin

(cyclohexene; 0.013 mL, 0.128 mmol) was added to the NMR tube. The NMR tube was
degassed by two freeze-pump-thaw cycles and back-filled with H2 (30 psi) and heated to 60
ºC. The reactions were monitored periodically by 1H NMR spectroscopy until either the
reaction had reached completion (complete consumption of olefin) or the reaction had
stopped.
Hydrogenation of 1-hexene at Room Temperature and 60 psi H2. NaBAr'4 (0.011
g, 0.012 mmol) was added to a yellow solution of 1 (0.007 g, 0.009 mmol) in C6D6 (0.6 mL)
in a screw-cap vial. After stirring for 5 minutes, the solution was transferred to a J-Young
NMR tube along with hexamethyldisiloxane (2 L, 0.0094 mmol) as an internal standard.
The olefin (1-hexene; 0.025 mL, 0.200 mmol) was added to the NMR tube. The NMR tube
was degassed by two freeze-pump-thaw cycles and back-filled with H2 (30 psi) and heated to
60 ºC.

The reactions were monitored periodically by 1H NMR spectroscopy until the

reaction had stopped.
Isomerization of trans-2-hexene. NaBAr'4 (0.010 g, 0.010 mmol) was added to a
yellow solution of 1 (0.010 g, 0.011 mmol) in C6D6 (0.6 mL) in a screw-cap vial. After
stirring for 5 minutes, the solution was transferred to a screw-cap NMR tube along with
hexamethyldisiloxane (2 L, 0.0094 mmol) as an internal standard. Trans-2-hexene (0.026
mL, 0.207 mmol) was added to the NMR tube, and the solution was heated to 60 ºC. The
reaction was monitored periodically by 1H NMR spectroscopy until equilibrium between
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trans-2-hexene and trans-3-hexene was reached (no other organic products were observed by
1

H NMR spectroscopy).
Isomerization of 9-decen-1-ol. NaBAr'4 (0.008 g, 0.009 mmol) was added to a

yellow solution of 1 (0.006 g, 0.008 mmol) in C6D6 (0.6 mL) in a screw-cap vial. After
stirring for 5 minutes, the solution transferred to a screw-cap NMR tube along with
hexamethyldisiloxane (2 L, 0.0094 mmol) as an internal standard. 9-Decen-1-ol (0.030 mL,
0.168 mmol) was added to the NMR tube, and the solution was heated to 60 ºC. The reaction
was monitored periodically by 1H NMR spectroscopy. After 2 hours, 1H NMR showed
complete conversion to an isomer containing an internal C=C bond, which is likely 8-decen1-ol. Prolonged heating (24 hours) resulted in only minor changes.
Hydrogenation of Styrene With D2. NaBAr'4 (0.013 g, 0.014 mmol) was added to a
yellow solution of 1 (0.011 g, 0.014 mmol) in C6D6 (0.6 mL) in a screw-cap vial. After
stirring for 5 minutes the solution transferred to a J-Young NMR tubes along with
hexamethyldisiloxane (2

L, 0.0094 mmol) as an internal standard. Styrene (0.030 mL,

0.272 mmol) was added to the NMR tube. The NMR tube was degassed by two freezepump-thaw cycles and back-filled with D2 (30 psi) and heated to 60 ºC. The reactions were
monitored periodically by 1H NMR spectroscopy until the reaction had reached completion
(complete consumption of olefin) to produce PhCHDCH2D.
Sample Oxidative Hydrophenylation of Ethylene Reaction.

A stock solution

(0.012M) of mesitylene in benzene was prepared for a standard. NaBAr'4 (0.030 g, 0.034
mmol) was added to a yellow solution of 1 (0.025 g, 0.032 mmol) in C6H6 (2.5 mL) in a
screw-cap vial, and stirred for 5 minutes. The yellow solution was transferred to a bomb
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reactor, and the oxidant (t-butylethylene; 0.22 mL, 1.71 mmol) was added. The reactor was
sealed and degassed via ethylene purges. The reactor was then pressurized (100 psi) with
ethylene and heated to 90 ºC. The reaction was monitored periodically by GC-EID and GCMS. The reactor was vented and 0.1 mL aliquouts were removed under a strong N 2 purge
and diluted to 1 mL with the stock standard mesitylene solution. Styrene was confirmed by
injection of authentic samples and MS library match.
Computational Methods. All calculations were carried out using the Gaussian03
package,127 with the B3LYP functional (Becke's three-parameter hybrid functional128 using
the LYP correlation functional containing both local and nonlocal terms of Lee, Yang, and
Parr)129 and VWN (Slater local exchange functional130 plus the local correlation functional of
Vosko, Wilk, and Nusair).131 The Stevens (SBK) valence basis sets triplet-zeta and effective
core potentials were employed for ruthenium atom. Standard 6-31G basis set were used for
the carbon and hydrogen atoms of the four 2,4,6-trimethylphenyl substituents in IMes
ligands.132 Standard 6-311G** basis sets were used for all other atoms for the calculated
systems.

The largest system is composed of 689 basis functions contracted from 1454

primitive gaussians. All systems were fully optimized unrestricted Kohn-Sham formalism
without symmetry constraint and analytic calculations of the energy Hessian were performed
to confirm species as minima and to obtain enthalpies and free energies (using unscaled
vibrational frequencies) in the gas phase at 1 atm and 298.15 K.
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Chapter 4: Development of Square Planar Rh(I) Hydrocarbyl Complexes Supported
by Neutral N-N Donor Ligands for Catalytic C-H Bond Activation

4.1

Introduction
Rhodium(I) complexes have been extensively used in homogeneous catalysis. For

example, Rh(I)-catalyzed olefin hydrogenation and hydroformylation, olefin hydrosilylation,
and the Monsanto acetic acid process represent some of the most widely studied
homogeneous transition metal catalyzed reactions.1 In addition to these well-documented
catalytic reactions, Rh(I) has also been effective for the emerging transition metal-mediated
C-C coupling reactions that involve C-X (X = halide or triflate) oxidative
addition/transmetallation (as described in Chapter 1).2-9 With this in mind, we are interested
in extending and exploiting the reactivity of well-defined monomeric Rh(I) complexes for
catalytic C-H activation (Figure 4.1). In particular, our interest lies in using these Rh(I)
complexes for olefin hydroarylation of unactivated substrates (e.g., benzene/ -olefins,
Scheme 4.1) as well as related C-H functionalization reactions.

Figure 4.1. Proposed Rh(I) complexes for catalytic C-H functionalizaiton.
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Scheme 4.1. Catalytic olefin hydrophenylation.
With a d8 electron configuration, Rh(I) most commonly adopts a square planar
geometry (Figure 4.2). Compared to an octahedral d6 metal center with 18 valence electrons,
Rh(I) is typically 4-coordinate with 16 valence electrons. This can result in a reactive metal
center due to the availability of an open coordination site (Scheme 4.2). However, ligand
substitution at Rh(I) often proceeds through a dissociative mechanism with a 14-electron Tshaped intermediate.10

As discussed in Chapter 1, some of the first examples of

intermolecular C-H oxidative addition involve highly reactive photo-generated Rh(I)
intermediates.

Figure 4.2. Qualitative d-orbital splitting diagram for a square-planar d8 complex.

Scheme 4.2. Mechanism of ethylene coordination to d6 octahedral and d8 square planar
complex.
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Cp*-supported Rh(I) was one of the first metals {along with Ir(I)}11 studied to
facilitate intermolecular oxidative addition of C-H bonds to give, in some cases, isolable
Cp*-supported Rh(III) hydride/hydrocarbyl complexes (Scheme 4.3).12-17 More germane to
the present study, Goldberg et al. have recently reported that a monomeric RhI-OH complex,
(PNP)Rh(OH) {PNP = 2,6-bis[(di-tert-butylphosphino)methyl]pyridine}, activates benzene
C-H bonds to produce (PNP)Rh(Ph) and H2O.18 A subsequent mechanistic study suggests
that the reaction goes through an ionic pathway (i.e., loss of hydroxide anion, Scheme 4.4) to
either produce [(PNP)Rh( 2-C,H-C6H6][OH] or [(PNP)Rh(Ph)(H)][OH], and free hydroxide
deprotonates either the -complex or the oxidative addition product (Scheme 4.4).19

Scheme 4.3. Oxidative addition of C-H bonds to a photogenerated Rh(I) complex.

Scheme 4.4. Activation of a benzene C-H bond by a RhI-OH complex.

Recently, examples of catalytic arene C-H activation utilizing hetero-functionalized
substrates mediated by Rh(I) have emerged.20-22 For example, Bergman et al. have reported
the intra- and intermolecular hydroarylation of olefins.23-27 For the intramolecular variant,
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benzimidazole products are formed from olefin moieties tethered to a ring nitrogen.23-25
Subsequent reports on the mechanism of these transformations indicates the likely
involvement of an N-heterocyclic carbene (NHC) intermediate in which case, insertion of the
tethered olefin into the Rh-carbene bond followed by proton transfer yields the cyclic product
(Scheme 4.5).27, 28 Periana et al. have reported the oxidative hydrophenylation of ethylene to
produce styrene using Rh(I) catalysts and a Cu(OAc)2/O2 mixture as an oxidant.29 The best
results were obtained when using catalytic amounts of Rh(ppy)(OAc) (ppy = 2phenylpyridine; OAc = acetate) along with a Cu(OAc)2/O2 mixture as the oxidant (Scheme
4.6). Up to 40 TOs (turnover numbers) of styrene and 11 TOs of vinyl acetate were
observed. The reaction was found to require the Cu(OAc)2/O2 mixture as using O2 alone
resulted in a drastic decrease in TOs of styrene. Tanaka et al. have disclosed a Rh(I) system
that produces styrene from benzene and ethylene under photolytic conditions without an
external oxidant; however, the reaction requires photolytic conditions and the formation of
multiple products is problematic.30
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Scheme 4.5. Rh(I)-catalyzed intramolecular olefin hydroarylation with proposed key steps in
the C-H activation event shown.

Scheme 4.6. Rh(I)-catalyzed oxidative hydrophenylation of ethylene to produce styrene.

As discussed in Chapters 1 and 2 we have been studying olefin hydroarylation using
octahedral

Ru(II)

complexes

of

the

type

TpRu(L)(NCMe)R

{Tp

=

hydridotris(pyrazolyl)borate; L = CO, PMe3, P(N-pyrrolyl)3, P(OCH2)3CEt; R = Me or
Ph}.31-43 For example, TpRu(CO)(NCMe)Ph and TpRu{P(OCH2)3CEt}(NCMe)Ph catalyze
up to 77 and 10 turnovers of ethylbenzene from benzene and ethylene, respectively (see
Chapter 1).31, 43

In addition to the TpRu(L)(NCMe)R motif, we have studied other more

sterically demanding ligands with Ru(II).

For example, the Ru(II) complex

[(IMes)2Ru(CO)(H)][BAr'4] {IMes = 1,3-bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene; Ar'
= 3,5-CF3-C6H3} catalyzes 1.5 turnovers of styrene from benzene and ethylene (see Chapter
3).
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We have also begun work with d8 square planar systems.

Recently, we have

demonstrated that the d8 Pt(II) complex [(tbubpy)Pt(THF)Ph][BAr'4] (tbubpy = 4,4'-di-tertbutyl-2,2'-bipyridyl; Ar' = 3,5-CF3-C6H3) is active for the catalytic hydrophenylation of either
ethylene or propylene.44 As shown in Scheme 4.7, the Pt(II) complex catalyzes 28 TOs of
ethylbenzene after 4 hours (66 TOs after 16 hours) from benzene and ethylene as well as
substantial quantities (~30% of product) of ortho- and meta-substituted diethylbenzenes
(Scheme 4.7).

Significantly, catalysis (same conditions) with ethylbenzene in place of

benzene produces similar TOs of ortho- and meta-substituted diethylbenzenes (Scheme 4.7).
Thus, the substantial amount of diethylbenzene starting from benzene and ethylene suggests
that the rate of dissociation of ethylbenzene is competitive with a second aromatic C-H
activation. In addition to ethylene, hydrophenylation of propylene was observed as well
(Scheme 4.8), and though the turnovers for n-propylbenzene are low compared to cumene
production these data are consistent with a metal-mediated pathway and not Friedel-Crafts
catalysis, which should provide 100% selectivity for cumene.

When catalysis

(ethylene/benzene) is performed with an added Lewis base (e.g.., THF or NCMe) an increase
in the ethylbenzene to poly-alkylated benzenes product distribution is observed, which is
likely attributable to the Lewis base undergoing a ligand substitution with coordinated
ethylbenzene at a rate greater than intramolecular C-H activation of the coordinated
ethylbenzene (Scheme 4.9).
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Scheme 4.7. Hydroarylation of ethylene catalyzed by [(tbubpy)Pt(THF)Ph][BAr'4].

Scheme 4.8. Hydrophenylation of propylene catalyzed by [(tbubpy)Pt(THF)Ph][BAr'4].
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Scheme 4.9. Proposed mechanism of Pt(II) catalyzed hydrophenylation of ethylene with and
without an added Lewis base (organic products shown in red).

With this in mind, we envisioned a Rh(I) variant may attenuate the electrophilicty of
the metal center. This attenuation may allow for more facile dissociation of the newly
formed organic product {compared to Pt(II) discussed above} which would lead to higher
selectivity (i.e., high mono:poly-alkylated ratio) for olefin hydroarylation. Another aspect of
this proposed chemistry involves new coordination chemistry since the majority of Rhmediated catalytic reactions, which includes olefin hydroarylation, have the metal supported
by either monodentate or chelating phosphine ligands. However, due to the air sensitivity of
these ligands there is interest in moving to other ligands that are not as susceptible to
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oxidation, which is critical for oxidative hydroarylation reactions. We are thus interested in
studying Rh(I) complexes supported by neutral bi- and tridendate N-donor ligands based on
pyridine (see Figure 4.1). The exchange of P-donor ligands for N-donor should circumvent
the ligand-based oxidation. Indeed, we envision complexes of the type shown in Figure 4.1
to be studied for olefin hydroarylation, oxidative olefin hydroarylation, olefin
hydroalkylation and alkane/arene oxidation (Scheme 4.10). The focus of this chapter will be
on the preliminary synthesis of Rh(I) complexes supported by 4,4'-di-tert-butyl-2,2'-bipyridyl
(tbubpy) as shown in Catalyst A of Scheme 4.10.

Scheme 4.10. Proposed catalytic C-H activation reactions to be studied with new Rh(I)
complexes supported by neutral N-donor ligands.

4.2

Results and Discussion
A search of the Cambridge Structural Database (CSD) shows no examples of

(tbubpy)RhI complexes.

However, Milstein et al. have reported the synthesis of
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(mebpy)Rh(DMSO)Cl (mebpy = 4,4'-di-methyl-2,2'-bipyridyl; DMSO = dimethylsulfoxide)
(Scheme 4.11)45 which, due to the similar nature of the “bpy” ligands, could be a viable
synthon for the desired Rh(I) systems.

Scheme 4.11. Two-step preparation of (mebpy)Rh(DMSO)Cl.
The preparation of (mebpy)Rh(DMSO)Cl was repeated with

me

bpy replaced by tbubpy

(Scheme 4.12). The mixture was stirred in DMSO for 3 hours, during which time the
solution turned deep purple. The isolated product showed a 1:1 ratio of (tbubpy)Rh products
neither of which possess C2 symmetry, and excess DMSO in the 1H NMR (Figure 4.3). The
products have been tentatively assigned as the coordination isomer (tbubpy)Rh(O-DMSO)Cl
(1) and (tbubpy)Rh(S-DMSO)Cl (2). A total of 4 singlets for the tert-butyl groups (2 singlets
for each complex), 9 resonances total for the aryl hydrogens (3 resonances are coincidentally
overlapped by integration) of the

tbu

bpy ligand, and 3 singlets for the DMSO ligands are

observed for complexes 1 and 2 in the 1H NMR spectrum. The 3 singlets for the DMSO
ligands include: one singlet that integrates for 6H and two 1:1 singlets that integrate for 3H
each. We believe that the 6H singlet is the O-coordinated-DMSO complex (1) and the two
inequivalent methyl groups correspond to the S-coordinated-DMSO complex (2) (Scheme
4.12).

254

Scheme 4.12. Preparation of (tbubpy)Rh(O-DMSO)Cl (1) and (tbubpy)Rh(S-DMSO)Cl (2).

Figure 4.3.
C6D6.

1

H NMR of (tbubpy)Rh(O-DMSO)Cl (1) and (tbubpy)Rh(S-DMSO)Cl (2) in
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Assuming that complexes 1 and 2 are linkage isomers (S- and O-bound DMSO), in
order to continue with the next step of the synthesis (i.e., DMSO/L ligand substitution)
removal of the excess DMSO from the mixture is required. Two attempts were made, which
included drying under reduced pressure and extraction with THF (tetrahydrofuran) (Scheme
4.12). A sample of the mixture was dried under reduced pressure at 60 ºC for 12 hours.
Analysis by 1H NMR spectroscopy shows that in addition to removing the excess DMSO (as
desired) there was no evidence of 1 and only (tbubpy)Rh(S-DMSO)Cl (2) was present (Figure
4.4). The mixture from Scheme 4.12 is soluble in THF, thus after stirring for 3 hours in
THF, hexanes were added to precipitate the product. Interestingly, analysis by 1H NMR
spectroscopy shows that in addition to removing a significant amount of the excess DMSO
(not all) there was no evidence of 2 and only (tbubpy)Rh(O-DMSO)Cl (1) was present. With
these results, the reaction of (DMSO)3RhCl with

tbu

bpy was attempted in THF (Scheme

4.13). Crude analysis by 1H NMR spectroscopy of the “in-progress” reaction shows only
complex 1 present. Upon work-up of the product (see Experimental Section), 1H NMR
(Figure 4.5) shows clean conversion to 1 with no evidence of either 2 or excess DMSO.

Scheme 4.13. Synthesis of (tbubpy)Rh(S-DMSO)Cl (1).
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Figure 4.4. 1H NMR of (tbubpy)Rh(S-DMSO)Cl (2) in C6D6.

Figure 4.5. 1H NMR of (tbubpy)Rh(O-DMSO)Cl (1) in C6D6.
We were curious as to whether 1 and 2 were kinetic and thermodynamic products
respectively.

Heating a C6D6 solution of 1 up to 120 ºC (from 60 ºC) results in the

observation of 2, free DMSO and free

tbu

bpy. Though this experiment is not definitive for
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our hypothesis, it does suggest that 1 is a kinetic product and 2 is a thermodynamic product,
and the product distribution is solvent dependent.
Complex 1 can be isolated cleanly, consistently and in high yield, and, importantly
the 1H NMR spectrum is most consistent with the proposed structure (i.e., one singlet for the
equivalent DMSO methyl groups).

Thus, unless otherwise noted, all attempted ligand

substitution reactions were done with 1. The next step was to substitute the DMSO ligand
for a neutral 2-electron donor that would be both weakly coordinating and not susceptible to
undesired reactivity.

When 1 is combined with either acetonitrile (NCMe) or

pentafluoropyridine (NC5F5) no reaction is observed at room temperature, and decomposition
to uncharacterized Rh species is observed at either elevated temperatures or under photolytic
conditions (Scheme 4.14). In a separate attempt, pyridine was added to a solution of 1, and
no reaction was observed either at room temperature, elevated temperatures or photolytic
conditions (Scheme 4.14). These results suggest that ligand exchange between DMSO and
NCMe/NC5F5/pyridine with 1 is either thermodynamically unfavorable reaction or possesses
a high activation barrier with competitive decomposition pathways accessible at the elevated
temperatures.
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Scheme 4.14. Attempted reactions with 1 and neutral 2-electron N-donor ligands.

In order to probe whether the failure of the above ligand substitution reactions is
attributable to kinetics or thermodynamics, the reaction of 1 with PMe3 was probed. In the
past we have utilized the strong donating nature of the PMe3 ligand to trap kinetically
accessible high energy intermediates.36 The reaction of 1 with excess PMe3 goes cleanly to
free

tbu

bpy ligand and a single Rh complex that is assigned as (PMe3)2Rh(DMSO)Cl by 1H

and 31P NMR spectroscopy. The same reaction was repeated with only one equivalent (based
on 1) of PMe3, and all of the PMe3 was consumed to produce (PMe3)2Rh(DMSO)Cl,
and unreacted 1 by 1H and

tbu

bpy

31

P NMR spectroscopy (Scheme 4.15 and Figure 4.6). These

results suggest that the lack of reactivity with 1 and N-donor ligands (see above) is
potentially attributable to both kinetics and thermodynamics. Kinetically the DMSO ligand
seems to not be labile, and furthermore, shows a high trans effect (even toward a chelating
ligand,

tbu

bpy). Thermodynamically, the PMe3 ligand seems to be a better ligand to trap the

{Rh(DMSO)Cl} fragment compared to either NCMe, NC5F5 or pyridine.
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Scheme 4.15. Reaction of (tbubpy)Rh(O-DMSO)Cl (1) with trimethylphosphine.

Figure 4.6. 1H NMR of reaction of (tbubpy)Rh(O-DMSO)Cl (1) with trimethylphosphine in
C6D6.
Substitution of the DMSO ligand of 1 prior to alkylation (i.e., Cl-/R- metathesis)
would be ideal since DMSO is often incompatible with nucleophiles. However, due to the
inability to substitute the DMSO ligand, attempts at alkylation were made in the hopes that
the metal center may have deactivated the DMSO ligand to nucleophilic attack.
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Unfortunately, all attempts either resulted in no reaction or decomposition of 1.

For

example, the reaction of Me2Mg at either -78 ºC or 25 ºC results in no reaction or
decomposition when either ½ or 1 equivalent of Me2Mg (based on 1) is used, respectively.
The same results were observed upon reaction of LiMe with 1 (Scheme 4.16).

Scheme 4.16. Attempts at Cl-/CH3- metathesis reactions with 1.
These data suggest that the DMSO ligand is not labile, and that (tbubpy)Rh(DMSO)Cl
is not a suitable precursor to the proposed catalysts.

However, the formation of

(DMSO)3RhCl (Scheme 4.11) suggests that potentially in a different coordinating solvent (L)
the dimeric Rh(I) species {(coe)2Rh( -Cl}2 might produce (L)3RhCl. Stirring {(coe)2Rh( Cl}2 in neat NC5F5 or pyridine prior to addition of
to only observing free

tbu

tbu

bpy resulted in no reaction. In addition

bpy by 1H NMR spectroscopy the absence of cyclooctene (coe)

resonances was noted, which suggests that either {(L)2Rh( -Cl}2 or (L)3RhCl (L = NC5F5 or
pyridine) was formed but did not react with tbubpy.
In contrast when the same reaction is performed in neat NCMe, the Rh(I) complex
(tbubpy)Rh(NCMe)Cl (3) is isolated as a purple solid in near quantitative yield (Scheme
4.17). Complex 3 is likely produced upon reaction of

tbu

bpy with the putative intermediate

(NCMe)3RhCl in neat NCMe. The 1H NMR (Figure 4.7) of 3 is consistent with the proposed
structure with 5 total aryl resonances (one coincidental overlap), 2 singlets for the tert-butyl
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groups and the coordinated NCMe is likely overlapping with one of the tert-butyl resonances
as determined by integration. Attempts were next made to convert 3 to (tbubpy)Rh(NCMe)Ph
through a Cl-/Ph- metathesis reaction. The reaction of either LiPh or PhMgBr with 3 at either
-78 ºC or room temperature resulted in no reaction (Scheme 4.18). The lack of any observed
reactivity of 3 with the aryl-lithium and Grignard reagents is likely attributable to the poor
solubility of 3.

Scheme 4.17. Preparation of (tbubpy)Rh(NCMe)Cl (3).

Figure 4.7. 1H NMR of (tbubpy)Rh(NCMe)Cl (3) and excess hexanes in CDCl3.
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Scheme 4.18. Attempts at Cl-/Ph- metathesis reactions with 3.
4.3

Conclusions and Future Work
To our knowledge complexes 1 - 3 represent the first Rh(I) complexes supported by

the bidentate tbubpy ligand. The DMSO ligand of complex 1 was found to not be labile, and
furthermore, though the data are limited, shows a relatively high trans effect (see Scheme
4.15). A likely explanation for the non-lability of the DMSO ligand in the presence of Ndonor ligands (e.g., NCMe, NC5F5 and pyridine) is a hard/soft acid-base mismatch. For
example, as stated in the Introduction there are numerous examples of Rh(I) phosphine
complexes, and this is due to Rh(I) and phosphine ligands being a soft acid and soft base,
respectively. However, in the case of 1, we have moved to the tbubpy ligand, which is a less
soft donor compared to phosphine ligands. Thus, we sought synthetic routes that did not
involve DMSO.
The Rh(I) complex (tbubpy)Rh(NCMe)Cl (3) has been successfully synthesized from
{(coe)2Rh( -Cl}2 and

tbu

bpy in acetonitrile. Initial efforts to produce (tbubpy)Rh(NCMe)Ph

from 3 have resulted in no observable reaction. Future work will consist of determining the
reactivity of 3 with other sources of Ph- (e.g., Mg(Ph)2, Zn(Ph)2 and [Li][Cu(Ph)2]) and
substitution of the Cl- ligand of 3 with triflate (OTf-) to potentially enhance the solubility of
the complex and serve as a better leaving group compared to the chloride ligand. In addition,
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attempts to obtain crystals suitable for an X-ray diffraction study are ongoing with all
reported complexes.
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4.4

Experimental Section
General Methods.

Unless otherwise noted, all reactions and procedures were

performed under anaerobic conditions in a nitrogen filled glovebox or using standard Schlenk
techniques. Glovebox purity was maintained by periodic nitrogen purges and monitored by
an oxygen analyzer {O2(g) < 15 ppm for all reactions}. Hexanes were purified by passage
through two columns of activated alumina. Acetonitrile and methanol were purified by
distillation from calcium hydride.

Pentane was purified by distillation from sodium.

Benzene,

toluene

tetrahydrofuran,

and

were

purified

by

distillation

from

sodium/benzophenone. Dimethylsulfoxide (DMSO) was purified by vacuum distillation
from calcium hydride. CD3CN, C6D6 and CDCl3 were degassed via three freeze-pump-thaw
cycles and stored over 4Å sieves. Photolysis experiments were performed using a 450 watt
power supply, 450 watt lamp, and a quartz cooling jacket with flowing water.

1

H and

13

C

NMR spectra were obtained on either a Varian Mercury 300 MHz or Varian Mercury 400
MHz spectrometer (operating frequencies for

13

C NMR are 75 and 100 MHz, respectively)

and referenced against tetramethylsilane using residual proton signals (1H NMR) or the
resonances of the deuterated solvent (13C NMR).

19

13

C

F NMR spectra were obtained on a

Varian 300 MHz spectrometer (operating frequency 282 MHz) and referenced against an
external standard of hexafluorobenzene ( = -164.9).

31

P NMR spectra were obtained on a

Varian 400 MHz spectrometer (operating frequency 161 MHz) and referenced against an
external standard of H3PO4 ( = 0). Unless otherwise noted NMR spectra were acquired at
room temperature. IR spectra were obtained on a Mattson Genesis II spectrometer as either
thin films on a KBr plate or in a solution flow cell. Elemental analyses were performed by
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Atlantic Microlabs, Inc. (DMSO)3RhCl was prepared according to a reported procedure.45
All other reagents were purchased from commercial sources and used without further
purification.
Reaction of (DMSO)3RhCl with

tbu

bpy in DMSO.

solution of (DMSO)3RhCl (0.108 g, 0.291 mmol),

tbu

An orange heterogeneous

bpy (0.085 g, 0.32 mmol) in DMSO (4

mL) was stirred at room temperature for 3 hours. After the reaction period, the solution had
become deep purple and homogeneous. Volatiles were removed to near dryness under
reduced pressure with gentle heating. The residue was taken up in THF (1 mL), and excess
pentane was added to the resulting purple solid, which was collected by vacuum filtration,
washed with pentane, and dried in vacuo. A mixture of (tbubpy)Rh(O-DMSO)Cl (1) and
(tbubipy)Rh(S-DMSO)Cl (2) was recovered (0.103 g, 73% yield).
temperature C6D6, ): 10.59 (1H total, dd, JHH = 6.3 Hz and 1.8 Hz,
total, overlapping d’s,

tbu

bpy aryl), 9.17 (1H total, d, JHH = 6.0 Hz,

tbu

1

H NMR (room

bpy aryl), 10.14 (2H

tbu

bpy aryl), 7.54 (1H

total, d, JHH = 2.1 Hz, tbubpy aryl), 7.47 (1H total, d, JHH = 1.8 Hz, tbubpy aryl), 7.37 (1H total,
d, JHH = 1.8Hz,

tbu

bpy aryl), 7.29 (1H total, d, JHH = 2.1 Hz,

tbu

bpy aryl), 6.66 (3H total, m

overlapping resonances, tbubpy aryl), 6.58 (1H total, dd, JHH = 6.0 Hz and 2.3 Hz, tbubpy aryl),
3.38 (3H total, s, DMSO-CH3), 3.36 {6H total, s, DMSO-(CH3)2}, 2.81 (3H total, s, DMSOCH3), 1.70 (excess DMSO), 0.91 (9H total, s, tert-butyl), 0.90 (9H total, s, tert-butyl), 0.89
(9H total, s, tert-butyl), 0.86 (9H total, s, tert-butyl). Isolation of (tbubpy)Rh(S-DMSO)Cl (2).
A sample of the product mixture (solid) was dried in a vacuum oven at 60 ºC for 12 hours.
The recovered solid had turned from purple to orange-brown.
C6D6, ): 10.14 (2H total, overlapping d’s,

tbu
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1

H NMR (room temperature

bpy aryl), 9.17 (1H total, d, JHH = 6.0 Hz,

tbu

bpy aryl), 7.54 (1H total, d, JHH = 2.1 Hz,

tbu

tbu

bpy aryl), 6.66 (2H total, d, JHH = 4.5 Hz, tbubpy aryl), 3.38 (3H total, s, DMSO-CH3), 2.81

bpy aryl), 7.47 (1H total, d, JHH = 1.8 Hz,

(3H total, s, DMSO-CH3), 0.89 (9H total, s, tert-butyl), 0.86 (9H total, s, tert-butyl).
Isolation of (tbubpy)Rh(O-DMSO)Cl (1).

A sample of the product mixture (solid) was

dissolved in THF (10 mL) and stirred at room temperature for 3 hours. Volatiles were
reduced in vacuo to approximately 1 mL and hexanes were added. The resulting purple solid
was collected by vacuum filtration, washed with hexanes and dried in vacuo. 1H NMR data
(C6D6) is consistent with complex 1 and no observation of either 2 or excess DMSO (see
below for data).
Preparation of (tbubpy)Rh(O-DMSO)Cl (1). An orange heterogeneous solution of
(DMSO)3RhCl (0.288 g, 0.773 mmol) and tbubpy (0.205 g, 0.763 mmol) in THF (10 mL) was
stirred at room temperature for 3 hours. After the reaction period, the solution had become
deep purple and homogeneous. Volatiles were removed to near dryness under reduced
pressure. Diethyl ether was added to the resulting purple residue, and stirred for 3 hours.
The purple solid was collected by vacuum filtration, washed with hexanes and pentane, and
dried in vacuo. (tbubpy)Rh(O-DMSO)Cl (1) was recovered (0.337 g, 88% yield). 1H NMR
(room temperature C6D6, ): 10.54 (1H total, dd, JHH = 6.3 Hz and 1.1 Hz, tbubpy aryl), 10.10
(1H, dd, JHH = 6.0 Hz and 0.5 Hz,
7.25 (1H total, d, JHH = 2.1 Hz,
tbu

tbu

tbu

bpy aryl), 7.34 (1H total, d, JHH = 2.1 Hz,

tbu

bpy aryl),

bpy aryl), 6.60 (1H total, dd, JHH = 4.5 Hz and 1.4 Hz,

bpy aryl), 6.53 (1H total, dd, JHH = 6.0 Hz and 2.3 Hz,

tbu

bpy aryl), 3.32 {6H total, s,

DMSO-(CH3)2}, 0.87 (9H total, s, tert-butyl), 0.86 (9H total, s, tert-butyl).
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Thermolysis of (tbubpy)Rh(O-DMSO)Cl (1). A purple solution of 1 (not weighed)
in C6D6 (0.5 mL) was transferred to a screw-cap NMR tube. No reaction was observed at
room temperature by 1H NMR spectroscopy. The solution was heated to 80 ºC, which
showed no reaction by 1H NMR spectroscopy. The solution was next heated to 100 ºC,
which showed resonances corresponding to complexes 1 and 2 and free DMSO by 1H NMR
spectroscopy. Further heating to 120 ºC resulted in a large increase in complex 2 and free
DMSO as well as a small amount of free

tbu

bpy were observed by 1H NMR spectroscopy.

The solution was cooled to room temperature, and after 48 hours it had turned from a deep
purple color to dark orange.

1

H NMR spectroscopy showed only complex 2 and a large

amount of free DMSO as well as a small amount of free tbubpy.
Thermolysis of (tbubpy)Rh(O-DMSO)Cl (1) in DMSO-d6. A purple solution of 1
(not weighed) in DMSO-d6 (0.5 mL) was transferred to a screw-cap NMR tube. No reaction
was observed at 80 ºC, and heating to 120 ºC resulted in the decomposition of 1 into an
uncharacterized species by 1H NMR spectroscopy.
Reaction of (tbubpy)Rh(O-DMSO)Cl (1) with NCMe. A purple solution of 1 (0.011
g, 0.023 mmol) and NCMe (6 L, 0.115 mmol) in C6D6 (0.5 mL) was transferred to a screwcap NMR tube. No reaction was observed at room temperature by 1H NMR spectroscopy.
The solution was heated to 60 ºC, which results in a decrease in intensity of all resonances
corresponding to 1 due to precipitation. The C6D6 was removed in vacuo, and replaced with
CDCl3. The solution was now soluble; however, 1H NMR showed only decomposition to
uncharacterized products.

The same results were observed when the reaction was

photolyzed.
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Reaction of (tbubpy)Rh(O-DMSO)Cl (1)with NC5F5. A purple solution of 1 (0.010
g, 0.021 mmol) and pentafluoropyridine (10

L, 0.091 mmol) in C6D6 (0.5 mL) was

transferred to a screw-cap NMR tube. No reaction was observed at room temperature by 1H
NMR spectroscopy. The solution was heated to 60 ºC, which results in a decrease in
intensity of all resonances corresponding to 1 due to precipitation. The C6D6 was removed in
vacuo, and replaced with CDCl3. The solution was now soluble; however, 1H NMR showed
only decomposition to uncharacterized products. The same results were observed when the
reaction was only photolyzed.
Reaction of (tbubpy)Rh(O-DMSO)Cl (1) with Pyridine. A purple solution of 1
(0.013 g, 0.025 mmol) and pyridine (12 L, 0.15 mmol) in C6D6 (0.5 mL) was transferred to
a screw-cap NMR tube. No reaction was observed at room temperature, heating to 80 ºC or
after photolyzing the solution, by 1H NMR spectroscopy.
Reaction of (tbubpy)Rh(O-DMSO)Cl (1) with Trimethylphosphine.

A purple

solution of 1 (0.013 g, 0.026 mmol) and trimethylphosphine (2 L, 0.023 mmol) in C6D6 (0.5
mL) was transferred to a screw-cap NMR tube. 1H NMR showed immediate consumption of
all PMe3, free tbubpy, resonances corresponding to 1 and two new broad singlets (1:1 ratio) at
2.20 and 1.27 ppm.

31

P NMR only showed a singlet at 31.8 ppm.

Reaction of (tbubpy)Rh(DMSO)Cl (1) with LiMe and Mg(R)2.

a.) A purple

solution of 1 (0.042 g, 0.095 mmol) in THF (10 mL) was chilled to -78 ºC. LiMe (0.060 mL,
0.096 mmol) was added to the chilled solution and slowly warmed back to room temperature.
The solution was stirred at room temperature for 30 minutes. Partial conversion to complex
2 was observed by 1H NMR spectroscopy. b.) Mg(Me)2 (0.006 g, 0.039 mmol) was added
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to a purple solution of 1 (0.035 g, 0.070 mmol) in THF (10 mL) at room temperature. The
solution was stirred at room temperature for 1 hour. Only starting complex 1 and free tbubpy
were observed by 1H NMR spectroscopy. c.) Mg(Ph)2 (0.012 g, 0.037 mmol) was added to
a purple solution of 1 (0.030 g, 0.061 mmol) in THF (10 mL) at room temperature. The
solution was stirred at room temperature for 1 hour. Free

tbu

bpy was the primary product

observed by 1H NMR spectroscopy.
Preparation of (tbubpy)Rh(NCMe)Cl (3). An orange heterogeneous solution of
{(coe)2RhCl}2 (0.147 g, 0.205 mmol) in NCMe (20 mL) was stirred at room temperature for
3 hours. At which time tbubpy (0.110 g, 0.410 mmol) was added to the orange heterogenous
solution. The solution immediately turned deep purple and homogeneous and was left to stir
at room temperature for 12 hours.

Volatiles were completely removed under reduced

pressure. The resulting purple residue was partially taken up in THF (~ 5 mL) and hexanes
were added (~ 25 mL). The purple solid was collected by vacuum filtration, washed with
hexanes and pentane, and dried in vacuo. (tbubpy)Rh(NCMe)Cl (3) was recovered (0.188 g,
quantitative yield). 1H NMR (room temperature C6D6, ): 9.79 (1H total, d, JHH = 6.3 Hz,
tbu

bpy aryl), 8.73 (1H, d, JHH = 1.8 Hz,

tbu

bpy aryl), 8.62 (1H total, d, JHH = 2.1 Hz,

aryl), 7.81 (1H total, dd, JHH = 6.0 Hz and 2.1 Hz,
tbu

tbu

tbu

bpy

bpy aryl), 7.59 - 7.51 (2H total, m,

bpy aryl) 1.58 (9H total, s, tert-butyl), 1.41 (12H total, br s, tert-butyl and CH3).
Reaction of {(coe)2Rh2Cl}2 with

tbu

bpy in NC5F5.

An orange heterogeneous

solution of {(coe)2RhCl}2 (0.008 g, 0.012 mmol) in NC5F5 (3 mL) was stirred at room
temperature for 3 hours. At which time

tbu

bpy (0.009 g, 0.034 mmol) was added to the

orange heterogenous solution, and the solution was stirred at room temperature for 2 hours.
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No reaction (only free

tbu

bpy) was observed by 1H NMR spectroscopy. The absence of

cyclooctene (coe) resonances was noted in the 1H NMR, which suggests that either
{(NC5F5)2Rh( -Cl}2 or (NC5F5)3RhCl was formed but did not react with tbubpy.
Reaction of {(coe)2Rh2Cl}2 with

tbu

bpy in pyridine. An orange heterogeneous

solution of {(coe)2RhCl}2 (0.032 g, 0.045 mmol) in pyridine (5 mL) was stirred at room
temperature for 3 hours. At which time

tbu

bpy (0.031 g, 0.116 mmol) was added to the

orange heterogenous solution, and the solution was stirred at room temperature for 2 hours.
No reaction (only free

tbu

bpy) was observed by 1H NMR spectroscopy. The absence of

cyclooctene (coe) resonances was noted in the 1H NMR, which suggests that either
{(NC5H5)2Rh( -Cl}2 or (NC5H5)3RhCl was formed but did not react with tbubpy.
Reaction of (tbubpy)Rh(NCMe)Cl (3) with LiPh and PhMgBr. A heterogenous
purple solution of 3 (0.107 g, 0.238 mmol) in THF (10 mL) was chilled to -78 ºC. LiPh (0.13
mL, 0.234 mmol) was added to the chilled solution and slowly warmed back to room
temperature. The solution was stirred at room temperature for 30 minutes. No reaction was
observed by 1H NMR spectroscopy. The use of PhMgBr in place of LiPh resulted in the
same observations.
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