ABSTRACT

PITTARD, KARL A. Activation of Carbon-Hydrogen Bds Mediated by RU Complexes. (Under the
direction of T. Brent Gunnoe.)

The R complex TpRu(CO)(NCMe)Me (Tp = hydridotris(pyragdborate) initiates carbon-hydrogen
bond activation at the 2-position of furan and piene to produce methane and TpRu(CO)(NCMe)Ar (&F =
furyl or 2-thienyl). Solid-state structures haveebedetermined for TpRu(CO)(NCMe)(2-thienyl) and
[TpRu(CO)-C,S-thienyl)}. The complex TpRu(CO)(NCMe)(2-furyl) serves asatalyst for the formation of
2-ethylfuran from ethylene and furan. Similar tgte reactivity was observed with TpRu(CO)(NCMe)(2
thienyl) for the production of 2-ethylthiophene. e3ity functional theory (DFT) calculations of tiieH
activation of furan by {{TAB)Ru(CO)Me} (TAB = trisizo)borate) indicate that the C-H activation seqaen
does not proceed through a'Raxidative addition intermediate.

The reaction of TpRu(CO)(NCMe)Me and pyrrole forffsRu(CO)k >N,N-(H)N=C(Me)(NCGH3)}.
The formation of complex TpRu(CQ¥-N,N-(H)N=C(Me)(NCH,)} involves the cleavage of the N-H bond
and 2-position C-H bond of pyrrole as well as a @dhd forming step between pyrrole and the acettanit
ligand of {TpRu(CO)(NCMe)}. Mechanistic studies iodte that the most likely reaction pathway invalve
initial metal-mediated N-H activation of pyrrole pyoduce TpRu(CO)(NCMe\-pyrrolyl) followed by C-C
bond formation and proton transfer. Complex TpRuU(@®@Me)(N-pyrrolyl) has been independently prepared.
At  elevated temperatures,  TpRu(CO)(NCM&Jyrrolyl) converts to  TpRu(CO}*-N,N-
(HIN=C(Me)(NCH3)}. Single crystal X-ray analysis has been achief@ TpRu(CO)(NCMe){-pyrrolyl),
[TPRU(CO)(NCMe)f*-O-OC,Hg) and TpRu(CO)K*-N,N-(HIN=C(Me)(NGH)}. Computational studies
support the suggested selectivity for initial N-bhid cleavage in preference to C-H bond activation.

Rational design for a more electron-poor hydrodiyfacatalyst is discussed. Synthesis of Mp (Mp =
tris(pyrazolyl)methane) complexes of the type [M@RRR)(CO)H]BAr,, [MpRu(PPR)(CO)CI|BAr,,
[MpRu(PPh)(PMey)CI|CI, [MpRu(PPR)(PMe;)CI|BAr 4, [MpRu(PPR),CI|BAr",,
[MpRu(PPR){P(OMe)s}CI|ClI, [MpRu(PPh)(NCMe)CIIBAr,, [MpRu(PPR)(NCMe)CI|BAr, and
[MpRu(PPh)(CO)CIIBAr', accomplished. A single-crystal X-ray diffractisudy was carried out on the
complex [MpRu(PPY(PMe)CIICI.  [MpRu(PPRh),Me]BAr', was prepared and examined by Cyclic

Voltammetry (CV) where the lz = 1.19 V. C-H activation was observed when [MpRrIff.Me]BAr', was



heated in neat 0. Orthometalation appears to dominate reactivity imtramolecular C-H activation of a
PPh ligand, however CED was produced at elevated temperatures. A sefiép (Ep = tris(pyrazolyl)ethane)
complexes of the type MpRu(GPRs (R = Ph, OMe, or Me) were also synthesized. The
[EpRu(PPB)(NCMe)(CI]CI and [EpRu(PPH(PMe;)(CI)]JCI complexes were observed spectroscopicaky
intermediates in these syntheses. Improved sgisthef [MpRu(PPK.CI|Cl was also accomplished by

improving the yield by 23%, over the previously répd yield of 53%.
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CHAPTER 1:
Introduction

1.1 Catalysis

1.1.1 Introduction

Industrial application of inorganic chemistry swudtally focuses on catalytic metal-mediated organi
transformations. Through development of highlyhagtselective, and robust metal catalysts, theegdion of
commodity and fine chemicals can be obtained atfawest. This is achieved by the catalyst accgssilow-
energy reaction pathway that converts reactantprtmlucts thus alleviating the need for harsh reacti
conditions, while reducing high levels of wasteihgreasing chemoselectivity. For example, the petidn of
NH; from H, and N is thermodynamically favorablé\°® = -22 kcal/mol) but kinetically challengirg.To
access an alternate route with lower kinetic besrte NH; production, an Fe based catalyst is used in the
Haber-Bosch procedsUnder these catalytic conditions, over one hilliarnovers are achieved before catalyst
deactivation. The ammonia formation surmounts@@times the worth of the initial Fe catalyst istraent’

The earliest reported discovery of catalytic metaldiated organic transformations occurred in 1836,
when J. J. Berzelius took note that substoichiométaces of certain substances effected overatitidty of
specific reactiond. Consequently, Berzelius coined the term “catalysivhich means “to break down,” in
reference to the assumption that the presence efctialyst was breaking down barriers to chemical
transformations thereby rendering them accesdible 1912, Paul Sabatier shared the Nobel Prizk Wittor
Grignard for the hydrogenation of organic molecutethe presence of finely divided metallic powders

Since these early discoveries, interest in catalytganometallic mediated pathways has heightened.
These processes include hydroformylation, olefifyiperization, Grubbs metathesis, Monsanto Aceti¢dAc
Process, and Wacker Procéssin all of these examples, transition metal cataslyare employed for the
enhancement of chemo-, regio-, and stereoselgctiRieasons for the use of catalysis in the chdrmdaistry
include: a need for novel materials, developmemenf and existing materials from cheap and readibilable
feedstocks, the potential reduction of the envirental impact of chemical production and refiningd ahe

ability to provide lower energy pathways for cheahiproduction. In 1992, the National Research Cdisn
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communication on catalytic science and technolagyed that, “Between 1930 and the early 1980s... more
than 60% of products and 90% of processes [intreduwere based on catalysfs. Though heterogeneous
catalysis accounts for approximately 85% of caialgichnologies employed in industry, homogenoualgsis
offers greater opportunities for detailed underditag of catalytic features as well as fine tuniddghe catalyst

for desired outcomes.

1.1.2 Hydroarylation of Olefins

Unsaturated substrates provide a common startingt for many metal-mediated transformations of
organic systems that yield new C-C bonds. One pialeoute to new C-C bond formation is hydroarigatof
olefins. Olefin hydroarylation is the net additioha hydrogen atomhydraarylation) and an aryl functionality
(hydraarylation) across an olefin C=C bond (Figure 1.1). Tiydrophenylation of olefins is enthalpically
favored and entropically disfavored. For examplgufe 1.1 displays the hydrophenylation of ethylemgield
ethylbenzene with corresponding thermodynamic dawith the potential for hydroarylation to provide
efficient routes to produce organic materials, importance for these chemical transformations cair@o
understated. For example, ethylbenzene, whichrieotly produced using Friedel-Crafts catalysid eglated
solid state catalysts (see 1.2.1), has been otieedfTop 20 Highest Volume Chemicals” in the U.tBce 1977

with a production of 13.16 billion pounds in 2000.

H H
o o ©/ Catalyst N Q
s =

N 7/
H HH
AHP 12.5 kcal/mol 19.8 kcal/mol 7.1 kcal/mol
AS° 0.0125 kcal/molrK  0.0153 kcal/mol K 0.0206 kcal/mol-K

Net AH® = -25.2 kcal/mol

Net AS® = -0.0072 kcal/mol-K

Net AG® = -23.1 kcal/mol (at 298.15 K)

Figure1.1. Thermodynamics for the hydrophenylation of ethgléo form ethylbenzerfe.



To outline the potential importance of the reseaeglorted herein, several aspects of related clgmis
will be discussed. For example, brief synopsis noétal-mediated £,-C bond formation reactions,
coordination modes of aromatic substrates prio€{bl activation, C-H activation and its mechanismasd

aromatic C-H activation reactivity.

1.2 Metal-mediated C,-C Bond For mation
1.2.1 Aromatic Substitution M ethods
Reactions that functionalize aromatic molecules m@st easily categorized by their mechanism:

nucleophilic aromatic substitution and electroghiiromatic substitution (Scheme 1.1).

Nucleophilic Aromatic Substitution:

X ~J Y
© + YO _slow Y fast ©/ NS

Electrophilic Aromatic Substitution:

X ~L Y
©’+ v® _slow Y fast ©/ . 5@

Scheme 1.1. Nucleophilic and electrophilic aromatic substintreactions.

Stoichiometric nucleophilic aromatic substitutioengrally requires activation of the aromatic ring b
incorporation of electron withdrawing groups ortisothe Ar-X bond (X = halide) (Scheme 1%2Jhe Wurtz-
Fittig reaction couples aryl halides and alkyl He# in the presence of sodium métalGiiman reagents,
[LI][CuR ] (R = aryl), can be reacted with alkyl halidesdom C,y-Cayi bonds®® The Rosenmund-von Braun
reaction can be used to form C-C bonds by addiagaaide group to the aryl ring. This is done by reacting
ArX (X = halide) with CuCN at high temperatures.yaDation of the arene, alkylation, hydrolysis, and
Clemmensen reduction provide a pathway to alkyk@mducts. Diazonium salts, A/ can also be reacted

with oximes, RC(H)=NOH, in the presence of Cu2@d NaSO; to yield Ar-C(R)=NOH*? Hydrolysis of Ar-
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C(R)=NOH followed by Clemmensen reduction, or ie thresence of Wilkinson’s catalyst (Rh(RREI),
produces the alkylarene. Stephens-Castro coupliraves the reaction of unactivated aryl halidéghweopper
acetylides to give arylacetylenE's These arylacetylenes can be reduced to alkylarepéydrogenation in the
presence of [Co(CN)* and H. In 1901, Ullmann coupling was introduced as ahwme for CJ catalyzed
coupling of aryl halide&® Although these reactions are all of proven wtilihey present limitations and
drawbacks. For example, these reactions at leashin stoichiometric transformations yielding stoometric
waste. Also, in nearly all cases presented abbeeetis a requirement for halogenation of the atmma

molecule prior to formation of the new C-C bond.

Wurtz-Fittig Reaction:

X R
©/ + Rx —Na _ ©’ + oNax  |R=alkyl

Aryl Dehalogenation:

X
© + [L][CuR] —— R-R' +LiX + CuR
(Gilman Reagent)

Rosemund-von Braun Reaction:

CHoR
X 200 °C CN : 2
+ CuCN —_— —_—
_—

Stephens-Castro Reaction:

[ C=C-R [cocN)g, Hy CH,CH,R
* CU—C=C—R —(——> —

Ullmann Reaction:

Scheme 1.2. Nucleophilic aromatic substitution reactions t8sg in C-C bond formation.

Examples of electrophilic substitution are alsovptent (Scheme 1.4). In 1877, Friedel and Crafts

introduced a process by which benzene can be #dkyléScheme 1.3). This can be carried out by tlirec
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Friedel-Crafts alkylation of arenes or by Friedeaffs acylation followed by Clemmensen reduction'®
Drawbacks to this methods include little controlepwregioselectivity, polyalkylation, the use of hig

temperatures, required acid co-catalyst (in masggr and often stoichiometric use of a Lewis acid.

cl
CI—PI\IQCI

ol
e

L — @

H,C=CH, _H—Cl_ CH3C,::+\ HaC._

AlCl3
CeHe

Schemel.3. Friedel-Crafts catalysis.

Alkylation of arenes can also be achieved by theeddh reaction and other reactiVity.In this
reaction, the arene is reacted with a nitrile ia pinesence of Znghnd HCI and then undergoes hydrolysis to
yield the alkylarene. Alternatively, formylatiomm be achieved using the Gatterman reacfiodere, benzene
is reacted with Zn(CN)in water in the presence of a strong acid to yiblel benzaldehyde product. The
benzaldehyde product can be reduced to the arjlaldoy NaBH, and then converted to the akylarene upon

hydrogenolysis.



Friedel-Crafts Alkylation:

Et
HCI -
+ H,C=CH, R' _alkyl
AICl3 R'=aryl

Friedel-Crafts Acylation: 0
"
o C CH;R
i AICI3 \R —_—
u C T ——— —_—
Vaty -HCI
R CI
Hoesch Reaction: HN
1
C CH,R
HCI \R—>
+ NCR ——mm» —_—
ZnCl, _—
Gatterman Reaction: (I?
C. CH3
Zn(CN), H »
H,O S
HCI

Scheme 1.4. Electrophilic aromatic substitution reactionsuléag in C-C bond formation.

1.2.2 Transition M etal Catalyzed C-C Bond Formation with Aromatic Substrates

The development of Fe, Co, Ni, and Cu, and moeelgminately, Pd and Ni complexes that catalyze
C-C bond formation of aromatic compounds with imsed selectivity were reported in the late 1960%.
These methods commonly proceed via oxidative amditind transmetalation. In the 1970's, Kumada
developed nickel-phosphine systems that promotgr@ri, or Kumada, coupling reactiohis these processes,
the active catalyst is a Népecies that initiates oxidative addition of thglzalide followed by transmetalation
with a Grignard reagent to obtain an alkyl-arylkelintermediate. Reductive elimination from tHky&aryl
nickel species yields the new C-C bond. Whereasatdlysts initially offered greater success tRancatalysts
by avoiding undesire@-elimination reactions it was found that Pd catysearing phosphine ligands could
avoid B-eliminations and give enhanced coupling activifjhe palladium catalyzed coupling reactions have

been successfully extended to include Heille 2 Suzuki®* and Negishi-typ&?’ couplings (Scheme 1.5).



Suzuki Coupling:

R-X + ArB(OH), Pd Catalyst R-Ar + XB(OH),
Stille Coupling:
RX + ArSnRy LdCatYSt_ o Ar + XSnR}
Negishi Coupling:
RX + ZnR, ~9C@ANSl o o 4 XznR'

Catalytic Cycle:

R = aryl or vinyl

o R' = alkyl
X = halide
L = ligand
o E = B(OH),, SnR'3 or ZnR',
/ v py _—
LPd \ _ oxidative
N i & = addition
Ar X
o o = transmetallation
o_ reductive
~ elimination

E—X Ar—E

Scheme 1.5. Suzuki, Stille, and Negishi coupling reactions.

The Heck coupling does not involve a transmetatasiep. Rather, key steps in the Heck reaction are
initial oxidative addition of an arylhalide, inser of an unsaturated substrate (most commonlyleimpinto
the M-G,y bond, formation of the final organic product Byhydride elimination, and dissociation with
subsequent reductive elimination of a Bronsted &8aheme 1.6). The net reaction is conversiorkafne and
arene to an alkenylarene. The olefin insertioofisn promoted by an electron-withdrawing grougtes olefin
functionality. Also, a base, usually introduced MaOAc, is required to facilitate net abstractiohtioe
Bronsted acid from the metal center for the regetimn of the PYprecatalyst. As shown in Scheme 1.4, these
reactions are most commonly used in the couplingrgf and vinyl halides to reduce the propensity ffo
hydride elimination. Extension of this C-C bondupbng chemistry has been unsuccessful with inferna
alkynes; however, Negishi has reported that alkycess be functionalized with incorporation of a sato
transmetallation step. First, hydrozirconatiortted alkyne is achieved and then a transmetallagantion of

the resulting zirconium-alkene with Zn@an provide an active species to further readt R



Heck Coupling:

— Pd Catalyst R
R-X + N\, — + A
R base HX R'

Catalytic Cycle:

R'E\ LPd

+ R R = aryl or vinyl
R' = alkyl
HX 0 X = halide
@) _ oxidative
R’ & T addition
R
LPd(_ . LPd< @) - nsertion
X X o _ reductive
\@// ~ elimination
R )
E

Scheme 1.6. Heck coupling reaction.

Implementation of these technologies into indastprocesses has been limited due to “low thermal
stabilities” of the catalyst under reaction corahi8 and the stoichiometric production of salts. wileer, in
some cases the synthetic efficiency overrides tlleaebacks. For example, Novartis has implemetited

Heck reaction for the production of a synthon fer manufacture of ProsulfurdiiScheme 1.7).

SOz Na*
Pd cat.
CF3 NYN

OCH3
Prosulfuron®

Scheme 1.7. The Heck reaction incorporated into the synthesRrosulfurofi.

A recent review by Yamamoto recently discussed mwg#etallic chemistry and its place in the future
of chemical research and applicatfdn. Therein, the importance of moving towards gre&entistry by

increasing the number of catalytic technologies amdeasing the incorporation of halide-free preessis

discussed. Yamamoto wrote:



If one can cleave bonds other than the carbon-heogond, and if one does not need to
remove the extra elements in operation, the proaélsbe more favorable from the viewpoint
of atom efficiency and environmental aspect.

An attractive alternative to C-X (X = halide) acttion is catalytic methods based on the activatod

conversion of C-H bonds to functionalized substate

1.3 C-H Bond Activation
1.3.1 Description

C-H bond activation is the cleavage of a C-H bopdvay of a metal center interactidh®* A natural
inclination to cleave or functionalize C-H bondslerived from their ubiquity. Their ubiquity alsepresents a
challenge when the selective activation of a sil@ld bond is desired. However, C-H activation fermained
a challenge largely due to the thermodynamic stalmif C-H bonds and their weakly coordinating matuThe
thermodynamic stability is indicated by homolytieHCbond strengths: with $i-H bond dissociation energies
(BDE) of 90-100 kcal/mol and $fponds with BDEs of 105-120 kcal/mol. Due to tlighhC-H BDEs these
bonds have been termed the “unfunctional group,ereim lies the challenge of their functionalizatidn
Kinetic stability of the C-H connectivity is deriddrom the relatively high and low energies of titeand o
orbitals, respectively. Further, kinetic reacipiig attenuated by the lack of polarity in the &éhd, where the
C-H bond is nearly 100% covalent.
1.3.2 Role of o-Complexesin C-H Activation

Hydrocarbons can coordinate to metals through ecahyalrogen bonds yielding what is described as a
o-complex. In these-complexes, the C-H bond serves as a two elecivonrdo the metal center (Figure 1.2).
The electron donation (af-symmetry) from the C-H bond to the metal centen ba complimented by a
reverse electron donation (ofsymmetry) from a filled metalmdorbital to the empty* orbital of the C-H
bond (Figure 1.2). Early evidence for direct olsgaéion of ac-interaction with alkanes was reported by Turner
and coworkeré€® In this study, flash photolysis of several M(G@pmplexes (M = Cr, Mo, and W) yielded
M(CO)s(CH,) as monitored by IR and UV-Vis spectroscopy. Beag and coworkers were able to monitor the

photolytic C-H activation of hydrocarbons in theegence of Tp*Rh(CQ) (Tp* = hydridotris(3,5-
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dimethylpyrazolyl)borate), whereby the reaction I[dobe monitored by IR spectroscopy on the femtosdco
(10™) to microsecond (If) timescale’’ Revealed in these studies is the photolytic dission of CO from
the 18é complex Tp*Rh(CO) followed by the salvation of the incipient {Tp*RBQ)} intermediate yielding
Tp*Rh(CO)(alkane). Dechelation of Tp*Rh(CO)(alkingives the 16ecomplex {*TpRh(CO)(alkane)}
which is observed to undergo C-H activation of &liene yielding the product Tp*Rh(CO)(R)(H) (R &g).
This study by Bergman reveals further confirmatafrthe precoordination of hydrocarbons prior to @
activation step. Specific bonding modes that Hasen proposed for alkanes inclugfeC,H, k*H,H, andk®-

H,H,H interactions (Figure 1.3F.

Metal C-H Interactions:

o-donation n-backbonding interaction

C 0 \/
C-H unfilled metal C-H filled metal
HOMO do—orbital LUMO dn-orbital

Figure 1.2. Orbital description of the C-& andteinteractions with a metal center.

L
M ----- . .
o \ _\\\\R ’
/c.‘,//R M Sy M H-\:.C H
H H H ~. H\
2CH 2 HH 3
n=C, w*-H, 3-HH,H

Figure 1.3. Potential precoordination of alkanes to coorduedy unsaturated metal centers.

The bonding interactions af-complexes can weaken the C-H bond. It is theeefogical that C-H
activation is preceded by @y3-C-H o-complex precursor. Furthermore, the Gsthteraction is seminal to the

C-H bond activation step due to the resulting dicidiion that occurs in that proximal C-H bond. i bxplains
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the dearth of observed C-H activations when mofiiam sg to sp hybridized C-H bonds. That is, C-H bonds
with enhanced s-character about the carbon (spd)yibcreases acidity of the C-H bond. The filsserved C-
H activation by a transition metal was an oxidatigglition of a C-H bond of a methyl group of a dni@mpe
= dimethylphosphinoethane) ligand on Ru(dmapejulting in a Ru dimet,

C-H activation mechanisms involving §C-H interaction with the metal center have begoreed.
For example, Milstein et. al have observed an intecular arene agostic interaction between thébis&di-
tert-butylphosphino)methyl)benzene and the coordinatethl fragment [Rh(COjlin THF*® Further evidence
for the formation of agostic complexes, prior ttramolecular C-H activation, has been provided bab@ee
and coworkers. Observation of an equilibrium betwea C-H agostic interaction of the complex
[Ir(diarpyH)(PRy),H]X (diarpyl = 2,6-phenylpyridine, R = PIp-CgH,CHs, p-CsH4F, Me, or"Bu; X = Sbk or
BF;) and the C-H activation and subsequent reductivgireation of atrans-C-H fragment yields evidence for
C-H o-complexes in the step proceeding C-H activaticché®ne 1.8f' By variation of the phosphine ligands,
it is observed that increasextdonation resulted in the increased rate of C-Hvation. TheAG' was

calculated to be 12.3 kcal/mol (257 K) for the @tide addition when [Ir(diarpyH)(PRRH]SbF; was studied.

| R = Ph, p-CgH4CHa, p-CeH4F, Me, or "Bu |

Scheme 1.8. Equilibrium between C-H agostic interaction atrdns C-H activation of the complex
[Ir(diarpyH)(PRy),H]SbF; (R = Php-CgH4CHs, p-CgHaF, Me, or"Bu).
1.3.3 Role of rTeComplexesin C-H Activation

The C-H activation of aromatic substrates by tridmsimetals is thought to proceed by precoordimatio
of the aromatic prior to, via either oxidative atlah, electrophilic substitution, oo-bond metathesis, C-H

activation. Then?binding of an arene (Figure 1.4) is described HhBstextension of the Dewar-Chatt-



12

Duncanson Modé¥ in which thetrelectrons are stabilized throughodnteraction with a d-orbital of correct
symmetry. Metal-aromatitebonding interactions occur througkback donation into the C=&* orbital of the

aromatic from a filled metalmdorbital.

Metal Aromatic Interactions:

c-donation n-backbonding interaction
4N
@ ﬁc%
~—"
benzene unfilled metal benzene filled metal
HOMO do-orbital LUMO dn-orbital

Figure 1.4. Aromatico andTrinteractions of a metal center andrgfacoordinated benzene. Benzene HOMO
and LUMO are only partially described for simpljcit

Precedence for metal boumd-aromatics is well established. Extensive evidefazethe existence of these
organometallic species has been reported for eadyate transition metals. For example, in 19661Ma et

al. reported ann®CgHgCUAICI, complex including solid-state characterization single-crystal X-ray
diffraction study®® Wolczanski and coworkers have isolated heternatiz, (silox}TaM?>N,C-py) (silox =
'BusSiO; py = pyridine), and carbocyclic [(silafal{ p-n%(1,2)n%4,5)-GHs} n’coordinated ligands in which
the latter serves as a bridging ligand of a dimepecied’ Taube and Harman reported monomeric and
dimeric Os complexes with dihapto binding of aramabmpound$® For example, Taube and coworkers have
synthesized the monomer [Os(BKN*CsHe)](OTF), (OTf = trifluoromethylsulfonate) and the dimer
[Os(NHa)slo{ 1-n%(1,2)n%(4,5)-GHe} **. Graham and coworkers have reported the formatimin
CpRe(NO)(CO)j*C,C-PhCH) and propose the dihapto connectivity occutheB,4-positiort® Evidence for
this suggested 3,4-coordination was derived frore tibservation that both CpRe(NO)(C@¥tan’-
CsH4CHPh) and CpRe(NO)(COpara-n*-CsH,CHPh) are produced when CpRe(NO)(CA}C,C-PhCH) is

reacted in the presence of a base (i.e.gNBfrlger et al. have synthesized and obtaineglesiarystal X-ray
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analysis on the complex (TGI)(n*C,C-CysH1o) (TCP = triscyclohexylphosphind).  Harman et al. have
reported advances in the preparation of numeros$N&,)s(n>-arene)}? (arene = benzene, naphthalene, furan,
thiophene, pyrrole, 2,6-lutidine, etc.) complexeslated dearomatization measurements, structungepno
relationships, and reactivity studi®s** In addition, Harman and coworkers have reportel abserved
isomerization of dihapto ligands of the complex&the type TpRe(CO)(L){>-arene) (L =BuNC, py, PMe, or
1-methylimidazole; arene = benzene, anisole, napértle, 1-methylpyrrole, furan, or thiophen).Several
crystal structures, including Cp*Rh(PNJE,10n%phenanthrene) and Cp*Rh(PMIE,3n*perylene), were
reported by Jones and coworkers providing eviddac¢he transition metafj®>-aromatic species with species
that are known to undergo C-H activation reactivity Thesen®binding modes provide evidence for the
coordination of aromatic systems to transition fsetaowever, the relation of>-precoordination of aromatics
to transition metals as it relates to C-H activatisas most clearly observed by Jones. Jones amdrkers
were the first to report reversible C-H activatiohnaphthalene from Cp*Rh(PM¢n*naphthalene) to form
Cp*Rh(PMe)(2-naphthyl)H. TheKe, = 2.0, favoring they>bound naphthalene complex (Scheme ¥:9ps
further example of the importance of these dihaptermediates, Templeton et. al have isolated,asttarized,
and obtained a crystal structure of the benzene a@thtation intermediate [(Hpz¥¢-BHpz*,)Pt(H)(n*C,C-
CsHo)][BAr 4] (BAr, = [B(3,5-{CFs},CsHs)4]).>® A thermally accessible equilibrium for the oxigataddition

of benzene from the complex [(Hpz&fBHpz*,)Pt(H)(C,C-n*CsHg)][BAr 4] was observed at low temperature
by NMR owing reversible nature of these transforare. TheAG* = 12.7 kcal/mol (252 K). Jones et. al
calculated theAH* and AS™ over a range of 25C for the oxidative addition of benzene to yield
Cp*Rh(PMe)(H)Ph. At a comparative temperature (252 K) thiglative addition of coordinated benzene from

the complex Cp*Rh(PM#( n>C,C-C¢Hs) was calculated to be 12.4 kcal/mbl.
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3@% =

Scheme 1.9. Equilibrium (K¢q = 2.0) between Cp*Rh(PM¥n?-naphthalene) and the C-H activation product
Cp*Rh(PMe)(H)(2-naphthyl).

Typically, the activation of aromatic C-H bondskisetically more facile than alkanes. There are tw
rationalizations for this trend. Firstly, coordiimm of aromatic compounds is typically preferreden
coordination of alkanes. This is due in part te kligher energy of the arene HOMO (Cadond) relative to
the alkane HOMO (C-Hv-bond) and the aromatic’s greater ability to acaasacceptor (d->1*) relative to
the alkane (t->0*). In addition, M-G,,, bonds are typically stronger than My bonds. Jones et al. have
demonstrated that stronger incipient M-C bondsfaatititate (kinetically) C-H activatiorr’

It has been reported that relative rates of C-Hvation are as follows: 3p> sp(primary) >
spi(secondary§® This selectivity, addressed by Jones and Fehéress described by the kinetic competition
between arene (benzene) and alkane (propane) Gitataan to rest in the?-coordination of arenes vs. C-H
activation of alkane¥. The rate determining step for benzene C-H adtimaty the complexCp*Rh(PMe)}
(Cp* = pentamethylcylcopentadienyl) was reportethécthen®-coordination of benzene, as determined by KIE
experiments. Through monitoring the rates of régacelimination of benzene and propane, at low
temperatures, from Cp*Rh(PMéCsHs)H and Cp*Rh(PMeg(CH,CH,CH3)H, respectively, the\AG* favored
the n?-coordination (benzene) intermediate by 0.6 kcal/meer the C-H activation product of propane.
Though the kinetic barrier is only slightly lowét s this precoordination that allows arenes topete with

the weaker spC-H bonds of the aliphatic substrates.
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1.3.4 Stoichiometric C-H Bond Activation M echanisms and Examples

The well developed field of metal-mediated C-H eatiion is most commonly simplified by the
classification of mechanisnis. 3% 3% 5" Bercaw has presented five synthetic routes for @dilvation
including: oxidative additiong-bond metathesis, metalloradical activation, 1,8i&mh, and electrophilic
activation® Radical formation and 1,2-addition are not diseatlevant to systems central to this document,

therefore these mechanisms will not be discussédétiil.

1.3.4.1 Oxidative Addition

The oxidative addition pathway is common for lowidation state late transition metals where
coordinative unsaturation is accessible. The nwisha for C-H bond oxidative addition involves a net
insertion of the metal center fd) into a R-H (R = alkyl or phenyl) bond (eq 1)h& two requirements of this

pathway are access to a 1§a fewer) complex and an increase in metal oiodestate of +2.

R
L RH M = transition metal
LM —— L M/ Ln_1I\/I42 L = dative ligand 1)
H R = alkyl or aryl

Examples of C-H activation through the oxidativeditidn pathway are numerous. For example,
Group 9 complexes of the type Cp*M(BX), (Cp* = pentamethylcyclopentadienyl; M = Rh or ;= Me or
Ph; X = alkyl or hydride) have been used as prearfor C-H activatioi*®® Either by thermolysis, or more
commonly photolysis, the extrusion of, Xom CpM(PR)(X), results in a coordinatively unsaturated metal
center that can oxidatively add the aromatic sabstby C-H activation. Bergman and Jones hateneed
this work to include similar Re systerffs? Jones et al. have extended the scope of reactivityclude the
first row metal Fe for oxidative addition of C-H fmis’® Eisenberg et al. have reported thermally and
photolytically promoted reactions that result indative addition of arenes. Despite coordinatimsaturation
of the Eisenberg system (dppe)Ir(H)(CO) (dppe =hdiylphosphinoethane), dissociation of one of thped

arms is necessary to create a reactive intermeftiat€-H bond activation (Scheme 1.10).From this 14e
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species oxidative addition is achieved followedrégoordination of the phosphine arm yielding theabedral

product (dppe)lr(HCO)Ph.

IPh
Ph_ Ph Ph P
N/ Ph /N
H_ P hv H =P Ph
> ) — ]
oc ik oc”” \Q
Ph" Ph
Ph
P \,, /"
OX|dat|ve

/ | \ addltlon Ir\©

Scheme 1.10. Oxidative addition of benzene to the Ir(H)(CO)ep via dissociation of a phosphine chelate
arm.

1.3.4.2 Electrophilic Substitution

For the electrophilic mechanism the metal cent&s as an electrophile. This mechanism involves the
exchange of a hydrogen atom for a metal centerllysaecurring through a Wheland-type intermediatg @).
In this scenario, the metal coordinates the aramegingTt electrons rather than C-&telectrons. Electrophilic
substitution is most common with aromatic hydroocamd) however, this mechanism has been proposed for

some alkane%

MLy,

)

Yi and coworkers have observed, on the basistdammett study, that C-H activation of arylamines
(e.g., aniline) by the complex [Ru(P§¥CO)(NCMe)H]BF; is consistent with an electrophilic substitution

mechanisni®
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1.3.4.3 Sigma-Bond M etathesis
The metal centers most commonly involved in thipetyof mechanism possess & electron

configuration, in which a formal oxidation of theetal center is not feasible (eq 3).

& 8 .4
my  RTH R |7 ey
M-R ——— —_— 0 ' — MR )
M—R M----R
st 5

Tilley et al. have reported-bond metathesis reactions involving high oxidatsate early transition
metals whereby the C-H bonds of benzene and tolasneleaved in the presence obLB{§Si(H),Mes)Me and
B(CsFs)s (Scheme 1.11%° Bercaw and coworkers have observed the producfigp*-d;s),Sc(Ph) and Ci
by the reacting (Cp*-@),Sc(Me) and ¢Hs.”” Reactivity studies revealed two important chamsties: (1) the
reactivity observed with functionalized arenes wiemnsistent with an electrophilic mechanism a2idtlje C-

H activation transition state is likely to undengdC,H-coordination (product of sterics) with the metahter
as opposed tq*C,C-coordination. This chemistry has been extendet wlitanes to f-block complexes. For
example, Watson has reported the reactivity of Cpf*°CHs) yields production of Cptu(**CH,) and*’CH,

in the presence 6fCH,.”®

Hf Hf --—
4 N\, H -Mes,SiH )
Me % . o 2SiHz )
H3C-B(CgFs)s H3C-B(CeF5)3

Scheme 1.11. C-H activation of benzene bymbond metathesis pathway using,Bf{Si(H),Mes)Me.

Mes
2l O
N «Si(HMes, B(CeFs)s \@‘\\\S‘\ CeHs N
o

While o-bond metathesis is typically associated with eardysition metal complexes, it has been
proposed that for late transition metal systems aisg initiate C-H activation by this pathw&y®® Eisenstein

and coworkers have reported theoretical studiemethane C-H activation by TgNPH;)H (M = Fe, Ru, or
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Os) system&' It was shown by density functional theory (DFBJaulations that Fe would be expected to
undergo a route that is more comparable ¢sbmnd metathesis pathway while the Os derivativeaisulated to
undergo an oxidative addition mechanism where themntial energy surface predicts stability for @d’
intermediate. C-H activation by the Ru complegrigdicted to go through a pathway intermediaté&b of the
o-bond metathesis route and an oxidative additionteco The mechanisms of C-H activation by
[Cp*Ir(PMes)Me]* systems has been closely scrutinized. Hinderding coworkers published a theoretical
study’”? methane activation by [Cp*Ir(PMgMe]* supporting a-bond metathesis pathway. Hall and coworkers
have reevaluated the system with new DFT computakiausing a B3LYP functional and the BS1 and BS2
basis sets, and report an oxidative addition paghasamost likely® Bergman et al. have since shown that
intramolecular C-H activation of phosphine liganeHonds occurs through an oxidative addition pathw
upon incorporation of phosphine ligands of différemture further supporting the likelihood of oxide
addition overo-bond metathesf&. It was calculated that the transition state ferd-bond metathesis pathway
(for the electron deficient 'lr cationic complex) does not exist and thereforeukhdikely be dismissed.
Instead, the intramolecular oxidative addition bf tphosphine PMeligand is likely to occur. These
conclusions were drawn despite the relatively lugidative addition kinetic barrier of 26.5 kcal/matlthe BS1
level of theory, reported by Hall et al. DFT cdétions are still being reported that assign lad@sition metal
C-H activation transition states as being consistenc-bond metathesis routes. For example, Periana, in
conjunction with Oxgaard and Goddard, have propdbatl the C-H activation of benzene by the complex
Ir(k?-0,0-acac)(py)(OMe) to yield Irg*-O,0-acac)(py)Ph and MeOH undergoes a transition state ciemis
to ac-bond metathesis mechani§fin this study the transannular hydrogen was ¢aied to be 1.98 A from
the I metal center in the transition state, consistétit wo-bond metathesis pathway. It is proposed that this
pathway might be optimal due to presence of fivggex atoms coordinated to the Ir metal center & th

transition state.
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1.3.5 Catalytic Aromatic C-H Bond Activation

Oxidative coupling (Scheme 1.12) of unsaturatedssates and arenes provide potentially valuable
pathways for C-C bond forming reactions. This elit#tion is not meant to serve as an exhaustive
comprehensive review of catalytic C-H activationr are oxidative coupling reactions directly pegtihto the
mechanisms for catalytic C-H activation reportecelre however, these mechanisms will be discussdxtief
for the sake of completenesSimilar to the Heck reaction, the oxidative couglwf an olefin and arene yields
an unsaturated product. Metal-mediated oxidatiwepting usually involves (1) electrophilic attack the
metal center on an aromatic C-H bond to give a &ctivated product, M-Ar, (2) olefin insertion intloe M-Ar
bond, (3)B-hydride elimination and olefin dissociation, ant) feductive regeneration of the active metal

catalyst.

Oxidative Coupling:
CoHs + © ‘f—éﬁ»@ﬁ [O] = oxidant

Catalytic Cycle:

metal
ligand

e y '\\ _ C-H

LM & T activation
n

= insertion

(3 ] _/—O ©- i
LyM—H 47— L,M ~ elimination
19

M
L

Scheme 1.12. Oxidative hydrophenylation of ethylene to prodstgene.
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Milstein and coworkers have observed 88 turnoversnfethyl cinnamate production in 48 hours by
heating (180°C) catalytic amounts of RugBH,O in the presence of benzene, methyl acrylate, &@,Q.%
Progress has been made with the C-H activationnattivated arenes by Tsuji et al. In this workwis
reported that Pd(OCOPhn the presence of (Ph)(H)C=C(H)(OMe), benzeeei-butyl perbenzoate as the
oxidant, and acetic acid as the solvent gives ytitgiroduction of (PBC=C(H)(OMe), at 106C 2°

Catalytic hydroarylation of olefins (see Figure )1i& more common than oxidative coupling.
Processes included a range of substrates and ar&ogisvara has reported that Pd(OAchitiates
hydroarylation of olefins and alkyn8s28In most cases, an activated olefin is requiredstmrcessful catalysis.
Miura et al. have used the heteroatom functionalityl-napthols to demonstrate regioselective lelgaed
arene C-H activation that leads to C-C bond adulitieactions with alkyneS. Yamazaki et al. found that
Rw(CO)y,, in the presence of CO gas, benzene, and diptemtylane, vyields the catalytic formation of
triphenylethylené® Based on independently reported Ir-phenylene dexep, it was suggested that oxidative
addition, insertion, and reductive elimination &ey steps in the triphenylethylene production. ukesla et al.
have demonstrated the ability to form new C-C bobdsveen benzene and disubstituted alkynes to yield
arylated alkenes in the presence of a Pd dimer taatkylboranes at 100C>*  Nolan has shown that
(IPrPA(QCCRy), (IPr = 1,3-bis(2,6-diisopropyl-phenyl)imidazol-®%dene) catalyzes the insertion of ethyl
propiolate into the C-H bond of mesitylene in 78Bq under harsh acidic conditioffs.

Catalytic intramolecular C-H activation for the afation of aromatic imines was reported by
Bergman et al* For example, benzyl-{3-[2-allyl]-benzylidine}-amé was heated to 128 in the presence of
Wilkinson’s catalyst (PPJsRhClI and toluene to produce indan-4-methylketonedain = 1,2-
cyclopentanebenzene) and 3-[(1-methyl)-vinyl]-apetnone (3:1 ratio) upon acid workup. In addition
indans, Bergman et al. have used these intramaleayklizations to produce tetralins, dihydrofuraaad
dihydroindoles. These cyclizations are thoughprioceed through (1) precoordination of substfatg., allyl
substituted ketimines), (2) oxidative addition bEtC-H bond ortho to the imine functionality, (3efn

insertion, and (4) reductive elimination of prod(ely, indan derivative), Scheme 1.13.
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Scheme 1.13. Catalytic annulation of aromatic imines via im@ecular C-H bond activation.

Substituted benzenes also undergo catalytic C-Waditin to yield new C-C bonds. For example,
Fujiwara et al. have reported intramolecular cwtlans via C-H activation and subsequent C-C bonghétion
steps in excess of 1000 turnovers using Pd(®@Atyoom temperature with alkynanilides and alkyesao
yield quinolinones and coumerins, respectivélylt is proposed that a highly electrophilic catbmetal,
Pd(O,C(CR)),, is generated in trifluoroacetic acid (TFA).

Hydroarylation of olefins for aromatic substrateattposse®- or N-functionality has been reported.
Murai has introduced systems that consistently peedregioselective catalytic C-H activation orthe t
aldehyde or ketone functional grouPsinitially, Murai discovered that Ru(K{)CO)(PPh); catalyzes the C-H
activation of aryl ketones ortho to the acyl fuontlity and subsequent C-C bond formation with
triethoxyvinylsilane through an insertion mechanismyield the ortho alkylated product (Scheme 1%£4)
Intermediates, proposed by Murai, have also indeépetty isolated giving further evidence of the
precoordination and therefore the directing abitifythe heteroatomic functionality. Similarly, Wiésey and
coworkers have achieved isolation and single-ctystX-ray analysis of Ru(H¥*O,C

CsH4C(O)CHy)(CO)(PPh),.* Brookhart et al. have observed that [Cp*RIHESIMe,),] catalyzes the
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production of acetophenone and vinyltrimethylsilaate120°C in cyclohexand! This chemistry has been
extended to heteroaromatic compounds to yield bfumttionalization at less reactive C-H bonds. For
example, heteroaromatic ketones such as 3-aceytiehe undergo functionalization at the 3-positfon.
Similar chemistry has been observed by Mares amsbid@rs whereby aniline undergoes orthometalatioth a
insertion of ethylene into the insipient M-C bond &chieved for the catalytic production of 2-

methylquinoline®®

SIOED3  RuH,(CO)(PPhy)s
toluene o

Si(OEt)3

93%

Scheme 1.14. Chelate assisted C-H bond activation ortho tchéteroatomic functionality.

Under photolytic conditions, CpRe(PiiH), catalyzes production of ethylbenzene from benzene,
ethylene, and dihydrogeéf’ Other products are formed and catalyst deconipndimits catalytic activity to
approximately 15 turnovers. Hydrophenylation ofntmal acetylenes using Rh(PBIgCO)(CI) has been
reported by Goldman et & In addition, crossover studies revealed the hyeincand phenyl substituents to be
from the same source. Also, a KIE (kinetic isoteffect, Ki/Kp) of 1.4 was measured.

The ability to perform hydroarylation of olefins ti unactivated arenes and unactivated olefins
remains a challenge. Periana et al. have repart@tac)r(py)Ph complex (acac &*-O,0-acetonate, py =
pyridine) that has been shown to hydroarylate n&fi 2% For a-olefins, moderate selectivity for anti-
Markovnikov products was observed. These catahgictions (e.g., the reaction with ethylene anuzbee)

occur at high temperatures (180) and low pressures (284 psi) to achieve 455 uarsoafter only 3 hours.
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1.4 Chemistry of TpRu(CO)(NCMe)R (R =Meor Ph)

1.4.1 Rationale for Catalyst Design

Dyker recently wrote a review on catalytic coupliegctions involving C-H activation. In this rewie
he discussed the importance of C-H activation. éDtated:
The activation of C-H bonds is of the safundamental importance as the
formation of C-C bonds for the construction of angamolecules. Particularly in the
last ten years, transition metal catalyzed procedsave been developed which achieve
both these in a single preparative step and hermmbine economy, efficiency, and

elegance... For instance, ruthenium has proved tpdrécularly efficient for the C-H
activation of arenes...

Our group has reported that TpRu(CO)(NCMe)Ph caesythe hydrophenylation of ethylene and
olefins (see below), Figure 1'% 1% In thek® coordination mode, Tp coordinates in a facial iastand tends
to enforce the octahedral environment. The anidmicligand is a relatively strong electron donod as
typically inert. The carbonyl ligand is a stromgacid, while the acetonitrile ligand is labile adidsociates in
CD4CN at 70°C with akys = 3.2(2) x 10 s*. The dissociation of acetonitrile provides a pfathcoordination
of Lewis basic substrates (e.g., ethylene, benzetnd, The metal is a Bicenter, which is a relatively low-
oxidation state that potentially provides redoxittdity. The catalyst architecture makes avaiiatie ability
to tune the catalyst for potential enhanced reigtlyy varying the steric and electronic natureaoillary
ligands. For example, CO can be substituted ftveldigands (e.g., phosphines) and Tp can be dari¢he 3,

4, and/or 5 position of the pyrazolyl rings.

~ labile ligand
: ——
@ NCMe r-acid ligand for

increased electrophilicity

Ru
Tp ligand < g‘/ | Ph

N\\ NN
/
O

Figure 1.5. TpRu(CO)(NCMe)Ph.
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1.4.2 Reactivity of TpRu(CO)(NCMée)R (R =Meor Ph)

Similar to the technology developed by Periana emdorkers, we have synthesized a late transition
metal catalyst, TPRu(CO)(NCMe)Ph (Tp = hydridomig@@zolyl)borate), for the hydroarylation of olegit?®
197 The TpRu(CO)(NCMe)Ph complex is prepared by Sioimetric C-H activation of benzene from the

methyl derivative, TpRu(CO)(NCMe)Me, as shown im&me 1.15.

<C>7 co <7 oo
l\\l—N\| __NCMe "\‘ N | NCMe
Ru 1:1 NCMe:CgHe Ru
ZS Tl SN

NN cH A
L ©) R (O
H H
Scheme 1.15. Stoichiometric C-H activation of benzene with TgR®)(NCMe)Me yielding
TpRu(CO)(NCMe)Ph and methane.

Catalytic production of alkylbenzenes is achievemru heating arene and olefin in the presence of
TpRu(CO)(NCMe)Ph (Table 1.1). For example, wheRT{CO)(NCMe)Ph (0.1 mol %) is placed under 25 psi
of ethylene in benzene (9Q), ethylbenzene is produced (51 turnovers afteous). After a reaction time of 4

hours the reactivity of the catalyst slows. Thkisnost likely due to catalyst degradation.
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Table 1.1. Data for the catalytic hydrophenylation of alkead alkynes using TpRu(CO)(NCMe)Ph (0.1 mol
%; 25 psi of gas), at I, over a 4 h period (unless otherwise noted).

Unsaturated
Arene Substrate TON? Products
Et°
benzene ethylene 51 (77)° @

n

Pr Pr =~ Me
benzene propene 10 @ * @ * @N (1.6:1:trace)
) ; Hx Bu ~_Bu
enzene a e
1-hexene 11 @ (j * ©/\/ (1.7:1:trace)

benzene® isobutylene No Reaction No Organic Products
Et
ethylbenzene ethylene 11 @—Et + Et—@—Et
benzene® acetylenef Trace Product @J/

@ mol [TpRu(CO)(NCMe)(Ph)]'1 s™. P Turnovers observed after 24 h are given in parentheses.
¢ Trace quantities of 1,3- and 1,4-diethylbenzene are also produced. d 50 equiv. based on
TpRu(CO)(NCMe)(Ph), after 6 h. © 24 h. F10 psi.

This chemistry was successfully extended to inclemtalytic hydroarylation of propene and 1-hexene;
however there is decline in total TON (turnover tem of a-olefins vs. ethylene. After 4 hours, the
combination of ethylbenzene with ethylene yieldddtdrnovers of 1,3-diethylbenzene and 1,4-diethylieee
when reacting ethylbenzene with ethylene underlaingiatalytic conditions. The turnover frequenoy the
production of ethylbenzenes is approximately 5 sinsower for alkylation of ethylbenzene (7.6 x™*10
turnovers-3$) than that of benzene (3.5 x 1@urnovers-$). This is consistent with a metal-mediated sirgite
catalyst performing the transformation. This istHer confirmed by the catalyst’s inability to hgdrylate
isobutylene, most likely due to steric inhibitiosecond, the regioselectivity of alkylation is insgstent with
that of Friedel-Crafts chemistry. Further evidefmethis complex not acting as a Lewis acid cathfpr the
promotion of Friedel-Crafts chemistry was observedr example, Friedel-Crafts chemistry for themlowg of
propene and benzene would produce the branchedigridopropylbenzene) exclusively. That is, tlatural

predilection for stabilization of the carbocationtermediate, necessary and common in Friedel-Crafts
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chemistry, would provide a route for isopropylbemzeproduction whereas the TpRu(CO)(NCMe)Ph
complexes produce a linear to branched ratio o6.~1In addition, no ethylbenzene is produced in the
conproportionation reaction of 1,4-diethylbenzenthwenzene, as is often witnessed in the presehcewis
acid catalysts.

Our group has also studied the mechanism for datalydroarylation of olefins by
TpRuU(CO)(NCMe)R®® The proposed catalytic cycle is, outlined in Subel.16. Three key steps in this
mechanism include (1) dissociation of the labigmiid (NCMe) to gain access to the coordinativelsaturated
16€ reactive intermediate {TpRu(CO)Ph}, (2) olefin edmation and insertion into the MsG; bond, and (3)
the C-H activation of benzene to release the frgaric product and regenerate the catalyst. Tieemediate
from ethylene insertion, {TpRu(CO)(GBH,Ph)}, was independently synthesized and trappeld WiEMe to
give TpRu(CO)(NCMe)(CH2CH2Ph) lending evidence ttig intermediate is stable. Also, in stoichiorizet
reactions, the phenethyl intermediate activatezdmamto produce ethylbenzene. A kinetic isotofecefKIE)
of 2.1(1) was observed in the catalytic formatidnethylbenzene and ethylbenzetiewhen catalysis was
carried out in a 1:1 mixture ofsHs and GDs. From these data, it can be proposed that tedetiermining
step for the catalytic formation of ethylbenzen€isl activation of benzene. Consistent with theseilts, the
stoichiometric C-H activation of ¢l and GDg with TpRu(CO)(NCMe)Me vyielded a similar KIE of 25)(

An inverse dependence of rate of catalysis on [ette} lends evidence for the
TpRu(CO)(H(R)C=CH)(CH,CH,Ph) is the resting state of the cycle. Lagfthhydride elimination is not likely

the source of decomposition due to the lack ofestgrformation over a range of ethylene pressures.
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Scheme 1.16. The proposed catalytic cycle for the TpRu(CO)(N&®Mh promoted hydroarylation of olefins in
the presence benzene.

To further evaluate the mechanism, theoretical via also been published on this system for insight
into parameter and catalyst optimizati§h.'® ' Computational studies completed under the dectif
Cundari and coworkers in conjunction with Gunnoealeutilized a B3LYP/SBK(d) functional and baset sit
the DFT level of theory”® For the minimization of computational time, thes{azo)borate (TAB) ligand,
HB(N=NH);, was used as a substitute for . In addition, NCMe was replaced with NCH for mddgl
purposes. The highest kinetic barrier in the géitatycle was calculated to be the C-H activatibep with a
AH* of 21.2 kcal/mol. In these studies it was repbiteat the catalytic cycle does not involve thexfation of
Ru" intermediates.

For the transition state, it was found that thegeanular hydrogen is bent out of the plane obtleae
ring with a Ru-H-C bond angle of 56.3Cundari et al. report that this is likely eitliere to the rehybridization
of the aryl carbon of hydrogen origin due to ancetgphilic aromatic substitution mechanism causing
rehybridization of the carbon of origin or is theguct of the proton migration path. In this titios state, a
Ru-H distance of 1.72 A potentially reveals oxidatcharacter.

Independent theoretical studies of TpRu(CO)(NCMeyrire carried out by Goddard et al. at the

B3LYP/LACVP** level of theory’® The authors propose a mechanism for C-H actinaomed “oxidative
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hydrogen migration” based on similar results. Ehaglependent calculations reveal a similar tramgian
hydrogen-Ru bond distance of 1.61 A. These studipsrt that the highest calculated kinetic barigethe
olefin insertion AHi = 24.9 kcal/mol) and not the C-H activation st&ép.{ kcal/mol). Further evaluation by
Goddard et al. provides a direct comparison betwniana’s [Irf-acacO)(acacO,0)(acac-C)], system and
our TpRu(CO)(NCMe)Ph systef  There it is projected, based on empirical dathat tthe
TpRu(CO)(NCMe)Ph precatalyst is approximately 2id@es faster than the Ir system. Though it is psago
that at high pressures of ethylene “significangatherization” should be obtainable, less than kioroetric
amounts of butylbenzene were achie¥&drurther discussion based on an in depth compugtianalysis
reveals thatrebackbonding interactions with unsaturated sulesratnd oxidizability of the metal center,
necessary for competent C-H activation routes wiildative character, are the two competing charisties in
these hydroarylation processés. Initial theoretical evaluations reveal that itghi not be possible to have
independent control of one of these characteristichey will not have isolated effects.

Further, a mechanistic evaluation has been contplegeGunnoe et al. on the TpRu(CO)(NCMe)Ph
system whereby elucidation of the decompositiordpets was investigated. During catalysis of etagltene
at increased ethylene pressures, 250 psi, the TR\{>-C,H,) was observed (Scheme 1.17). In addition, the
TpRu(CO)(*C,H,) was synthesized almost quantitatively under kioimetric conditions in THF, at 7%C.
The intermediate in this reaction, TpRu(C§HC,H.)(CH,CH,Ph), was observed spectroscopically i
NMR. From the TpRu(COW?-C,H,)(CH,CH,Ph) species, it is proposed that C-H activationetifylene
eliminates ethylbenzene and produces the unobdervatyl complex intermediate {TpRu(CO)(C(H)GH.
Upon addition of ethylene to this coordinativelysaturated reactive species, it is further propaisatlinsertion

of ethylene occurs resulting in the isolated giydduct TpRu(CO){3-C,H-).
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Scheme 1.17. Proposed mechanism for TpRu(C}C,H-) formation.

C-H activation has also been observed with electicim species. Possible hydroarylation of with
electron rich olefins has been probed where is ¥mmd that TpRu(CO)(NCMe)Ph reacts with 2,3-
dihydrofuran to produce TpRu(CO)(NCMelC(CH,),OH) and GHs (Scheme 1.18}** Initial C-H activation
at the 2-position of 2,3-dihydrofuran to yield aRyfCO)(NCMe)(2-2,3-dihydrofuryl) intermediate angHg
was proposed. Subsequent reactivity proceeds ghrauC-O bond cleavage ring opening step yieldirey t

TpRu(CO)(NCMe)(&EC(CH,),OH) product.
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Scheme 1.18. Proposed pathway for the formation of TpRu(CO)MN)(C=C(CH,),OH).

TpRu(CO)(NCMe)Ph has also been shown to activiaishgdic C-H bond$™ For example, Gunnoe
and coworkers have observed that TpRu(CO)(NCMe)Rhtiates C-H activation and subsequent
decarbonylation of benzaldehyde to yield the TpRY(Eh complex and benzene (Scheme 1.19) at(@0
Theoretical analysis, combined with the experimiergaults, reveal #AG" value of 18.6 kcal/mol, which is

considerably lower than the calculated value fovZeme C-H activation ( 21.2 kcal/mol).

o
@ H <7 co

\I NCMe ’}'_N\éu/co

Q‘/| —>9000 Q]/l ~ph

i e
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,B/“@) O
H H
Scheme 1.19. Decarbonylation of benzaldehyde by TpRu(CO)(NCMeyRIding TpRu(CO}Ph and benzene.

1.5 Summary

Initial success has been met with the C-H activatid arenes and their subsequent C-C bond
formation has been realized; however, progressstiirbe had so the implementation of like techigyis is
economically feasible for the reasons described/@bdrhe marriage of experimental and theoreticalysis

has aided in the understanding of the TpRu(CO)(NE¥eatalyst in the hydrophenylation via C-H adiva
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While substantial progress has been made in the efreatalytic functionalization of aromatic C-H ruls
substantial challenges remain. The goal of thésattation is to expand upon the known scope a@fikéty of
TpRu(CO)(NCMe)Ph and the development of its anafogghe purpose of catalytic C-H activation yieidi
hydroarylation products. Herein, we disclose thegpess made in C-H activation and functionalizataf
heteroaromatics, competition studies where N-H @rd bonds are present, and the development ofriatio

analogs through Mp (Mp = tris(pyrazolyl)methane &md(Ep = tris(pyrazolyl)ethane) incorporation.
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CHAPTER 2:
Stoichiometric and Catalytic Ru" Mediated
Regioselective C-H Activation of Heteroaromatic Substrates

2.1 Introduction

Heteroaromatic molecules are present in a diversay aof compounds, playing key roles in
technological, material, and physiological advancéke agricultural industry is one area of appiara where
approximately 2.5 billion tons of pesticides areaally produced. A specific example of the premate of
heteroaromatic scaffolds in the agricultural prdducan be observed in the production of the ndjural
occurring plant hormone, Kinetin (Figure 2.1). é&tefaromatic compounds also pervade the pharmaakutic
industry in both the areas of antibiotics and tieatment for infectious disease. In particulag, pinoduction of
antibiotics commonly incorporates heterocyclic fumality. Ranitidine (Figure 2.1) has been a ssstul
drug for the treatment of peptic ulcers, as ithis active ingredient in Zantdt Dyes are another area of
heteroaromatic application. The colors of thesemmmunds are easily varied by structural changesitathe
ring while solubility and fabric affinity can be med by changing the heteroatom to vary the charge.
Photographic materials, fire-retardant materidls,ftavor and aroma industry, fine chemicals, retproducts,
and the food industry commonly uses, or contaimsctionalized heteroaromatics. An example for @pfibn
in the food industry is with preservatives, whehe tacrylic acid shown below (Figure 2.1) is a wine
preservative. Given their highly variable utilisglective functionalization of core heteroatomibstrates is an

important goat.

N o

H
N _N(H)Me
7 AN
Kinetin MeZN/U/\S \[
. NO,
0,N-_O\_-C=C—COOH Ranitidine
AW

2-(5-Nitrofuryl-2)-acrylic acid

Figure. 2.1. Examples of heteroaromatic compound incorporatidndustrial applications.
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Not only are heteroaromatic fragments useful in ynaroducts, but they are also often used as
synthetic precursors. For example, heteroaromatimpounds can be ring opened yielding desired
functionality. Scheme 2.1 depicts the method famasking a 1,4-dicarbonyl compound from a functiized

furan?

o) RZ 0O

R4 R'] H+, H-0 1
A Ry
R2

RS o) R3

Scheme 2.1. Ring opening of a masked 1,4-dicarbonyl compound.

Before addressing the specific reactivity repoitethis chapter, involving heteroaromatic compounds
with TpRu(CO)(NCMe)Me, and drawing comparisons lestw these and previously reported analogous
carbocyclic reactivity, it will be necessary and appropriate to first @sdrthe chemistry of this heteroaromatic
class of molecules. Whereas, isocyclic compounésiag structures consisting of one type of atomtigoious
about the ring, heterocyclic molecules incorporattdeast one heteroatom into the ring. Hereiny dive-
membered heteroaromatic compounds will be discusBeely are defined as [5]-heteroannulene compounds
that obey Huckel’s rule for aromaticity.

The difference in chemical properties, and henceenttal reactivity, for five-membered
heteroaromatic compounds (of particular interesé hieiran and thiophene), from their carbocyclialags, is
derived from two main factors. First, the ringteys isterich due to sixtelectrons being distributed amongst
only five sg-orbitals of the five contiguous ring atoms. Sakahe ring contains a heteroatom that has a more
electronegative value and, as a result, polarizeglectron density of the ring as well as distiifiya lone pair
into the ringresystem with varying degrees of efficiency. Stahiion due to resonance energy is decreased
with increased electronegativity of the heteroatdempirical evidence for the greater resonancecddiltation
of thiophene relative to furan is observed in tiféecknce in dipole moment (furan = 0.71 D, thiopbe= 0.52
D) and in the calculated Dewar resonance enerdigan( = 16.2 kcal/mol, thiophene = 29.1 kcal/nfohs

well, the difference in dipole moment between fu(@ry1l D) and tetrahydrofuran (THF) (1.75 D) iselik a
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function of the oxygen’s ability to donate its lopair into the ring’stsystem and can therefore be thought of
as evidence for aromaticifyAromaticity can be qualitatively evaluated 1y NMR ring current effects, vicinal

coupling, bond lengths, UV-Vis absorption bands B&$>

()~ - ¢ yoen QQQ
s 8. 3 s 8 s
O OO -0

d-orbital
participation

Figure 2.2. Resonance structures for furan and thiophene.

Electronic structure diagrams are a useful tool whwedicting reactivity of heteroaromatic
components. Below is a qualitative electronicdtite diagram (Figure 2.3) representing the mobecoibital
construct of furan and thiophene. The electromiucture of heteroaromatic compounds is much dffer
relative to therrisoelectronic carbocycle derivative. First, theyeleeracy has been broken amékgand W;
and¥, andWs molecular orbitals due to the drop in symmetryrfrBs, (€.g., cyclopentadienyl) to,¢(e.g.,
furan). This break in degeneracy also leads tmaler HOMGO—-LUMO gap, but not so small that Huckel’s
Rule is ignored. This renders heteroaromatic camge more reactive than their carbocyclic analogbe
destabilization of the HOMO gives an increase imactiwity particularly toward electrophilic aromatic
substitution. For example, these lower aromatiomance energies americhness of the ring enable furan to
undergo electrophilic attack Ximes more rapidly than benzene, while thiophen®0i® times fastef. The

order of reactivity for electrophilic aromatic stibstion is as follows: furan > thiophene > bengen
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Energy

X=0,-8.89eV T
X=§,-887eV | 3
o 4P

Figure 2.3. Qualitative electronic structure of furan andtitiene.

Preference for reactivity at the 2-position in @&leghilic aromatic substitution of 5-membered
heteroaromatics can be explained by the large mia@eorbital coefficient about the 2-position 0&thOMO.
Also, regioselective substitutions can be explaibgdhe unequal delocalization of positive chargewut the
ring whereby the 2-position provides greater sizdilon (Figure 2.4). Therefore, selectivity ftiet2-position
is a function of the molecular orbital coefficieartd the delocalization of the positive charge alto@tring in
the electrophilic addition intermediate. This egglectivity is to be highly desired as many of éipplications

of heteroaromatic containing compounds require joiggical activity.

X (XTE
gl :/
\ /

X=0orS) — @E B \X/ -

Figure 2.4. Electrophilic aromatic substitution of furan amibphene.
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The HOMO being centered about the 2,3 and 4,54pasit(Figure 2.3) explains thg*binding
preference for heteroaromatic molecules with etecueficient metal centers (Figure 2.5). There raemy
examples of thisn®coordination in the literature for both furan atifdophene with complexes that are
isoelectronic to the complexes reported heféhObserved to a lesser extent is thecoordination of
thiophenes, by way of a sulfur lone pair dative d@Rigure 2.5}* RU' n*-thiophene complex&sas well as
isoelectronic complexé$:*® are known and have been studied by X-ray diffracstudies. To our knowledge
there are no examples of an isolatgtifuran complex (Figure 2.5) and there are no exammf n*
coordination of furan to any transition metal ire tBambridge Crystallographic Databa%&he rarity ofn’-
binding of furan and thiophene is most likely exptal by the lower energies of the lone pair MO tredato
that of the HOMOs. John P. Lee performed PM3 gegnaptimizations of furan and thiophene at the SEQ
level of theory revealing lone pair MO energies18.90 eV and -12.01 eV, respectively.

Harman and coworkers have observed intrafacialiatetfacial migrations ofj>thiophene and)*
furan with isoelectronic complexes of the type TER®)(L)(n*-arene) (L =BuNC, PMe, py, and Melm) by
spin saturation exchange experimefitdn these studies, it is reported that the slowatsts for interfacial and
intrafacial linkage isomerization are considerafdgter, even at significantly lower temperaturdgnt the
previously reported rates of C-H activation of bemz with the {TpRu(CO)Ph} fragmeft. With this
evidentiary support, it is likely that all of the@gitions on furan and thiophene can be accessedtiome scale

faster than that of C-H activation.

| n -coordmatlon n -coordination

%T)

Figure 2.5. Coordination modes of furan and thiophene (M =amet = O or S).
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Though advances in the area of heteroaromaticifumadtzation will be summarized, it is important to
acknowledge that synthetic routes for the formatibaubstituted aromatic rings often involve funatilization
prior to a final ring-closing reaction step ratliean direct functionalization of the aromatic suaite. These
methods generally employ the reactivity of nonaydlicarbonyls or 2-thiol ketones. For example, Ptaal-
Knorr and Feist —Benarysyntheses can be used to achieve ring closindis4aflicarbonyl compounds and
reactions ofu-haloketones with 1,3-dicarbonyl compounds, respelgt?> Also, functionalized thiophenes can
be obtained by cyclizations via the Paal, Hinsbangl Gewald synthesés.

The formation of new C-C bonds in the functionaiima of heteroaromatic compounds is an important
transformation for the creation of desired orgayinthons and products. Reactive fragments carebergted
at the 2-position of furan or thiophene by lithiettiusing alkyl lithium reagents whereby subseq@@ bond
formation can be achieved by carboxylation followey esterificatiorf” Advancements in radical based
reactions have also been achieved. For exampleoraadicals from an alkyl halide source can beegated
using triethyllborane autooxidation (with air ag thxidant) to achieve homolytic aromatic substitatof furan
and thiophene in the presence of Fefg®,0. In these reactions, esters consisting a halfgectionality
were reacted for the preparation of 2-substitutegreproducts® Also, it has been shown that halogenated
heteroaromatic compounds can react with two egemtal of alkylidine phosphorane (Wittig reagentyteld
the heterocyclic ylide. From this intermediate akdylation or alkenylation can be achieved by loygkis or
by reaction with a carbonyl compound, respectivély.

Catalytic methods for C-C bond formation with heteomatic compounds have been reported.
Arguably the most well-known catalytic transforneatiyielding sp-sp’ C-C bonds is the Friedel-Crafts class of
reactions®> Recently, Jorgensen et al. have reported an aederCrafts C-C bond formation between
substituted furans arfd-alkoxycarbonyla-imino esters using a chiral BINAP-Clewis acid. These chemical
transformations yield optically active heteroaromat-amino acids with moderate to exceptional % é&’s.
Successful cross-coupling has also been achievidrdtmé Pd and Ni catalyzed systems for heteroaiiosby
Grignard and Negishi couplirfg. ?® As illustrated in the Scheme 2.2, the organomietéiagment can be

introduced into the reaction as a heterocyclicdeabr as the heteroaromatic Grignard or Zn reag@inese
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systems require only mild reaction temperaturesiamggneral produce the coupled products in higidgi In
the Pd systems, lower yields were observed fordhée in which the heteroaromatic functionalitycentained
in the Grignard reagent. However, this less pradeaoute offers two advantages. First, it allofws the
ability of the heteroaromatic Grignard reagentbeédunctionalized. Second, although relativelytablke, these
heteroarenes can be functionalized by allylsilangsout isomerization. It should also be notedt ttiee Pd
catalyzed reactions do, however, produce more aldsiresults when the functionalization of the 2#on is

required®” %

X* RMX%X* sz& RX + |\/|X

Cat. = PdClx(dppb) or NiCly(dppp)
R = vinyl
X = halide
M = Mg or Zn

Scheme 2.2. Ni and Pd Grignard and Negishi coupling with heaeomatic fragments.

More efficient methods for the functionalization loéteroaromatic substrates have been developed
whereby a C-H activation step occurs in the catalgycle. Whereas a great deal of advancemenbbéan
made in the area of C-H activation of arefi€, less is known about C-H activation of heteroardenat

compound&" 40

As discussed in the previous chapter, if a gHtalprocess can be developed for
heteroaromatic compounds, whereby C-H bonds aravett and new C-C bonds are formed, it would
circumvent many of the drawbacks that exist withrently wed catalyst technologies.

The majority of advancements in the C-H activatbddrheteroaromatic compounds are stoichiometric
reactions involving low oxidation state late traiogi metal systems that have been shown to undexigiative
addition pathways" *? For example, Merola and coworkers have shown [th@OD)(PMe;);]Cl reacts with
furan or pyridine to achieve regioselective oxidataddition of a C-H bond yielding the (PYr(CI)(H)(2-
furyl) or (PMe)slr(Cl)(H)(2-pyridinyl) complex:® Different reactivity was observed with thiopheméereby

instead of C-H activation C-S bond cleavage waeoes! yielding the (PMgIr(Cl)(k*-C,S-C,H,S), Scheme
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2.3. {Cp*Rh(PMg)} was observed by Jones et al. to undergo oxidaidition of furan C-H bonds selectively
at the 2-positiont® Selectivity for the 2-position was observed. Bieac complexes have also been observed to
C-H activate heteroaromatics. For example, [(Opflirdmpm){i-H);]%*, in the presence of one equivalent of
NaOBu, C-H activates of furan to yield the 2-furyl aBeuryl complexes. The Ir-H and Ir-C connectigi
reside on differing Ir atoms of the dinfrThe 2-furyl complex was formed exclusively, howeviey the
reductive elimination of benzene from [(Cp*In)(H}dmpm){-H)(Cp*In)Ph]" in refluxing furan. Murai and
coworkers have demonstrated that heteroatom perfdectionality on heteroaromatic compounds canatire
the regioselectivity of C-H activation. For exampB-acetylthiophene can undergo C-H activatiothat2-
position of thiophene when in the presence of R{EQ)(PPK).>" In a similar fashion, Eguillor and coworkers
have shown that Os(K(BnPRCI)(N*CH,=C(CH:)(PPr,) reacts with 3-formylfuran where the pendent
functionality directs C-H activation at the 2-pémit yielding the Os(HYSNPRCI)(Cs(O)H,C(O)H)(PPrs)

product?’

/ PMes i\ /7 2 |o_PMe; \ / S PMe

D e iy i

Me3p | PMe3 _COD / PMe3 _COD I\/Ie3P | PMe3
cl MezP Cl

Scheme 2.3. C-H activation of furan and C-S activation ofophene by [(COD)Ir(PMgs]Cl.

Stoichiometric C-H activations of heteroaromatibattproceed through a-bond metathesis route
have also been achieved by high oxidation stathy ¢t@mnsition metal systems. For example, Deelraad
coworkers have shown that [GY(u-H)]. in the presence of furan gives the observable,G@*furyl),
releasing H(g).*> The [Cp%Y(p-H)], complex was also shown to activate C-H bonds afpihéne to yield the
Cp*,Y(2-thienyl)(THF) complex. Similar complexes halween shown to undergo the same reactivity when
reacted with furan and thiophene substrétes.

Advances have been made in the area of photolytit a&tivation. Whereas this document does not

report photolytic activity in the cleavage of C-ldrias, and with less chance for this chemistry tajyaicable
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in scaled-up industrial process, due to the inheplgsical limitations that exist, it is still relent to the work
herein. Bianchini et al. have shown that {fRe(H), (where PR= P(CHCH,PPh),) initiates C-H activation of
thiophene to give the (RfRu(H)(2-thienyl) compleX? Also, ethyl 2-thiophenecarboxylate undergoes C-H
activation at the 5-position as opposed to the Stjpm that might be expected if precoordinationa the
carboxylate were to direct the regioselectivitpnds and coworkers have observed C-H activatighiophene
upon photolysis of Cp*Rh(PMgH)., in the presence of thiophene to produce Cp*Rh{@#(2ehienyl)H*°
During this photolytic reaction, the C-S insertiproduct Cp*Rh(PMg(k*-C,S-S(CH)XC(H)) is also produced.
The Cp*Rh(PMeg)(2-thienyl)D and Cp*Rh(PM#g(3-thienyl)D were both independently synthesized ¢heir
reactivity observed. The 3-thienyl derivative isrimes to the 2-thienyl complex and then undergoes
transformation to the C-S insertion product withutdgium incorporation into the 3- and 4-positiofihe 2-
thienyl complex was observed to decompose to ti&isertion product with deuterium incorporatiotoithe

3- and 4-positions.

Several advances have also been made in cataly@ic bond formation between heteroaromatic
compounds and unsaturated substrates that underj@d@ivation as a key intermediary step. For eplam
Pd tandem cyclizations have been achieved with moogeaated furan and thiophene compoutida. these
reactions, a C-X (X = halogergnd C-H bond are cleaved and two new’-sp’® C-C bonds are formed
incorporating the furan or thiophene fragment ith® carbon backbone of the newly formed ring. Fajavand
coworkers have coupled furan and thiophene witbteda deficient alkenes (e.g., methyl acrylateykaaitrile,
or 3-arylpropenoates) using a Pd(OA@) Cu(OAc) precatalyst> *® It is proposed that cleavage of the C-H
bonds of these heteroaromatic molecules is achiésednteraction with the Pd(or Cd') metal center.
Yamazaki et al. has observed the ability of,(Ri®),, to catalytically couple substituted or unsubsgitufurans
to functionalized alkynes yielding new heteroalkemdereby substitution was achieved at the 2-positf the
furan fragment? Probably the most relevant example that couldobed for the catalytic C-C bond formation
subsequent to a C-H bond activation step is thported by Ringelberg et 3i.Reported therein was the

catalytic formation of thienyl capped polyethylargng a [Cp*LaH] species.
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Our group has recently reported that TpRu(CO)(NGMENp = hydridotris(pyrazolyl)borate; R = Me
or Ph) catalyzes the addition of arene C-H bondssacC=C bonds of olefind&and the closely related complex
TpRu(PPB)(NCMe)H has been reported to activate C-H bofidale have extended studies to reactions of
TpRu(CO)(NCMe)Me with heteroaromatic substrates amgbort herein the initial details of these

transformations.

2.2 Results and Discussion

TpRu(CO)(NCMe)Me 1) reacts with furan at 96C to yield TpRu(CO)(NCMe)(2-furyl) Q) and
methane (Scheme 2.4). The formation of methand&eas confirmed by GC-MS analysis of the headspéee o
reaction in a gastight NMR tube. Full characteitrabf 2 was achieved bjH NMR (Figure 2.6)°C NMR
(Figure 2.7), IR, elemental analysis, and CV. Intgat features in the IR include theo, Ve, andvey at 1949
cm?, 2286 cnif, and 2484 ci, respectively. Although only isolated in 60% wigfter workup,'"H NMR
spectroscopy of the crude reaction mixture reviiss complex is produced in nearly quantitative yield. The
C-H activation of furan is regioselective, atd NMR, *C NMR, homonuclear decoupling, and NOE
experiments are consistent with regioselectivechtt the 2-position. For example, the chemicaftshiH
NMR) of complex2 indicate one downfield resonance and two upfietnances due to the furyl ligand (7.99,
6.62, and 6.23 ppm) that are consistent with alsiagproton and twg-protons. Thé*C NMR spectrum of
reveals two resonances at 114.8 and 109.6 ppmatkatonsistent withunsubstitutedC-H bonds at thes-
position, while thex-carbons resonate at approximately 135 ppm (camistith an unsubstituted C-H moiety)

and 178.8 ppm.

PN _NCMe Q PN _NCMe

@/T Me  90°C / |
N\\ N -CHy \[)
LER© /N\J

H

1

Scheme 2.4. Reaction of TpRu(CO)(NCMe)Mel) with furan yields TpRu(CO)(NCMe)(2-furylp].
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Figure 2.6. *H NMR spectrum of TpRu(CO)(NCMe)(2-furyl) in CDLI
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Figure2.7. *3C NMR spectrum of TpRu(CO)(NCMe)(2-furyl) in CDCI

To confirm the regioselectivity of the C-H activaii *H NMR NOE and homonuclear decoupling

experiments were performed (Figure 2.8). Most ingaty, the resonance at 6.62 ppfposition) shows
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NOEs with the other two furyl resonances. In thgecaf ruthenium substitution at the 3-positioradiation of
the 3-proton would be expected to yield a NOE with aykrfuryl resonance. Likewise, a 3-furyl ligand vau
produce a resonance for arproton that would not be anticipated to exhibN@E with either of the remaining
two resonances of the furyl ligand. Metal-mediateédH activations at the 2-position of furan have rbee
reported for Rh and W complex®s>® * In addition, Komiya et al. have reported C-H otida addition of
furan to an Fecomplex in which the regioselectivity was not dosively determined® A binuclear iridium
complex has been reported to activate furan to gi6e2 mixture of 2-furyl and 3-furyl complex&s.Heating
(90 °C) complex2 with excess furan for 144 h does not result ineokable isomerization to the 3-furyl

complex.

) NCMe
N_N 1 NOE
( :/ Ru ﬁ H Observed
N 2 NOEs
B/ observed
1 NOE
observed

Figure 2.8. NOE (A) and homonuclear decoupling studies (B)tf@ 2-furyl ligand of TpRu(CO)(NCMe)(2-
furyl) (2).

We have previously reported that the phenyl compleRu(CO)(NCMe)Ph serves as a precatalyst for
the hydroarylation of olefin¥. The combination of furan and 1 mol % of compxbased on furan) in
mesitylene at 126C under mild ethylene pressure (10-40 psi) resnltee catalytic production of 2-ethylfuran
(Scheme 2.5), and optimal conditions allow appratety 17 catalytic turnovers after 24 h (after whtame
the catalyst activity decreases). This transforomatdemonstrates the feasibility of 'Rmediated olefin
hydroarylation using heteroaromatic substrates.grbposed catalytic cycle is given in Scheme 2A8hough
guantitative rate data have not been acquiredehigthylene pressures result in an increased ptioduaf 2-
ethylfuran after 24 h of reaction (Figure 2.9). Egample, 9 turnovers are observed after 24 haaftien at 10

psi of ethylene, 15 turnovers are observed at B@fpsthylene, and 17 turnovers are observed uéthgsi of
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ethylene. The direct relationship between ethylpressure and catalyst turnovers is potential exieleor

olefin binding or olefin insertion being the rataiting step of the catalytic cycle under theseditions.

Reaction Conditions:

X = O; Catalyst: complex 2 (1 mol%)

Temperature: 120 °C
X ethylene X Solvent: mesﬂylen.e .
\ / —>Ru cat. /U Ethylene Pressure: 10-40 psi

X = §; Catalyst: complex 3 (0.1 mol%)
Temperature: 90 °C
Solvent: thiophene
Ethylene Pressure: 40 psi

Scheme 2.5. Catalytic production of 2-ethylfuran and 2-ethidiphene using TpRu(CO)(NCMe)(2-fury})(or
TpRu(CO)(NCMe)(2-thienyl)J)as the precatalyst.

-
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CZI-\EL N@/T 7 o
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H
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AN o Neme ']'/_7N\IU/CO '\‘I_N\IL o
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Nl/léKl/'L\@ N\/QI/N/O N‘/q‘/il /O
e - / ~ /
R o -0
H
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EON
o = pre-coordination N*N\ : ; (o}
. ) 2-ethylfuran -
o = insertion

G T U
) =C-H activation N\\/ N/N b
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Scheme 2.6. Proposed catalytic cycle for the formation of Bydfuran with TpRu(CO)(NCMe)(2-furyl)3).
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Figure 2.9. A plot displaying the relationship catalyst tureos (after 24 h at 1) and ethylene pressure.

The reaction ofl with thiophene produces TpRu(CO)(NCMe)(2-thieng8) and methane after
approximately 19 h at 98C (Scheme 2.7). Analyzing the reaction mixture WYIRI spectroscopy after 4 h
reveals the presence of a reaction intermediatdoAgh the product of thiophene/NCMe exchange likedy
candidate for a reaction intermediate, we have hewable to separate and characterize this spethes.
reversible formation of metallacycles that resutini Ru insertion into the C-S bond of thiophenealso
possible®® After extended heatindH NMR spectroscopy indicates that all TpRu interiats cleanly convert
to complex3 (Figure 2.10). ThéH NMR spectrum of comple® reveals resonances at 7.25, 6.97, and 6.57 ppm
due to the 2-thienyl ligand. Similar to comp2xXNOE and homonuclear decoupling experiments ansistent

with a 2-substituted heterocycle (Figure 2.11). Altetediated C-H activation of thiophene has beeonted*
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Scheme 2.7. Reaction of TpRu(CO)(NCMe)MeL) with thiophene yields TpRu(CO)(NCMe)(2-thieny8) @nd
under crystallization conditions [TpRu(CO)(2-thié)y:
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Figure2.10. 'H NMR spectrum of TpRu(CO)(NCMe)(2-thienyl) in GDN.
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2 NOEs
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1 NOE
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Figure 2.11. NOE (A) and homonuclear decoupling studies (B) ftre 2-thienyl ligand of
TpRu(CO)(NCMe)(2-thienyl)J).

Similar to the catalytic addition of furan (Sche@é) to ethylene, compleX catalyzes the formation
of 2-ethylthiophene from a solution of thiophenel @&thylene. For example, a thiophene solutioB (3.1 mol
% versus thiophene) with 40 psi of ethylene pressmi90°C produces 2-ethylthiophene (Scheme 2.5). A totall
of 3 catalytic turnovers are observed after 12 heattion. The formation of additional 2-ethylthieme is not
observed after 12 h of catalysis.

The addition of HCI to comple® ultimately results in the production of free thigme and a single
TpRu product whose'H NMR spectrum is consistent with TpRu(CO)(NCMe)¢Scheme 2.8).
TpRu(CO)(NCMe)CI has been independently prepareckhgtion ofl with HCI (Scheme 2.8). Performing the
HCI addition to TpRu(CO)(NCMe)(2-thienylB) at -65°C reveals a kinetic product whod4¢ NMR spectrum
is consistent with [TpRu(CO)(NCMe3{thiophene)][CI]. Warming the CIZI, solution to room temperature

results in the observation of free thiophene anBU{(EO)(NCMe)CI.
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cr

Observed by
'"HNMR

Scheme. 2.8. Reaction of TpRu(CO)(NCMe)(2-thieny3)(with HCI.

Layering of a methylene chloride solution®fvith hexane resulted in the growth of crystalg] &
structure of comple8 has been confirmed by a solid-state single-crystedy diffraction study (Figure 2.12).
Data collection parameters are listed in Table 3imilar to the solid-state structure of Cp*Rh(PMEI)(2-
thienyl) *® the 2-thienyl ligand exhibits a 70:30 two-sitealier with the two orientations of the ring diffeg
by an approximately 180rotation about the Ru-C(13) bond. For each ofpla@ar five-membered rings, ti%e
C(13) bond distance was refined using a restrdiit@8 A, the C(14)-C(15) bond distance using ara@st of
1.45 A, and the C(13)-C(14) and C(15)-C(16) borstatices with restraints of 1.38 A. The structunefioms

the proposed regioselective C-H activation at Hpo&ition of thiophene.
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Figure 2.12. ORTEP of TpRu(CO)(NCMe)(2-thienylB) (30% probability). Selected bond distances (A): R
N7 2.029(1), Ru-C13 2.072(2), Ru-N1 2.062(1), RuNB341(1), Ru-N5 2.151(1), Ru-C12 1.833(1), N7-C10
1.126(2), S1-C13 1.660(2). Selected bond angleg){deu-C13-S1 125.3(1), C14-C13-S1 108.4(2), Ru-C12
01 176.0(1).

Table 2.1. Selected crystallographic data and collection patars for TpRu(CO)(NCMe)(2-thienyIBY and
[TpRuU(CO)-C,S-2-thienyl)L.

TpRu(CO)(NCMe)(2-thienyl) 3 [TpRu(CO)(-C,S2-thienyl)L

empirical formula GsH16BN,ORUS GsH13:BNgORUS
fw 466.30 425.24
cryst syst monoclinic triclinic
space group P2;/n PI
a, A 10.5469(9) 8.911(1)
b, A 12.1519(11) 9.790(1)
c, A 15.5119(13) 10.200(2)
a, deg 73.405(3)
B, deg 104.698(2) 77.475(3)
y, deg 78.396(3)
V (A3 1923.0(3) 823.1(2)
z 4 2
Deacs g cM® 1.611 1.716
R1, wR2 (> 0.0321, 0.0827 0.0436, 0.1021
GOF 1.037 1.015
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In contrast to crystallization from methylene ciderhexane, the crystallization of compl2xrom
methylene chloride/cyclohexane (over a period gfragpimately two weeks) yields the binuclear complex
[TPRuU(CO){u-C,Sthienyl)]l, (Scheme 2.6). Thus, the coordinatively unsaturaspécies {TpRu(CO)(2-
thienyl)} is likely trapped by the sulfur atom dfe 2-thienyl ligand of a second Ru complex. [TpRDj(u-
C,Sthienyl)], was only characterized by a single-crystal X-réfrattion study (Figure 2.13). Data collection
parameters are listed in Table 2.1. The two symynequivalent Ru fragments are approximately octedded
and are bridged by twp-C,S-2-thienyl ligands. The geometry of the thienylfsulatom is pyramidal with the
bond angles summing to 316.8(2The Ru-S bond distance of 2.365(1) A is simitaother Rl thiophene

complexed?®

Figure 2.13. ORTEP of [TpRu(CO)( -C,Sthienyl)l, (30% probability). Selected bond distances (A):$u
2.365(1), Ru-C10 1.824(4), Ru-C14' 2.043(4), Ru-AN076(3), Ru-N3 2.139(3), Ru-N5 2.164(3), S1-C14
1.767(4), C10-0O1 1.154(5). Selected bond angleg){(¢Ru-S1-C14 110.9(1), C14-S1-C11 94.3(2).

The reaction of pyridine witd at 90°C forms the product from nitrile/pyridine ligand advange

TpRu(CO)N-py)Me @) (py = pyridine; Scheme 2.9). Consistent witls thssignment of is the loss ofcy at
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2278 cnt absorption in the IR of. In addition, no resonances consistent with boNfMe are observed in
theH NMR or **C NMR of 4 (Figure 2.14 and 2.15). THel NMR spectrum o# reveals three resonances due
to the five hydrogen atoms of pyridine. The twchorand meta hydrogen atoms of the pyridine ligaredikely

rendered equivalent on the NMR timescale due tam nagtation about the Ru-})bond.
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Figure 2.14. 'H NMR spectrum of TpRu(CON-py)Me (@) in CsDs.
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Figure 2.15. *C NMR spectrum of TpRu(COYpy)Me @) in CsDe.

Access to a stable coordination mode of pyridinedees subsequent C-H activation more difficult
compared with the reaction &fwith furan; however, at elevated temperature (3aBcomplex4 undergoes
slow reaction that requires approximately 7 dayseaxh completion. The final product mixture is @dex and
contains multiple TpRu systems. Column chromatdayaglows the isolation of a complex who'$¢ NMR
and IR spectra are consistent with TpRu(CO)(NCM@)Madyl) (5). The production o6 in low yield likely
indicates that pyridine C-H activation is not reggtective or thab is not stable under the forcing conditions

required to achieve C-H activation of pyridine.
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Scheme 2.9. Reaction of TpRu(CO)(NCMe)Md) with pyridine yields the intermediate TpRu(CO)(ME)(N-
pyridinyl) (4) and at elevated temperatures TpRu(CO)(NCMe)(Hpwl) (5).

In the proposed catalytic cycle for production dytated arenes (Scheme 2.6), the catalytic precurs
TpRu(CO)(NCMe)Ar (Ar = 2-furyl 2), 2-thienyl @), or phenyl) dissociates the labile NCMe ligandrtake the
catalytically active species {TpRu(CO)Ar}. To comfi NCMe dissociation, this aspect of the catalgiycle
was studied in greater detail by following degeteliand exchange in NCGD The rates of NCMe/NCCD
exchange for the phenyl, 2-fury®)( and 2-thienyl §) complexes (Scheme 2.10) are (Figure 2.16) 32(@)°
s', 1.8(1) x 10 s, and 1.7(4) x 18 s?, respectively. The rates of nitrile exchangetfiar 2-furyl and 2-thienyl
complexes were determined to be statistically idahtwith the nitrile exchange for TpRu(CO)(NCMe)Ph
being approximately 1.8 times more rapid than thHergl/2-thienyl complexe® and3. By examination of the
architecture of TpRu(CO)(NCMe)(2-thienyl), it dorst seem that steric influences would promote asee
rates of dissociation of the NCMe ligand when mgviw a 6-coordinate ring (e.g., phenyl) to the ekte
observed. Steric influences cannot be ruled awgever, it is more likely that combinedandr-effects arising
from the heteroatom of the coordinated arene issthece of retardation. That is as the electrahdvawing
ability of the ligand is enhanced (2-fuyl > 2-thjg¢r> phenyl) the Lewis acidity of the {TpRu(CO)Ars
increased. Evidence for this argument can be dfeayn thevo stretches of the complexes. As the of the
complexes increase, a decrease should be obsertieel iate of dissociation of the labile ligand NEMWith a
Vco being an indication of less electron density altbetmetal center, it would be assumed that thalnsenter
would perform as a better Lewis acid binding the MMCmore efficiently. This is consistent with the
progression of the observed IR stretches. For plarthevco stretches for Ar = Ph, 2-thienyl, and 2-furyl are

1935 cntt 1946 crit, and 1949 cih, respectively. The importance of this study lieshe labile nature of the
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nitrile ligand allowing accessibility to the reaati coordinatively unsaturated 16 amplex {TpRu(CO)Ar}.
This is further demonstrated by John P. Lee’s alagiem that TpRu(CO)(NCMe)(2-furyl2} reacts with PMg
to produce TpRu(CO)(PMKE2-furyl) (6).

@ @ Ar Rates of Dissociation:
N

Ar
| Nl _co 20°C ’\I'_N\ | _co Ar = phenyl; kops = 3.2(2) x 105 571
QI/RF\NCCH; NCCD3—» Q,/RF\NCCD; NCCH3 | Ar= furyl; kops = 1.8(1) x 10° s
e

N\\ | N\/ | Ar = thienyl; kops = 1.7(4) x 10° s
N/ \ N/

L (©) 0y

H H

Scheme 2.10. Nitrile exchange is observed for TpRu(CO)(NCMeJAr = phenyl, 2-furyl ), or 2-thienyl 8)}
under pseudo-first-order conditions ([Ru] = 0.072 M
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Figure 2.16. First-order rate plot tracking the dissociatidnNCMe for TpRu(CO)(NCMe)Ar {Ar = Ph, 2-
furyl (2), and 2-thienyl )} in NCCDs.

One aspect of the mechanism that deserved furtrsuation was the mechanism of C-H activation.
Late transition metal centers in low oxidation esahave been demonstrated to cleave C-H bondssaation
of the metal into the C-H bond with a formal +2rg@se in metal oxidation state (i.e., oxidativeitmia). Of
particular relevance here are C-H activations byndtal centers that are isoelectronic to TpRu(CGONN¥)R.
For example, Bergman et al. have reported that ®d&)Ir'"(Me)(OTf) and
[Cp*(PMey)Ir" (Me)(CH,CI,)][BAr' 4], Ar' = 3,5-(CR),CsHs, can selectively activate the C-H bonds of a range
of substrates below room temperatthe®® In addition, I' complexes with oxygen-donor ligands can

catalytically add arene C-H bonds across unsaturated carboorcdntnds as well as initiate alkane C-H
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activation®*®® Substantial speculation has been focused on théanim of the C-H bond breaking step for
the Ir(I11) systems” ™ An oxidative addition mechanism is consistent vkittown pathways for late transition
metal complexes but would involve an atypicallytlg’ oxidation state (See Ch. 1). An alternative pathisa
o-bond metathesis (See Ch.*)7?" however, to our knowledges-bond metathesis mechanisms for C-H
activation have not been definitively demonstrafed late transition metal systems. Hartwig et ahvd
demonstrated that Ruactivation of B-H bonds likely occurs througlsdond metathesis mechanidm.

To help discern the likely mechanism of C-H aciwat by the fragment {TpRu(CO)Me},
B3LYP/SBK(d) calculations were employed by Profoiifas R. Cundari at the University of North Texas.aA
model of the full (tris-pyrazolyl)borate (Tp) ligdnthe tris(azo)borate (Tab) ligand, [HB(-N=NH)was used.
In previous research, Tab was shown to faithfutigroduce the structure and energetics of the fulbdels
for C-H activation potential energy surfac@<Calculations were performed with furan as the esentative
reactant.

Experimental kinetic studies suggest that C-H atitin of benzene by proceeds through initial
acetonitrile/benzene ligand excharigand we considered an analogous initial step forQHe activation of
furan. Two coordination modes were considered Herinteraction of ruthenium and furam(n'-coordination
through oxygen) andt(n?coordination through C=C bond; Figure 2.5). Bothorlination modes were
constructed and evaluated. Theoordination mode is preferred relative to therespondings-isomer by 3.8
kcal/mol. The calculated free energies fo¥ versus o-coordination are consistent with experimental
observations sincg?-coordinated furan complexes have been isolateilewo our knowledge, examples of

1% Hence, in the discussion below,

isolable n'-O-bound furan systems are unknoln.
(Tab)Ru(Me)(GH,O)(CO) refers exclusively to the more statdeoordinated isomer.

Studies of the overall process of furan C-H actbratand methane release were broken down into
three steps: (1) furan coordination, (2) C-H adtora of furan, and (3) coordination of the acetdldtmodel
N=CH to complete the reaction. The resulting enecggtirameters are depicted in Scheme 2.11. The

displacement of HCH by GH,0 is calculated to bendergonicby 14.4 kcal/mol. Given a calculated free

energy of binding of HCH to {(Tab)Ru(CO)Me} of 14.9 kcal/mol, this corgends to a binding free energy of
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furan to (Tab)Ru(Me)(CO) of -0.5 kcal/mol. Weak diimg is expected for dihapto-ligation ofreheteroatomic
system to a closed-shell® #MLs fragment. The C-H activation step éxergonicby 13.4 kcal/mol with a
calculated free energy of activation of 17.4 kcallnThe overall reaction sequence (Tab)Ru(CO)(NCEe}M
C4H,O — (Tab)Ru (CO)(NCH)(2-¢Hs0) + CH, is exergonicby 10.3 kcal/mol. Assuming that the change in
entropy for the overall C-H activation is negligiblthe C-H bond dissociation energies of methar@l (1

kcal/mol) and furan (118 kcal/mol) indicate thae tRu-2-furyl bond is stronger than the Ru-bbnd by

approximately 24 kcal/mdéf
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Scheme 2.11. B3LYP/SBK-31G(d) calculated free energies (kcaljnfor the C-H activation of furan by

TabRu(CO)(NCMe)Me.

To explore the C-H activation step, a variety otakations were performed using furan as a model
substrate (Figure 2.17). Several pathways werestigaged including oxidative addition of a furarHdbond to
the Ru of {(Tab)Ru(CO)Me}A), oxidative addition of a methane C-H bond to B of {(Tab)Ru(CO)(2-

furyl)} (B), and nonoxidative addition at the 2-position CHdnd of furan to the Ru-CHbond of
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{(Tab)Ru(CO)Me} (C). Multiple starting geometries were investigated éach of the proposed transition

states. In all cases, the transition states ca@lhpsC (i.e., the non-oxidative addition transition state)

H H
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Me /\\ H \ SY ,H
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Figure 2.17. Various pathways for furan C-H activation that evstudied by DFT calculations.

The calculated transition-state geometry for C-Hvation of furan and pertinent metric data are
depicted in Figure 2.18. The near equivalent C-btadices between the methyl and furyl ligands aed th
hydrogen atom undergoing transfer are indicativea dfansition state that is roughly intermediatéween
reactants and products and hence neither earljat®r One interesting factor regarding the traosistate
geometry is the close metal-transannular hydrogstarte (1.75 A). Closely related results have beported
from calculations to probe the mechanism of C-Hvation for TpM(PH)Me (M = Fe or Ru) complexes in
which the authors suggested that the reaction gthare intermediate between oxidative additionabdnd
metathesis process&sComputational studies of methane activation byHECl, indicate a similar four-
center transition state with a Pt-H bond distarfce.®9 A%* Calculations on the transition state of benzene C
H activation by (acaglr(CH,CH,Ph) and TpRu(CO)(C}CH,Ph) reveal an Ir-H bond distance of 1.58 A and a

Ru-H bond distance of 1.61 A, respectively, and @od et al. have differentiated this transitiortes{@n which
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there is a metal-hydrogen interaction) fronodond metathesis transition state using the labelative

hydrogen migratioff* 3
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Figure 2.18. Calculated transition-state geometry for furan @dtlvation by {(Tab)Ru(CO)Me}. Bond lengths
for C-H activation active site: Rurfy = 2.17 A; Guy-Hy = 1.44 A; H-Cremny = 1.54 A; RU-Getnyi = 2.32 A;

Ru-H = 1.75 A.

As previously discussed for early transition mesgstems-?’ for C-H activation that proceeds
without an oxidative addition intermediate, a distion can be made betweembond metathesis and
electrophilic aromatic substitution. The calculatadansition state for furan C-H activation by
{(Tab)Ru(CO)Me} reveals that the hydrogen atom ugdéng transfer to the methyl ligand is out of the
aromatic plane (Figure 2.18). The calculated Ris@& bond angle in the transition state is 33hd the out-
of-plane position is consistent with a change ihrfdization from spto sp at the center of C-H activation. The
disruption of planarity and hence aromaticity couddlect a pathway for C-H activation that is rethtto

electrophilic substitution in which the electrophiRu' center attacks the furamsystem. Alternatively, the

out-of-plane hydrogen could reflect progress althegreaction coordinate and incipient Ru-C bondnation.
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Figure 2.19. View of calculated transition state for C-H actiga of furan that illustrates the "out-of-plane"
position of the transannular hydrogen.

Given the similar C-H bond dissociation energiesttz 2- and 3-position of five-membered
heteroaromatic compounéfthe regioselective cleavage of the 2-position Cénds of thiophene and furan
implicates the potential importance of the eledtitip nature of the Rlicenter. It is known that electrophilic
additions to five-membered heteroaromatic compoumttsur selectively at the 2-position due to favéeab
resonance stabilizatidH,and we propose that an electrophilic attack ofdRuthe aromatic substrate likely
precedes and/or initiates C-H activation, a sugjmwssupported by the calculated positive chargé¢henfuran
fragment in (Tab)Ru(CO)?-C,H,O)Me. Electrophilic addition of Ruwould substantially increase the acidity
of ring C-H bonds, and subsequent C-H activationugh a non-oxidative addition pathway could bevad
as an intramolecular heterolytic process for whiwh methyl ligand acts as a base to remove a priobon
furan or thiophene (Scheme 2.12). The Ru-H inteyadn the calculated transition state likely imisamore
hydridic (or, perhaps equally accurate, less agicharacter to the transannular hydrogen; howekierbonding
orbitals involving the transannular hydrogen aredeminantly Ru in character. The proposed moddhef
Ru'-mediated C-H activation is closely related to thaggested for C-H activation by tungsten and boryl
complexeg?® Selnau and Merola have previously noted thatthidity of C-H bonds may play a role in metal-
mediated oxidative addition transformations, altjfouthe relative acidity of C-H bonds of "free"

heteroaromatic substrates may not be as imporsatita of substrates that result from electropkitidition>°
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The regioselectivity of furan and thiophene C-Hiatton by 1 is not conclusive for a non-oxidative addition
pathway since identical regioselectivities havenbesported for systems that initiate well-defineddative
addition®® **however, not all oxidation addition transformati@me regioselective, as illustrated by a binuclear
iridium system that initiates oxidative additionfafan to produce a 5:2 ratio of 2-furyl and 3-fupyoducts®®
Even though the regioselectivity for oxidative autdi of hydrocarbons is often guided by bond digsiomn
energies’? the observation of a final oxidative addition puot for heteroaromatic substrates neither
precludes the intermediacy of an electrophilic &ddiproduct that precedes C-H activation nor rdas the
importance of the electrophilic character of thetaheenter in the overall C-H activation. Thus, eve the
absence of a "true" electrophilic addition of'Rthe electrophilic nature of the metal center dasilll serve to

guide the regioselectivity.
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Scheme 2.12. Intramolecular proton transfer is consistent wfith regioselectivity of C-H Activation.

2.3 Summary

The presence of the Tp ligand may predispose the $gatems {TpRu(CO)R} against oxidative
addition intermediates given the well-documente@dpection against seven-coordinate complexes for
complexes that possess Tp or related ligdhdsxperimental and computational studies of arom@xiél
activation by the {TpRu(CO)Me} fragment are considt with a nonoxidative addition pathway in whidte t

electrophilic character of Fumay dictate regioselectivity. The potential sytithadvantage of this pathway is
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the ability to utilize charge localization on ardamaubstrates to direct the regioselectivity oHGctivation as

demonstrated by the catalytic synthesis of 2-etinglf from furan and ethylene.

2.4 Experimental Section

General Methods. Unless otherwise noted, all synthetic proceduresewperformed under a
dinitrogen atmosphere using either standard Schiieekor glovebox techniques. Glovebox atmospheas w
maintained at @ (g) < 15 ppm for all reactions. Mesitylene was wan distilled prior to use. Furan was
distilled prior to use. Acetonitrile was distillesier CaH. Hexanes, methylene chloride, and tetrahydrofuran
were purchased as OptiDry solvents (<50 pps@)Hand passed through columns of activated alutfunder
nitrogen pressure) prior to use. Decane and 2-fettayl were used as received from commercial sources
Ethylene was purchased from National Welders Su@glyand used as received. LN, acetoneds, CD.Cl,,
benzeneds, and CDC} were degassed with three freeze-pump-thaw cyabels stored under a dinitrogen
atmosphere over 4 A molecular sievi$and™*C NMR spectra were recorded on a Varian Mercury &0800
MHz spectrometer. NOE experiments were conducted &arian Mercury 400 MHz spectrometer using 64
scans with a 1 s mixing time. Gas chromatography earied out on a Hewlett-Packard 5890 GC equipped
with a J&W SE-30 or HP5-MS capillary column, spfitet, and FID detector. Chromatographs were preduc
using an HP3396 Series Il integrator or PE Totalote software package. IR spectra were acquired by a
Mattson Genesis Il FT-IR as thin films on KBr phkteor as solutions in KBr solvent cells.
TpRu(CO)(NCMe)(Me) and TpRu(CO)(NCMe)(Ph) were @negal according to the published proceddfes.

Calculations. Quantum calculations were carried out using thesSian 98 packag&.The B3LYP
hybrid functional was employed for all calculatioAsieavy atoms were described with the Stevens vidtit
effective core potentials (ECPs) and valence bssis (VBSs§> % The valence basis sets of main group
elements were augmented with a d polarization fanciThis ECP/VBS combination, termed SBK(d), hasrb
validated for the calculation of a wide variety todinsition metal properties in previous studfes” % All
stationary points were fully optimized without symimy constraint. Several conformations of the défde

ligands were investigated by torsion about the appate metal-ligand bonds; the lowest energy conéss
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found were used in the analyses given in this pafiee energy Hessian was calculated at all statjopaints

to characterize them as minima (no imaginary fregies) or transition states (one and only one imayi
frequency). The quoted energies include zero-panthalpy, and entropic corrections determined from
unscaled vibrational frequencies calculated atBBeYP/SBK(d) level of theory. All energetic detemations
were done at 298.15 K and 1 atm.

TpRuU(CO)(NCMe)(2-furyl) (2). TpRu(CO)(NCMe)Me 1) (0.227 g, 0.570 mmol) was added to a
thick-walled glass pressure vessel containing apprately 25 mL of furan. The vessel was sealed, ted
reaction mixture was heated in a @D oil bath for 36 h. After cooling the solution toom temperature, all
volatiles were removed in vacuo. The resulting palek-colored solid was taken up in THF (-2 mL) and
precipitated with hexanes (~25 mL). The resultingpgphous solid was collected via filtration and ke with
hexanes (2 x 10 mL). The isolated product was duigder reduced pressure to yield a pale pink-cdlsmdid
(0.155 g, 60%). IR (KBr)vco= 1949 cn, vey = 2286 crif, vgy = 2484 crit. *H NMR (CsDg, 3): 7.99 (1H, dd,
Jun = 1.5 and 0.6 Hax-furyl CH), 7.89, 7.60, 7.43, 7.40, 7.29 (6H, 1:2:1:1:1 gn&tion, each a d, TpHC3- or
5-position), 6.62 (1H, ddlyy = 2.7 and 1.5 Hf3-unbound of furyl @), 6.23 (1H, ddJyy = 2.7 and 0.6 HZ3-
bound of furyl GH), 5.96, 5.67 (3H, 2:1 integration, each a t, Ty ©position), 0.37 (3H, s, NGg). *C{*H}
NMR (CDCl, 9): 203.9 CO), 178.8 (ipso-furyl), 145.2, 144.3, 142.4, 14¢T) 3- and 5-position), 135.3,
134.7, 134.5dq-unbound of furyl and Tp 3- and 5-position), 122RU-NCCH,), 114.8, 109.6-position of
furyl), 105.5, 105.2 (Tp 4-position, coincidentaleolap of two resonances), 4.3 (Ru-Gl€;). Anal. Calcd for
CigH16BN;O,RU: C, 42.68; H, 3.58; N, 21.78. Found: C, 42.71; 3560; N, 21.57. To determine the
composition of the crude reaction product, an aliqaf the homogeneous solution was taken prior dokup.
The solvent was removed under reduced pressurghamnésulting film was dissolved irgQ. The entire solid
was dissolved to give a homogeneous solution. Cexnplwas the only observable species usiHgNMR
spectroscopy. The NOE data were acquired usingriaivdercury 400 MHz instrument ingDg with a mixing
time of 1 s and delay time of 25 s.

TpRuU(CO)(NCMe)(2-thienyl) (3). A thick-walled glass reaction vessel was chargedh w

TpRu(CO)(NCMe)Me 1) (0.243 g, 0.609 mmol) and thiophene (-5 mL). Téwmction vessel was heated to 90
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°C for 19 h. The reaction solution was then cootedobm temperature, and the volatiles were remaneter
reduced pressure. The residuals were taken up ithyfeae chloride, and upon addition of hexanes, a
precipitate formed. The resulting beige solid wadlected via vacuum filtration and dried under reei
pressure to yield 0.242 g (88%) of product. IR (KBro = 1946 crit, ven = 2284 crit, vgy = 2484 cnit. *H
NMR (CDsCN, &): 7.86 (1H, d, Tp €, 3- or 5-position), 7.81 (2H, m, TpH; 3- or 5-position), 7.79 (1H, dd,
Tp CH 3- or 5-position), 7.47 (1H, d, TpH; 3- or 5-position), 7.25 (1H, dd,= 5, 1 Hz, thienyl 2-position
CH), 6.97 (1H, ddJ = 5, 3 Hz, thienyl 3-position unboundd; 6.57 (1H, ddJ = 3, 1 Hz, thienyl 2-position
bound @), 6.31, 6.25, 6.18 (each 1H, each a t, Ty Gposition), 2.33 (3H, s, NG&). *C{*H} NMR
(CD5CN, 3): 204.0 CO), 158.9 (ipso thienyl), 145.7, 142.8, 142.6, $3835.1, 134.7, 132.5, 127.2, 125.9 (Tp
3- and 5-positioror thienyl), 122.5 (Ru-KECHj), 105.7, 105.3 (Tp 4-position with overlap of tnasonances),
4.4 (Ru-NCCHy). Anal. Caled for GgH:¢BN;O;RuUS: C, 41.21; H, 3.46; N, 21.03. Found: C, 40H,73.52; N,
20.32.

Reaction of TpRu(CO)(NCM e)(2-thienyl) (3) with HCI: Observation of [TpRu(CO)(NCMe)(S-
thiophene)][Cl]. Under an atmosphere of dinitrogen, a screw-cap NMRe was charged with
TpRu(CO)(NCMe)(2-thienyl) ) (0.020 g) and CELCl, (0.6 mL). The solution was cooled to -85, and 1
equiv of HCI (44uL, 1 M in EtLO) was added. Upon addition of HCI, a color chafigen pink to yellow was
noted. A™H NMR spectrum was acquired of the reaction solutib -65°C. As detailed below, the spectrum
was consistent with the formation of [TpRu(CO)(NOk&thiophene)][Cl]. Upon warming to room
temperature’H NMR spectroscopy revealed the formation of TpRDBICMe)(Cl) and free thiophene. The
addition of thiophene to the reaction sample comdil the presence of free thiophene.

[TpRU(CO)(NCM e)(S-thiophene)][Cl]. *H NMR (CD.Cl,, 3): 7.93, 7.85 (each 1H, br s, THHG3-
and 5-position), 7.72 (3H, m, TpHC3- and 5-position) 7.61 (2H, br srthiophene), 7.36 (2H, br §-
thiophene), 7.05 (1H, br s, TAHC 3- and 5-position), 6.39, 6.27, 6.18 (each 1Hs,bfp H, 4-position), 2.09
(3H, s, NCG,).

TpRu(CO)(N-pyridineMe (4). In a thick-walled glass pressure vessel, TpRu(CCONe)Me (1)

(0.101 g, 0.256 mmol) was dissolved in pyridiner(g). The mixture was heated to 80 for 5 h. The reaction
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solution was then cooled to room temperature angqulinto a glovebox, and the volatiles were rerdove
under reduced pressure. The resulting product wasigitated from methylene chloride upon additidn o
hexanes, and the precipitate was collected by vadiltration through a fine-porosity frit. The rdsng solid
was dried under vacuum to yield a bright yellowdaret (0.063 g, 56%). IR (KBrco = 1902 crit, vgy =
2478 cnt. '"H NMR (CyDg, 3): 8.16 (2H, m, pyridine ortho i), 7.70 (1H, dd, Tp 8, 3- or 5-position) 7.57
(1H, dd, Tp ®I 3- and 5-position), 7.51 (1H, dd, TAHHC3- and 5-position), 7.43 (1H, dd, TEHC3- and 5-
position), 7.12 {2H, s (overlapping doublets), Tp G- or 5-position}, 6.62 (1H, tyy = 7.7, 1.8 Hz, pyridine
para-@), 6.12 (2H, m, pyridine metatd), 5.94 (1H, t, Tp € 4-position), 5.90 (1H, t, Tp € 4-position), 5.82
(1H, t, Tp GH, 4-position), 0.89 (3H, s, NGG). *C{*H} NMR (CgD, 3): 209.0 CO), 155.7, 144.7, 142.7,
140.8, 135.6, 135.1, 135.0, 134.6, 124.0 (Tp 3-@pdsition, pyridine and RuBGMe) 106.5, 106.3, 106.2 (Tp
4-position), -4.1 (RUzHs). Anal. Calcd for GgH:sBN,ORuU: C, 44.05; H, 4.16; N, 22.47. Found: C, 44H2;
4.22, N, 22.16.

TpRuU(CO)(NCMe)(2-pyridinyl) (5). Method 1. To a pyridine (20 mL) solution of
TpRu(CO)(NCMe)Me 1) (0.1030 g, 0.2606 mmol) was added a slight exoéasetonitrile (0.02 mL, 0.3827).
The solution was allowed to reflux for seven dayée dried product was purified by column chromaapdy
on silica gel using a methylene chloride mobile ggha After the precipitated removal of volatile rfrahe
eluent, the solid was dissolved in methylene ctand precipitated upon addition of hexanes. sbhid was
isolated by vacuum filtration through a fine potgdiit to yield yellow/green solid.

Method 2. Pyridine (25 mL) and TpRu(CQ¥{pyridine)Me &) (0.1050 g, 0.2406 mmol) were placed
into a 100 mL flask equipped with a vigeroux coluamd heated to reflux for five days. The volatilgere
removed under vacuum. The solid was dissolved @thgtene chloride and precipitated upon addition of
hexanes. The yellow/green solid was collected dimea porosity frit by vacuum filtration. IR (KBryco =
1935 cnt, vey = 2278 crit, vgy = 2482 crit. *H NMR (CDCN, 3): 8.14 (1H, tB-pyridinyl CH), 7.84 (2H, m,
overlappinga,B-pyridinyl), 7.80, 7.46, 7.44, 7.22, 7.19 (1H, dy 3 and 5 position), 6.28 (1H, \&pyridinyl),

6.21 (2H, m, overlapping Tp CH 4 position), 5.451(H, Tp CH 3 or 5 position), 0.36 (3H, s, NCgH
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TpRu(CO)(PM &3)(2-furyl) (6). A thick-walled pressure tube was charged with TiNREMe)(CO)(2-
furyl) (2) (0.228 g, 0.051 mmol) and THF (-8 mL). To themngayellow solution was added PM&O0 pL,
0.08 mmol), and the mixture was heated at®@@or 20 h. The solvent was removed in vacuo, aedésulting
solid was stirred in hexanes. The pale yellow selas collected after vacuum filtration and dried0@® g,
38%). IR (KBr):veo = 1943 crit. *H NMR (CDC, d): 7.74 (1H,a-furyl CH, d, 33, = 1.5 Hz), 7.69, 7.65,
7.58, 7.55, 7.42 (6H, 2:1:1:1:1 integration, eadah dp CH 3- or 5-position), 6.26 (1H3-furyl CH unbound,
dd, 34y = 3.0 and 1.5 Hz), 6.21, 6.06 (3H total, 2:1 inétipn, overlapping t's and t, Tp 4-position), 5(G8i,
B-furyl CH bound, d3J., = 3 Hz), 1.30 (9H, PMed, *Jue = 9 Hz).*C{*H} NMR (CDCls, 8): 205.2 (CO, d,
2Jep = 19 Hz), 180.1 (1C, ipso-furyl, &jcp = 16 Hz), 143.7, 143.6, 143.3, 135.4, 135.2, 13dath a s, Tp 3-
and 5-position), 115.2a¢furyl, s), 110.0 B-furyl, s), 105.6 B-furyl, s), 105.3, 105.2, 105.1 (each a s, Tp 4-
position), 17.5 (PMg d2ce = 31 Hz). **P{*H} NMR (CDCl;, 3): 14.3 (PMe, s). Anal. Calcd for
C17H2:BNgO,PRU(GHgO),.» (Note: 'H NMR spectroscopy of the analysis sample reve&l&dequivalents of
THF per equivalent of comple®: C, 42.79; H, 4.76; N, 16.81. Found: C, 42.344H5; N, 16.59.

Catalytic Reactions of Furan with Ethylene Using TpRu(CO)(NCM e)(2-furyl) (2). The procedures
for all catalytic reactions were analogous. A reprgative example is given: Under an atmosphere of
dinitrogen, TpRu(CO)(NCMe)(2-furyl)2) (0.073 g, 0.162 mmol) was added to a high-presseaction tube
containing furan (1.2 mL, 16.2 mmol), decane (0m3, 1.62 mmol), and mesitylene (5 mL). The reaction
vessel was sealed, removed from the glovebox, dakg under 20 psi of ethylene pressure. The iegult
solution was submersed in an oil bath (229 equipped with digital temperature regulatiorodrict formation
was monitored periodically using analysis with a 6D (and compared to an authentic sample 2-ethgfu
purchased from a commercial vendor). Prior to aislysing GC FID, the reaction mixture was coole@m
ice water bath for 15 min. Aliquots were removethgsa syringe under a light purge of dinitrogenodrct
guantities were determined using integrated ratifothe peaks due to 2-ethylfuran and the intertehdard
decane. A series of five known standards were peepeonsisting of 3:1, 2:1, 1:1, 1:2, and 1:3 moédios of
decane:2-ethyl furan. A plot of the peak area satiersus molar ratios gave a regression line. Tdpess 2.5

(R?=0.96).
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Catalytic Reactions of Thiophene with Ethylene Using TpRu(CO)(NCM e)(2-thienyl) (3). Under
an atmosphere of dinitrogen, a thick-walled higbsgsure reaction tube was charged with TpRu(CO)(N(2e
thienyl) (3) (0.040 g, 0.087 mmol), thiophene (6.9 mL, 87 mnahd decane (0.17 mL, 0.87 mmol) as an
internal standard. The reaction vessel was plaoe@nud0 psi of ethylene pressure and submersedat ail
bath (90°C) equipped with digital temperature regulatione Tarmation of 2-ethylthiophene was monitored by
GC-FID analysis. Prior to analysis using GC FID¢ thaction mixture was cooled in an ice water latH5
min. Aliquots were removed using a syringe undégla purge of dinitrogen. Product yields were detimed
using integrated areas of 2-ethylthiophene veisaisrtternal standard decane. A series of five knstandards
were prepared consisting of 3:1, 2:1, 1:1, 1:2, ar®imolar ratios of decane:2-ethylthiophene. At gibthe
peak area ratios versus molar ratios gave a régnelise. The slope is 1.6 witR? = 0.99.

Kinetic Study of Acetonitrile Ligand Exchange for TpRu(CO)(NCM e)(Ph). TpRu(CO)(NCMe)Ph
(0.020 g, 0.043 mmol) was placed in a screw-cap NiMe and taken up in GDN (0.6 mL). A'H NMR
spectrum of the solution was acquired. The tubeplased into a hot oil bath (AC), and the ligand exchange
reaction was monitored versus time. Every 45 ntia,dolution was removed from the oil bath and abatea
solution of ice water, and # NMR spectrum was acquired. The disappearancéefdsonance for bound
acetonitrile was monitored relative to the pealaaETp resonances. The decreased intensity afefenance
due to coordinated acetonitrile and increased sitymf the resonance due to free acetonitrile vibeeonly
observed changes in the NMR spectra.

Kinetic Study of Acetonitrile Ligand Exchange for TpRu(NCMe)(CO)(2-furyl) (2).
TpRu(CO)(NCMe)(2-furyl) 2) (0.019, 0.043 mmol) was placed in a screw-cap NtMBe and taken up in
CD5CN (0.6 mL). A'H NMR spectrum was acquired. The tube was placedarhot oil bath (76C), and the
progress of acetonitrile exchange was monitoredugetime. Every 90 min, the solution was cooledrnrice
bath, and @H NMR spectrum was acquired. The disappearancéefesonance for bound acetonitrile was
monitored relative to the peak area of Tp resormndde decreased intensity of the resonance due to
coordinated acetonitrile and increased intensitthefresonance due to free acetonitrile were tie arserved

changes in the NMR spectra.
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Kinetic Study of Acetonitrile Ligand Exchange for TpRu(CO)(NCMe)(2-thienyl) (3).
TpRu(CO)(NCMe)(2-thienyl) ) (0.020, 0.042 mmol) was placed in a screw-cap NiMise and taken up in
acetonitriled; (0.6 mL). The solution was heated to @ for approximately 28 h. AH NMR spectrum was
periodically acquired. Prior to data acquisitiohe treaction solution tube was cooled in an ice .batie
disappearance of the resonance for bound acetenitais monitored relative to the peak area of Bomances.
The decreased intensity of the resonance due talic@abed acetonitrile and increased intensity efrdsonance
due to free acetonitrile were the only observedgka in the NMR spectra.

Attempted Isomerization of TpRu(CO)(NCMe)(2-furyl) (2). Representative experiment: In a
glovebox under dinitrogen atmosphere, a reactidre twas prepared with TpRu(CO)(NCMe)(2-furyB) (
(0.201 g, 0.045 mmol), furan (0.10 mL, 1.3 mmoRda mL of THF. This vessel was removed from the
glovebox and placed into a hot oil bath (90-1) for 144 h. The reaction solution was cooled dom
temperature, and volatiles were removed under estipcessure. AH NMR spectrum of the resulting solid
revealed the quantitative recovery of TpRu(CO)(NQ(2duryl) (2).

X-ray Diffraction Study of TpRu(CO)(NCMe)(2-thieny(2) and [TpRu(CO}{-C,S-2-thienyl)L. The
same general procedures were used to perform tray Xrystallographic analyses of complexes 2 and 4.
suitable crystal was covered in perfluoropolyetti®O-XR75, Lancaster) and sealed under nitrogengdlass
capillary. The crystal was optically aligned on foer-circle of a Siemens P4 diffractometer equibpéth a
graphite monochromatic crystal, a Ma Kadiation sourceh(= 0.71073 A), and a SMART CCD detector held
at 5.084 cm from the crystal. Four sets of 20 frae&ch were collected using tescan method and with a 10
s exposure time. Integration of these frames fadldvby reflection indexing and least-squares refigr@m
produced a crystal orientation matrix and a lattidata collection consisted of the measurement wital of
1650 frames in five different runs covering a hgrhexe of data. The program SMART (version 5.6) used
for diffractometer control, frame scans, indexingientation matrix calculations, least-squaresnegfient of
cell parameters, and the data collecfibAll 1650 crystallographic raw data frames weredrbg the program
SAINT (version 5/6.0) and integrated using 3D gdimodj algorithms. The resulting data were reduced to

produce a total of 12 921 reflections (complex R)5678 reflections (complex 4) and their intensitend
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estimated standard deviations. An absorption cbaeavas applied using the SADABS routine availaivle
SAINT. The data were corrected for Lorentz and poddion effects as well as any crystal decay. Data
preparation was carried out by using the prograrREKP, which gave 4367 unique reflectiof%,(= 3.83%)
with indices -12< h < 13, -15< k < 15, -19< | < 20 for complex 2 and gave 3607 unique reflectifiyg =
0.0391) with indices -1& h < 11, -12< k< 11, -11<| < 13 for complex 4. The monoclinic space group was
determined to b&2,/n, which is a nonstandard setting of the space gRjft (No. 14). The structure was
solved by a combination of direct methods and Fwsumethods with the use of SHELXTLE™.dealized
positions for the hydrogen atoms were included igsdf contributions using a riding model with isqiio
temperature factors set at 1.2 (aromatic protond).® (methyl protons) times that of the adjacearbon. The
position of the B-H proton was refined with a fixembtropic temperature factor set at 1.2 times tfathe
boron atom. The positions of the methyl hydrogeomest were optimized by a rigid rotating group refiveant
with idealized tetrahedral angles. For complexh2, 2-thienyl ligand suffered from a 70:30 two-siisorder,
with the two orientations of the planar five-memdxbring differing by a nearly 180otation around the Ru-
C(13) bond axis. The five non-hydrogen atoms witliach of these ring orientations were refined
anisotropically with the S(1)-C(13) and S(1)-C(18)nds restrained to 1.68 + 0.04 A, the C(14)-Ci&hd
restrained to 1.45 + 0.04 A, and the C(13)-C(14) &(i15)-(16) bonds restrained to 1.38 + 0.04 A. ¢amplex

4, the dimeric structure is constrained by a ctiggieaphic center of inversion. Full-matrix leasfugares
refinement, based upon the minimizatior2ef|F,? - 2P, with wi* = [0%(F,Y) + (@P)? + bP], wherea = 0.0436,

b = 0.3172 for complex 2 = 0.0473)b = 0.0 for complex 4P = (Max(F.>, 0) + F.)/3, converged to give the
final discrepancy indices. A correction for secanydaxtinction was not applied. The maximum and minin
residual electron density peaks in the final défere Fourier map were 0.462 and -0.403dth complex 2
and 0.680 and -0.479 el&or complex 4, respectively. The linear absorptimmefficient, atomic scattering
factors, and anomalous dispersion corrections wal@ilated from values from the International Takfter X-

ray Crystallography®*
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CHAPTER 3:
Ru"-Mediated Carbon-Carbon Bond Formation between Acainitrile and Pyrrole

3.1 Introduction

Pyrrole, first extracted from bone oil in 1857, fesund incorporated into the architectures of
porphyrins, chlorophylls, polymers, and naturaltgorring antibiotics. The pyrrole subunit is ingorated into
the structure of the only naturally occurring orgaretallic complex, Vitamin B. Similar to that of furan and
thiophene (discussed in Ch. 2), pyrrole is a 5-menerb heteroaromatic molecule consisting of an N-H
fragment incorporated into one of the ring pos#igRigure 3.1). The ionization potential of pyat8.20 eV,
is derived from the HOMOWY;.? Pyrrole has an intermediary resonance energicaémol, relative to that of
other 5-membered heteroaromatic molecules. THiseMé@es directly between the value of furan (1alkmol)

and thiophene (29 kcal/mol) resonance energy values

bond dissociation energies (kcal/mol)

bond lengths (A) 1.55
bond angles (°) 1.382 <1184

dipole moment (D)

107.4 1.417

Figure 3.1.Bond dissociation energiedond length’ bond angle’s and the dipole momenof pyrrole.

The reactivity of pyrrole in electrophilic aromasabstitution is ~10times faster than that of furan.
This is counter-intuitive since the resonance enefypyrrole is 5 kcal/mol higher than that of fargl9
kcal/mol)? This is likely due to the increased stabilizatimontributed by the carbenium-imminium mesomer
(Figure 3.2). The unusual stabilization of thissamer (Wheland intermediate) likely lowers the kimbarrier
(resulting from a IowerAHi) thereby providing a more easily accessible kingiathway for these
transformations. This lowering of tide* is likely due to the trivalent nature of the heegom. This increases
the ability of the heteroatom to mesomerically rilistte its electron density, relative to divalentan or

thiophene, into the 2 and 5-position. Evidenaetlics further stabilization can be explained bg #dditional
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strength ofrrdonation from the nitrogen lone pair into the rimgth an overall dipole moment (1.55 D) that is
opposite in direction from that of furan or thioplee(Figure 3.15.

H H
I

H H
I{J £+ lll E ®N E l{l E
—_— - & - @
() 5 O OA
®

carbenium-imminium
mesomer

Figure 3.2. Resonance stabilization favors electrophiliccktat the 2-position.

There are two common binding modes for pyrroléhwiansition metals (Figure 3.3). Théolefinic
binding mode (2edonor) of pyrrole is observed with electron ricH' @ystems:® For example, Taube et al.
have shown that (NfOs(OTfy reacts with pyrrole in the presence of Mg metalyield the complex
[(NH3)s0s(0%2,3-pyrroly)](OTf),.> This complex was also observed, at low tempegatuto undergo
isomerization to the [(N§sOs3,4-pyrrolyl)](OTf), tautomer.  In this coordination mode, the pyrrole
donates 2eto the metal center. There is also precedentTdiinding of pyrrole. For example, Dotzauer and
coworkers have isolated¥CsHsN)Cr(CO).°

Net removal of a proton from pyrrole yields pyriohwhich can coordinate to metal centers in several
different modes (Figure 3.3). For exampi&,n?, andn®-pyrrolyl complexes have been observed. Heenan and
coworkers have shown that photo-induced linkagenestism occurs upon binding of CO 19°(CsHs)Fe(’-
C4H4N) yielding the intermediate modn;S-Ca,CB,Cﬁ-C4H4N or r]3-N,Ca,Cp,- C4sH4N before binding a second
equivalent of CO to generate thg’{CsHs)Fe(COY(n*-N-C,HN) product®® DFT calculations have also been
pursued to understand the potential role of pytredyprdinative isomerization in catalyzed proces$e$he 2-

pyrrolyl species has been isolated as well butdutd be mentioned that these systems are veryrare
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Figure. 3.3 Binding modes of pyrrole (I) and pyrrolyl (lI).

Due to our group’s recent progress on C-H activati five-membered heteroaromatic compounds
(i.e., furan and thiophene), we sought to extensl ¢hemistry to pyrrole. Reactivity is expectedb® more
complex due to the existence of a heteroatom-hyrdgnd. With the incorporation of this weaker amare
acidic bond (Figure 3.1), it was of interest tocéis regioselectivity of aryl bond activation.

Late transition metal complexes have been demdastr® activate pyrrole via C-H or N-H bond
cleavage. Regioselective C-H activation rarely petes w/ N-H activation. In general, pyrrole aatign
reactions are most common for late transition megatplexes that initiate oxidative addition. Feample, It
dimers, [(COD)Ir(X)} (X = Cl or OMe), have been proposed to be the yreers for the monomeric'lr
species I (trisboryl) that forms upon reaction of thé timer with piB, (pinB,, pin = MeC,0,). This
enables the cleavage of-€ bonds of pyrrole and form B bonds** *° It is hypothesized that this reactivity
involves an oxidative addition of a pyrrole C-H doby the II' intermediate resulting in the (trisborylj(e-
pyrrolyl)(H) intermediaté? More well-defined examples have been observed bmilta et al. whereby the
oxidative addition products have been fully chagezed showing preference for the N-H activateddpod
L.M(H)(N-pyrrolyl) (M = Ru or Fe)"® *" Photolysis has also been shown to drive the axielaiddition of C-H
bonds of pyrrole across late transition metal aefit@xidative addition of C-H and N-H bonds have dsen
observed by reacting pyrrole with the trimer(@®O),,. Several products were formed from these thertiwoly
reactions whereby C-H bond cleavage was achievéitea?- and 3-position as well as the N-H positibR’
High oxidation state early transition metal systdrage been observed to cleave the N-H bond of [gymia a

o-bond metathesis mechanidhiastly, our own group has recently reported treetien of (IPr)CuMe {IPr =
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1,3-bis(2,6-diisopropylphenyl)imidizol-2-ylidene} ith pyrrole to give the products (IPr)QNHoyrrolyl) and
methané?

N-H activation can be preferred over C-H activatirthe 2-position of pyrrole when the 2,5-position
are blocked by alkyl substituerfts.Similarly, the methyl appendage Mfmethylpyrrole directs C-H activation
to the 2-position oN-methylpyrrole®® Dimers have also been shown to C-H actiatmethylpyrrole at the 2-
position forming the product [Cp*Ir(H)(2-N(Me)}85)](u-H)[Cp*Ir] where the 2-N(Me)GH5 fragment isn?
coordinated through the 2,3-positions to the dibtalente” Hung and coworkers have observed the C-H
activation at the 3-position of pyrrole, the moater form of bond activation in pyrrole, by Mn poypins
(NCPP)MA'Br (NCPP =N-confused phenyl porphyrin$).

In rare examples of catalytic C-H bond activatidrpgrrole, Fujiwara et al. have demonstrated that
pyrrole and phenylpropiolate convert to ethyl (ZZ§2-pyrryl)-phenylpropenoate in the presence of
Pd(OAc).?®

Our group has reported the utilization of'Riomplexes for the catalytic hydroarylation of aief’*°
For example, TpRu(CO)(NCMe)Ph (Tp = hydridotris@aalyl)borate) catalyzes the addition of arene C-H
bonds across the carbon-carbon bonds of ethylerke caalefins, and heteroaryl systems of the type
TpRu(CO)(NCMe)Ar {Ar = 2-furyl @) or 2-thienyl 8)} catalyze the regioselective addition of furan or
thiophene 2-position C-H bonds across the carbomerabond of ethylene. Mechanistic studies of tHede
catalyzed olefin hydroarylation transformations yide evidence for catalytic cycles that proceedtigh
olefin coordination and insertion into metal-arylnls, followed by a metal-mediated C-H bond aditvato
release organic product and reintroduce a metalbarnd?®

Herein, we report on the stoichiometric reactionfTpRu(CO)(NCMe)Me 1) with pyrrole to form a
product that contains aN-pyrrolyl ligand with a pendant imine group thatdkelated to Ru. The overall
reaction involves cleavage of pyrrole N-H and Chdts and C-C bond formation with the acetonitidgand
of 1. Combined experimental and computational studégented herein indicate that the transformatioalyik

occurs through initial metal-mediated N-H activatio
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3.2 Results and Discussion

Upon heating the Rumethyl complex TpRu(CO)(NCMe)Mel) to 90 °C in neat pyrrole the
metallacycle TpRu(COX?N,N-(H)N=C(CHs)(NC,H5)} (7) is produced after 2 h (Scheme 3.1). Analysisef t
crude reaction mixture bH NMR spectroscopy reveals that compleis the only observable TpRu species
produced. CompleX was isolated in 45% yield after workup and IR $pEstopy revealsco = 1948 crit.
Resonances due to three pyrrolyl hydrogen aton8? (.77, and 6.09 ppm) and a broad singlet duleetdru-
coordinated imine NH group at 8.45 ppm are obseinatle’™H NMR spectrum (Figure 3.4). The complex was
also examined by’C NMR (Figure 3.5). Furthermore, a single-crystafay diffraction study has confirmed
the identity of 7 (Figure 3.6 and Table 3.1). The structure revealfive-membered metallacycle that
incorporates the former pyrrole and acetonitrilbsttates. The Rul-N2 bond distance of the iminaigris
statistically identical to the Rul-N1 bond distartoethe N-pyrrolyl moiety {2.070(2) versus 2.073(2) A}. A
closely related CpRu(Cp = cyclopentadienyl) complex has a Rujzhly bond distance of 2.056(11) A and a
RU-Nimine bond distance of 2.127(11) A, while an analogalisGsHes)RU' system has Ru-lyoiy and Ru-Nhine

bond distances of 2.037(6) and 2.101(5) A, respelgt?® **

H
@ 1° New (_N] @\?OH=C/MG
\ \Ru/ e \ W Ry’
Q]/| “Me “90°C. fER— | N\
S R
_—N B—
PI(©) P ©)
1 7

Scheme 3.1.Reaction of TpRu(CO)(NCMe)(Mel) with pyrrole yields TpRu(COX?N,N-
(H)N=C(CH,)(NC4H3)} (7).
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Figure 3.4. *H NMR spectrum of TpRu(CO}?-N,N-(H)N=C(CHs)(NC,H3)} (7) in acetone-g
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Figure 3.5. **C NMR spectrum of TpRu(CO)-N,N-(H)N=C(CHs)(NC4H3)} (7) in CDCl.
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Figure 3.6. ORTEP of TpRu(COX?-N,N-(H)N=C(CHs)(NC,H3)} (7) (30% probability). Selected bond
distances (A): Ru1-C1 1.831(3), Rul-N1 2.073(2)1RI2 2.070(2), N1-C5 1.377(3), N1-C2 1.348(3), N@-C
1.297(3), C5-C6 1.435(4), C4-C5 1.403(4), C2-CP2(8), C3-C4 1.375(4). Selected bond angles (dreg)-
N2-C6 117.6(2), Rul-N1-C5 113.8(2), Rul-N1-C2 188 4AN1-C5-C6 116.0(2), N2-C6-C7 123.6(3), N2-C6-
C5 115.2(2), Rul-C1-O1 174.3(2), N2-Rul-N1 77.44(922-Rul-N32 87.38(8), N12-Rul-N22 83.47(7),
N32-Rul-N12 86.36(8), N32-Rul-N2 171.91(8), N22-RM 172.54(8), N12-Rul-C1 174.06(9).

Table 3.1. Selected crystallographic data and collection apeters for TpRu(CO}-N,N-
(H)N=C(CHs)(NC4H3)} (7) and TpRu(CO)(NCMeN-pyrrolyl) (8).

TPRU(CO){K?-N,N-(H)N=C(CHs)(NC,H3)} (7)  TpRu(CO)(NCMe)N-pyrrolyl) (8)

emperical formula &H.1,-BNORuU GeH17BNgORU
fw 449.26 449.26
cryst syst monoclinic monoclinic
space group R& P2/n
a, A 7.8719(6) 10.413(2)
b, A 17.595(1) 12.170(2)
c, A 13.497(2) 15.495(3)
a, deg 90 90
B, deg 96.007(1) 106.195(3)
y, deg 90 90
vV (R) 1859.1(3) 1885.7(6)
z 4 4
Deacs g CM° 1.605 1.582
R1, wR2 (I > (1)) 0.0404, 0.0842 0.0478, 0.0998

GOF 0.963 1.022
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Regardless of the specific mechanism, the productib7 occurs through C-C bond formation
between pyrrole and the nitrile ligand baind is accompanied by release of,CMethane production has been
detected byH NMR spectroscopy in sealed tubes as well as lajyais of the reaction headspace using GC-
MS. We have previously demonstrated that comgdlereacts with benzene, furan, or thiophene to preduc
methane and TpRu(CO)(NCMe)Ph, TpRu(CO)(NCMe)(24jur§p), or TpRu(CO)(NCMe)(2-thienyl) 3,
respectively, and these reactions likely occur ubgto metal-mediated C-H activati6h?® For the
transformation ofl and pyrrole to produce compl&we have considered two possible reaction pathwregts
are differentiated by initial metal-mediated N-Hrsgs C-H activation (Scheme 3.2). In the top pathwf
Scheme 3.2, initial N-H activation of pyrrole prags methane and theN-pyrrolyl complex
TpRu(CO)(NCMe)N-pyrrolyl) (8). Subsequent intramolecular C-C bond formatiotofeéd by proton transfer
would produce compleX. Alternatively, initial C-H bond activation at tf#eposition of pyrrole would produce
the 2-pyrrolyl complex TpRu(CO)(NCMe)(2-pyrrolylxhe lower pathway of Scheme 3.2). For the latter
reaction pathway, insertion of the acetonitrilealid into the Ru-2-pyrrolyl bond followed by prottmansfer
would complete the formation of compl& The insertion of coordinated NCMe into a Mgfary (M = d-
block metal) bond is not common; however, therpricedence for this reactivit§*® This insertion is most
common for early transition metal systems. ForngXe, the first example of this type of insertiorasv
observed for the [CpScMe] reacting with free S8CR (R = Me,'Bu, or C(H)=CH) to yield the products

[Cp*,Sc{N=C(Me)R}].**
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Scheme 3.2.Two possible pathways for the conversion of TpRD(GICMe)Me () and pyrrole to
TpRuU(CO)K*N,N-(H)N=C(CHs)(NC,H3)} (7).

We attempted to use isotopic labeling of pyrroleptobe the likely reaction pathway. In a control
experiment, the reaction &fwith pyrroleds leads to the production of GH, confirmed through analysis of the
reaction headspace using GC-MS as wellthdMR spectroscopy (Scheme 3.3). In addition, #HeNMR
spectrum of the product from this reaction revealedterium incorporation into thé-pyrrolyl ligand (Figure
3.7) and at the imine position to produtd,. The treatment of-d, with H,O at 70°C results in H/D exchange
to produce complex’-d; with hydrogen incorporated at the imine positi@s, determined byH NMR
spectroscopy. This process is reversible, as itetichy the disappearance of the resonance dueetonine

hydrogen IH NMR spectroscopy) upon heatifigd; in CD;CN with added BO (Scheme 3.3).
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Scheme 3.3. Reactivity of TpRu(CO)(NCMe)Me 1§ with ds-pyrrole yields TpRu(COX?N,N-
(D)N=C(CHy)(NC,D5)} (7-d;) and the observed isotopic exchange between TpB(E-N,N-
(D)N=C(CHs)(NC,D5)} (7-ds) and TpRu(CO)k*-N,N-(H)N=C(CHs)(NC,D3)} (7-ds) with water and heavy
water.

L

Figure 3.7.(Top)*H NMR spectrum of compleX in the aromatic region that includes resonancestolheN-
pyrrolyl ligand (resonances due d-pyrrolyl ligand are labeled with *). (BottondH NMR spectrum of
complex 7-d,4, produced by reaction df with pyrroleds, that demonstrates a decrease in intensity for the
resonances due to thipyrrolyl ligand.

In contrast to the reaction with pyrrade- the reaction ofl with N-d;-pyrrole (DNGH,4, > 90%

deuterium incorporation) results in the productafncomplex7 and CH without observation of substantial
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guantities of CHD (Scheme 3.4). This result is consistent withactien mechanism that involves initial metal-
mediated C-H bond activation at the 2-position wfrple to produce an intermediate'R2+-pyrrolyl complex;
however, GC-MS of th&l-d;-pyrrole solution before and after reaction indésaat least 30% H/D scrambling
occurs during the course of the reaction. In addjtH NMR spectroscopy of the reaction products indisat
the incorporation of hydrogen at the imine positiand this observation is inconsistent with initaétal-
mediated C-H activation at the 2-position of pyerddetermination of the extent of H incorporatian i
complicated by line broadening due to the quadeap®). Thus, due to isotopic scrambling, reliable

conclusions about the mechanism are impossibledbas¢hese experiments.

D
<7 co N, <7
— et coH M
VAN Neve § ] WA TOR-c—

N
A |U\Me 90 °C Ngj/ |u‘N \

N\\ N’N Chs \\ N A

/ /
A0 A0
1 7

Scheme 3.4.Reaction oN-d;-pyrrole with TpRu(CO)(NCMe)Mel) yields TpRu(CO)k?-N,N-
(H)N=C(CH,)(NC4H3)} (7).

The triflate complex TpRu(CO)(NCMe)(OTY (OTf = trifluoromethanesulfonate) is prepared mpo

39 and the reaction d® with

reaction of the previously reported complex TpRu(B@Me)Cl with AgOT
[LI][NC 4H4] produces TpRu(CO)(NCMea¥pyrrolyl) (8) (Scheme 3.5). Tha&l-pyrrolyl complex8 has been
characterized by IRv¢o = 1961 crit), *H and™*C NMR spectroscopy (Figures 3.8 and 3.9), and glesiorystal
X-ray diffraction study’H NMR spectroscopy reveals multiplets integratingZH each at 6.36 and 6.16 ppm
due to the 2- and 3-position hydrogen atoms ofNtfmyrrolyl ligand, respectively. Additional evidenoé the
identity of 3 is derived from its reaction with HCI at -78 to produce free pyrrole and the previously regubrt
complex TpRu(CO)(NCMe)ClI (Scheme 3%)An X-ray diffraction study of a single crystal 8freveals its

structure as a monomeric RN-pyrrolyl complex (Table 3.1 and Figure 3.10). TRe-Noyrroly bond distance of

2.083(4) A is shorter than the corresponding borigtadce {2.153(6) A} of Ru(1,%-CgH11)(N-

pyrrolyl)(PE%),.*°
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Scheme 3.5.Reaction ofN-lithiumpyrrolyl with TpRu(CO)(NCMe)(OTf) 9) yields TpRu(CO)(NCMeN-
pyrrolyl) (8).
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Figure 3.8. *H NMR spectrum of TpRu(CO)(NCM@&Y¢pyrrolyl) (8) in CDCk.
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Scheme 3.6Reaction of HCI with TpRu(CO)(NCMe&Ypyrrolyl) (8) yields TpRu(CO)(NCMe)CI.

Figure 3.10.ORTEP of TpRu(CO)(NCMeN-pyrrolyl) (8) (30% probability). Selected bond distances (A):
Rul-N8 2.083(4), N8-C16 1.357(7), N8-C13 1.361(T)j3-C14 1.364(8), C14-C15 1.379(8), C15-C16
1.362(8), Rul-C10 1.836(6), C10-O1 1.140(6), Rul2NDB8(4), N7-C11 1.127(6). Selected bond angleg)(d
C10-Rul-N8 94.5(2), N7-Rul-N8 86.6(2), N5-Rul-N8842), N8-Rul-N1 90.6(2), C16-N8-Rul 127.5(4),
C16-N8-C13 104.4(5), C13-N8-Rul 127.2(4).

Reports of 2-pyrrolyl complexes are rate?® and efforts to synthesize and isolate the 2-pytrol
complex TpRu(CO)(NCMe)(2-pyrrolyl) did not yieldean, isolable products. For example, heating soisti
of TpRu(CO)(NCMe)ClI 0® with Hg(2-pyrrolyl)Cl did not yield new product€onsidering the possibility that

the coordinating ability of chloride or OTf might eb problematic, we converted9 to
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[TPRuU(CO)(NCMe)(THR)][BAr] (10) upon reaction with NaBAJ'(Ar' = 2,6-(CR),CeH3) in THF (Scheme
3.7); however, the reaction of compl&® with Hg(2-pyrrolyl)Cl under various conditions dibt yield clean
and isolable products (compl&was not observed in these reactions). A singlstal X-ray diffraction study
was achieved to further characteriz@ (Figure 3.11 and Table 3.2). There was ambigintyhe crystal

structure in that both the [TpRu(CO)(NCMe)(THF)][BA and [TpRu(CO)(NCMej)[BAr' 4] were observed.
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Scheme 3.7. Reaction of TpRu(CO)(NCMe)(OTf) 9] with NaBAr, in THF vyields
[TPRU(CO)(NCMe)(THF)]BAL, (10).

Figure 3.12. ORTEP of TpRu(CO)(NCMe)(THF)]BAy (10) (30% probability). Selected bond distances (A):
Rul-C10 1.849(3), C10-O1 1.146(4), Rul-N7 2.048)C11 1.364(8), Rul-O2 2.164(4), 02-C15 1.467(7),
02-C18 1.482(7). Selected bond angles (deg): C1D®2199.5(2), C10-Rul-N7 92.4(1), N7-Rul-O2 86.8(1)
02-Rul-N3 94.7(1), O2-Rul-N5 83.9(1), C15-02-C18.7(b).
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Table 3.2. Selected crystallographic data and collectiorapaters for [TpRu(CO)(NCMe)L]BAs (L = THF
or NCMe) (L0).

[TpPRU(CO)(NCMe)L]BAr, (L = THF or NCMe) (0)

emperical formula be.88130. 28 2F24N7 5¢001.50RU
fw 1301.23
cryst syst orthorhombic
space group Pbca
a, A 24.0840(1)
b, A 18.3730(1)
c, A 25.4220(1)
a, deg 90
B, deg 90
y, deg 90
V (A) 11249(1)
z 8
Deacs g €M’ 1.537
R1, wR2 (I > 2(1)) 0.0544, 0.1230
GOF 0.995

TpRu(CO)N-pyrrolyl)(NCMe) @) is the species that would result from metal-miediaN-H
activation of pyrrole by complek (see the upper portion of Scheme 3.2). Thusegiffthmation of7 from the
reaction ofl and pyrrole proceeds through initial metal-medldtieH activation, it is anticipated that upon
heating to 9GC complex8 should convert to compléx Heating8 (90°C) in neat CQCN results in the
formation of7, with the rate of the transformation®fo 7 increasing upon addition of free pyrrole. For
example, a plot df,ps versus equivalents of pyrrole (based3mising 0, 6, 10, and 22 equiv of pyrrole reveals
a linear relationship (Figure 3.13). The kinetipesiments were performed at %D in CD,CN. These data
suggest that free pyrrole potentially serves astalyst for the transformation 8fto 7. Suspecting that free
pyrrole may function as a base to promote protansfier from the 2-position C-H bond of tRepyrrolyl ligand
to the acetonitrile nitrogen, we studied the effifcadding the non-coordinating base 2,6-lutidinehe
absence of 2,6-lutidine, the conversior8ab 7 (90 °C in CD,CN) occurs withkg,s = 9.7 x 10’ s, while the
addition of 6 equiv (based @) of 2,6-lutidine increasdsg,,s by a factor of approximately 2.5,(s= 2.5 x 10
s%). Pyrrole is a weak baselp= -3.80, in DMSO; Bi-pyrrolium cation) but can be protonated at alliposs

(Scheme 3.8§. Protio exchange occurs at the highest rateseat-fhosition (at the nitrogen) but is most
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thermodynamically stable at the 2-positfoi.might be expected that to complete the pyrpstemoted

shuttling of the proton to the imine position obguct?, pyrrole is protonated at the 2-position.

(K obs)(1 x 107
0 == M W b Oy ~ O

0 5 10 15 20 25

Equiv pyrrole (based on &)

Figure 3.13.Plot ofky,s versus equivalents of pyrrole (based8rior the conversion of complekto complex
7. Reactions were monitored in @CN at 90°C.
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Scheme 3.8Protonation of pyrrole at the 1-, 2-, and 3-positi

We have previously reported that the rate of caosiverof complexl and benzene to methane and
TpRu(CO)(NCMe)R is suppressed by the presenceeefdcetonitrilé] and these results have been interpreted
to indicate a reaction pathway that involves thenfation of the five-coordinate system {TpRu(CO)Ri¥hich
initiates benzene C-H activation. Kinetic expenmtsewere performed to determine if a similar reacti
pathway (i.e., metal-mediated N-H or C-H bond aatfn by a five-coordinate Rusystem) is likely for the
conversion ofl and pyrrole to compleX. These experiments revealed that the additioncefomitrile does

suppress the rate of disappearancé. &for example, for the formation @fat 75°C, the rate of disappearance
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of 1 (first-order process, see Figure 3.14) in the atwsesf added acetonitrile proceeds with a half-tife
approximately 340 minK,,s = 4.0(8) x 10 s}, while the addition of 30 equiv of acetonitriladreases the
half-life to approximately 502 minkf,s = 2.2(1) x 10 s'}. The rate equation for the nucleophilic additioh
free pyrrole to the NCMe ligand of complédx(Scheme 3.9) reveals that this transformation @adt be
dependent on the concentration of free NCMe. Npfidic additions to coordinated nitriles leading the
formation of azavinylidines have been repoiteBor example, Templeton et al. have reporteddhmdtion of
several azavinylidine complexes from the reactionf adp*W(CO),(NCR) (Tp* = (3,5-
dimethyl)hydridotris(pyrazolyl)borate; R = Me or Phith various nucleophiles (Nu = H, Et, or Me®).
Alternatively, if the mechanism for formation @finvolves a dissociative mechanism, whereby a neact
{TpRu(CO)Me} species is formed, applying the steatite approximation the rate law (Scheme 3.9)aisve
an inverse first-order dependence on [NCMe]. With observed inverse first-order dependence on

concentration of free NCMe, it was concluded th@Mse dissociation is likely required for the fornmatiof7.
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Scheme 3.9.Rate laws for nucleophilic addition of pyrroledagissociative mechanisms.

Importantly, monitoring the transformation of 1 and pyrrole to 7 by *H NMR spectroscopy reveals that
the N-pyrrolyl complex 8 is an intermediate in this transformation (Figure 3.15). Resonances due8are

clearly observed bjH NMR spectroscopy during the conversioriaind pyrrole to complex.
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Figure 3.14. First-order plot & = 0.99) for the disappearance of TpRu(CO)(NCMe)Wefor the conversion
of 1 and pyrrole to compleX (75 °C, complexl in pyrrole, 0 equiv of NCMe).
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Figure 3.15 Plot of percent composition of the reaction solutversus time for the conversion of complex
and pyrrole to compleX: ¢#/red line = compled; m/black line = comple; a/purple line = compleX.

Observation of comple8 as an intermediate in the transformationlond pyrrole to complex
suggests that likely initiates N-H activation of pyrrole followekby C-C bond formation with the acetonitrile
ligand; however, it is also possible that metal-ragdi C-H activation at the 2-position of pyrrotegroduce
methane and TpRu(CO)(NCMe)(2-pyrrolyl) occurs foled by rapid isomerization of the Ru-2-pyrrolyl

complex to theN-pyrrolyl complex8. Initial activation of the 2-position C-H bond wdube consistent with
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previously reported regioselective C-H activatiaritee 2-position of furan and thiophene 1§’ however, the
majority of well-defined examples (i.e., produaslated and fully characterized) of metal-mediaetivation
of pyrrole indicate selectivity for activation dfe N-H bond in preference to C-H bond cleavigh; 2% 23 4348

A possible exception is the reported photolysig@pf,Re(NCMe)[ (Cp = cyclopentadienyl) in pyrrole to
produce [CpRe(2-pyrrolyl)H] .28

The source of the commonly observed selectivitytli@r pyrrole N-H bond over C-H bond activation
could be the lower N-H bond dissociation enthalBpE) of pyrrole (~97 kcal/mol) versus the C-H BDé&is
the 2-position or 3-position (~118 kcal/mol) (Figus.1)? Thus, transformations that result in bond actorati
of pyrrole by transition metal centers may be dedcto the weaker N-H bond; however, control owashs
transformations could be subtler. For examplea# heen demonstrated that oxidative addition r@actdf C-

H bonds by Rhsystems are selective for stronger C-H bonds, aamth selectivity appears to be kinetic in
origin.** *°That is, for alkanes with terminal methyl groups anternal methylene groups, the metal center has
access to all C-H bonds on the time scale of tHé &tivation event and breaks the stronger term@yid
bonds more rapidly than the weaker internal C-HdsorThus, the relative rates of C-H bond activatiyn
systems that initiatexidative addition are potentially controlled to a signifitategree by the metal-carbon
bond strengths of the incipient products, and thmroonly observed selectivity of oxidative additi@actions
of pyrrole could be dictated by tlembination of weak N-H (relative to C-H BDES) and relativedyrong M-
Npyrroyt bONds (although M-N.oy bonds may be weaker than My, bonds, the difference in BDE may not
make up for the approximately 20 kcal/mol differerin N-H versus C-H BDEs of pyrrol8y>® Given these
considerations, computational studies were perfdritee assist our efforts to propose the most reddena
pathway for the formation of from complexl and pyrrole.

To further examine the initial interactions of e with the metal center, computational analysas w
conducted by Prof. Thomas R. Cundari from the Uity of North Texas. The "TAB" ligand
{tris(azo)borate} and NCH were used to model Tp &@Me, respectively. In previous research, TAB was
shown to reproduce the structure and energetiaheffull Tp models for C-H activation potential egye
surfaces to withirc2% and approximately 2 kcal/mol, respectiv¥ifhree modes of interaction between the

RuU' complex and pyrrole were investigated. One pathimaglves metal-mediated N-H activation of pyrrole,
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while a second pathway proceeds through C-H botidation (Scheme 3.2). A third mode of interactitime
potential for nucleophilic addition of free pyrraie coordinated nitrile, has been studied and damded as a
likely reaction pathway on the basis of experimeatal computational results.

Schemes 3.10 and 3.11 provide calculated free ixsefgr the conversion of (TAB)Ru(CO)(NCH)Me
(1" to the cyclometalated produgt for both N-H and C-H activation pathways, respeti. The binding of
the nitrile is calculated to be quite weak witih@ of 14.9 kcal/mol for dissociation of HCN frofit (Scheme
3.10). Several different coordination modes of plarto the 16-electron fragment {(TAB)Ru(CO)Me} veer
investigated (each with several distinct conforomai isomers evaluated) including a dihapto-coa@id -
complex and ligation through the pyrrole nitrogedn the basis of the calculations, the most stable
(TAB)Ru(CO)(n?pyrrolyl)Me adduct is therrcomplex @%*coordinated through the 2,3-C=C bond). This
complex is calculated to be 4.1 kcal/mol more g€dh) than theN-ligated pyrrole complex. The structure of

the most stable conformer of (TAB)Ru(C&¥{pyrrole)Me is shown in Figure 3.16.
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Scheme 3.10Calculated free energies (kcal/mol) for the corigar of (TAB)Ru(CO)(Me)(NCH)1') to 7' that
proceeds through initial cleavage of the N-H bond.
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Scheme 3.11Calculated free energies (kcal/mol) for the cosiwmar of (TAB)RU(CO)(NCH)Me 1) to 7' that
proceeds through initial cleavage of the C2-H bond.

Figure 3.16.Calculated structure of (TAB)Ru(COJtpyrrole)Me. The atoms of the Tab ligand in thisl ail
subsequent figures are shown as colored tubedaidtyc

The binding free energy of pyrrole throughiising in (TAB)Ru(CO)f?-pyrrole)Me is small, only -
2.6 kcal/mol, as expected for coordination to atruf MLs fragment. Hence, the exchange of NCH with
pyrrole is calculated to be endergonic by 12.3/keal.

Computational models were also employed to evaltiaetransition states for the C-H and N-H

activation pathwaysln a previous study on C-H activation of benzendlhw variety of transition states were



100

investigated including those derived from oxidatadition ando-bond metathesis pathwa$sin all cases,
transition state searches converged to four-cethteamsition states reminiscent@ibond metathesis processes
that are the hallmark of C-H activation by chetal system®™>® A similar transition state was found by
Oxgaard and Goddard for the TgRsystem as well as a relatetf lcomplex, and the term oxidative hydrogen
migration was used to label the transition state ttuthe close contact between the transition neetel the
hydrogen atom undergoing transfer®

The isomeric transition states for activation oé t62-H, C3-H, and N-H bonds of pyrrole were
compared (Scheme 3.12). The calculated free ermdpring of the three transition states is (ref@tnergies
in parentheses) as follows: N-H (0 kcal/mol) < CZ4HL kcal/mol) < C3-H (3.0 kcal/mol). The geomesriof
the two lower energy transition states (i.e., C2hld N-H bond activation) are shown in Figure 3.17.
Calculations with full Tp models yield the samaG* (1.1 kcal/mol) for C2-H and N-H activation as seeth
the more compact TAB models. An obvious structulifference in the N-H and C2-H activation transitio
states is the distance between the ruthenium anttahsannular hydrogen JHit is considerably shorter in the
C-H activation transition state (Ru-H = 1.77 A) quared to the corresponding N-H stationary point-HRe
1.90 A). Thus, the calculated transition state @@-H bond activation might be considered to possesse

oxidative character as compared to the transitiate $or N-H bond activation.
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Figure 3.17. Calculated transition states for C2-H (left) andHNactivation (right) of pyrrole by
{(TAB)Ru(CO)Me}.

The product of N-H activation of pyrrole by {(TABYRCO)Me} to release methane,
{(TAB)Ru(CO)(N-pyrrolyl)}, is calculated to be 6.1 kcal/mol mostable than the corresponding 2-pyrrolyl
isomer, {(TAB)Ru(CO)(2-pyrrolyl)}, which results & C2-H activation and methane production (Scheme
3.10). The 2-pyrrolyl system is calculated to bethar 4.3 kcal/mol more stable than the 3-pyrradgimer,
{(TAB)RuU(CO)(3-pyrrolyl)}, which results from C3-Hactivation. The coordination of HCN to the varidil&
electron pyrrolyl intermediates yields 18-electrpagudo-octahedral (TAB)Ru(CO)(NCH)(X-pyrrolyl) &XN,

2, or 3) systems. The energy ordering for thesecgotdinate species is the same as that seen dofivii-
coordinate intermediates (relative energies in qtheses): (TAB)Ru(CO)(NCHN-pyrrolyl) (0 kcal/mol) <
(TAB)RU(CO)(NCH)(2-pyrrolyl) (6.5 kcal/mol) < (TAB3u(CO)(NCH)(3-pyrrolyl) (8.7 kcal/mol). The
calculated energy differences for each set of hé-%B-electron product isomers are substantialoantside the
error limits expected for the computational and nosteal models employed when applied to highly simila
species. Hence, the thermodynamic preferencehdovarious pyrrolyl products mimic the kinetic pefnces
calculated for the isomeric transition states oHNC2-H, and C3-H bond activation with the enemgeti
differences being much more pronounced in the giatates.

The reaction pathway for the production of compferpon reaction ofl and pyrrole that proceeds
through C-H bond activation at the 2-position ineskhe insertion of acetonitrile into a Ru-2-pyytddond.
This process was also studied computationally, tithresults depicted in Scheme 3.12. The initisértion
step is calculated to be endergonic by 1.7 kcal/mith an activation barrier of 15.0 kcal/mol. Sabsent

proton transfer produces thepyrrolyl complex with a chelated imine fragmeit)( with the overall process of
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insertion and proton transfer calculated to be fabte by 39.9 kcal/mol. The calculated barrier thog final
reaction step (i.e., proton transfer) is 32.4 koall Thus, according to calculations, the conversaf
(TAB)Ru(CO)(NCMe)(2-pyrrolyl) to7' is a thermodynamically feasible process with astaudtial activation
barrier for the proton transfer step in the absafi@n external reagent that can assist the protmsfer.

The pathway for formation of metallacyclethat involves initial N-H activation of pyrrole wid
produce theN-pyrrolyl complex8 followed by C-C bond formation and proton transfesr the model complex
(TAB)RuU(CO)(NCH){N-pyrrolyl) (3", the initial step, C-C bond formation, is caldethto be unfavorable by
1.2 kcal/mol, with an activation barrier of 9.5 Koaol (Scheme 3.10)The calculated transition state structure
for this reaction step is shown in Figure 3.18.e ThC bond formation starting from compkxs calculated to
have an activation barrier that is 5.5 kcal/molslethan the C-C bond formation step from the
(TAB)RuU(CO)(NCMe)(2-pyrrolyl) system (Schemes 3did Scheme 3.11). The subsequent proton transfer to
form complex7' is calculated to be favorable relative&oby 33.4 kcal/mol; however, the final reaction step
(direct proton transfer between the ligated nitrogéoms) is calculated to possess a substantiaebaf 43.8
kcal/mol. This calculation is consistent with thexperimental observation that the conversion of
TpRu(CO)(NCMe)N-pyrrolyl) (8) to complex7 in neat CRQCN or GDg is a slow reaction (see above). For
example, thé,s for the conversion d8 to 7 in CD,CN is 9.7 x 10 s*, which yields a\G* = 31.4 kcal/mol (at
90 °C). According to experimental observations, the @t conversion increases upon addition of bas, (e.
pyrrole or 2,6-lutidine) and likely accounts foetmore rapid conversion éfand pyrrole to7 in neat pyrrole.
The base provides a catalytic pathway for the feansf a proton from the 2-position of the pyrratiu

intermediate to the azavinylidene nitrogen to yield
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Figure 3.18.Calculated transition state for C-C bond formafimm theN-pyrrolyl complex8'.

3.3 Summary

Experimental studies provide evidence that the emion ofl and pyrrole to7 occurs through initial
activation of the N-H bond of pyrrole to produce Nrpyrrolyl complex8. Although it is possible that initial C-
H activation of pyrrole at the 2-position produc@®Ru(CO)(NCMe)(2-pyrrolyl) followed by rapid
isomerization to théN-pyrrolyl complex8, computational studies indicate that metal-medi&teH activation
of pyrrole by {({TAB)Ru(CO)Me} is kinetically prefeed over C2-H activation by 1.1 kcal/mol. In addlitj the
formation of (TAB)Ru(CO)(NCH){-pyrrolyl) (8') is calculated to be thermally favored relative to
(TAB)RuU(CO)(NCH)(2-pyrrolyl) by 6.5 kcal/mol. Theame kinetic preference is seen for full Tp modélthe
respective bond activation transition states. fer formation of7', the calculated free energies for the N-H
activation pathway" indicate that the highest epesgecies lies 33.0 kcal/mol aboYeand corresponds to the
transition state for the final proton transfer stepportantly, experimental results suggest thatess pyrrole
increases the rate of this proton transfer steptlamslincreases the rate of conversio® ¢ 7. The calculated
free energies for the C2-H activation pathway iatBcthat the highest energy species is 33.6 kchdbmvel'
and corresponds to the C2-H activation step. Thebawmation of experimental and computational reslkelésls

us to suggest that the pathway involving initiaH\activation (shown on the left side of Scheme 3s2the
most likely pathway for the formation of compl&x The observation of this reaction pathway provithes

opportunity to explore C-C bond formation at thedsition of pyrrole with other unsaturated subssathat
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possess C-X (X = N or O) multiple bonds and coutdnately provide a foundation for catalytic C-Crub

forming reactions of pyrroles.

3.4 Experimental Section

General Methods.Unless otherwise noted, all synthetic proceduresevperformed under anaerobic
conditions in a nitrogen-filled glovebox or by ugirstandard Schlenk techniques. Glovebox purity was
maintained by periodic nitrogen purges and was toogdl by an oxygen analyzer {& 15 ppm for all
reactions). Diethyl ether was dried by distillatifsam sodium/benzophenone. Acetonitrile and metharere
dried by distillation from Call Hexanes, methylene chloride, and tetrahydrofuwrare purified by passage
through a column of activated alumina. Pyrrole wasdilled from NaSQO, or CaH. Acetoneds, benzenads,
acetonitrilees, and chlorofornmd; were degassed with three freeze-pump-thaw cyaldsstored under a N
atmosphere over 4 A molecular sievié$and™*C NMR spectra were recorded on a Varian Mercury &0800
MHz spectrometer. AftH and™*C NMR spectra were referenced against tetramethgisiusing residual proton
signals tH NMR) or the®®C resonances of the deuterated solvElt NMR). **F NMR spectra were obtained
on a Varian 300 MHz spectrometer and referencednsigan external standard of hexafluorobenzene.
Resonances due to the Tp ligand are listed by ad#msihift and multiplicity only (all coupling corasits for the
Tp ligand are 2 Hz). IR spectra were acquired usiddattson Genesis Il FT-IR as thin films on KBatgls or
in solution using KBr solvent cells. GC-MS was penied using a HP GCD system with a 30 m x 0.25 mm
HP-5 column with 0.25um film thickness. Complexet, TpRu(CO)(NCMe)CI, an® have been previously
reported®® > 3 All other reagents were used as purchased franmercial sources.

TPRU(CO)Y{ K*-N,N-(HIN=C(Me)(NC,H3)} (7). Method 1. TpRu(CO)(NCMe)Me 1) (0.099 g, 0.25
mmol) was dissolved in approximately 5 mL of pyeroThe reaction mixture was removed from the gloxeb
and placed in an oil bath at 90 for 12 h. After cooling the solution to room teenature, the volatiles were
removed in vacuo. Analysis of the reaction mixthye'H NMR spectroscopy revealed the presence of aesing|
TpRu complex. The yellow oil was taken up in meg&mgd chloride (~5 mL) and passed through a column of
silica gel. After the column was washed with appmately 50 mL of methylene chloride, the eluent was

reduced to dryness under vacuum, leaving an offendulid. The solid was dissolved in methylene Gtio (~2
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mL) and precipitated upon addition of hexanes (A#5. The resulting amorphous solid was collected by
vacuum filtration and washed with hexanes. Thedsehs dried in vacuo to yield an off-white prod(@i051 g,
45%).

Method 2. A screw cap NMR tube was charged wBh(0.017 g, 0.038 mmol) in 0.6 mL of
acetonitriled;. The reaction tube was placed in a temperaturelata oil bath at 96C. The conversion of
complex8 to complex7 under these conditions (as monitoredHyNMR) required several days. IR (KBK)¢o
= 1948 crt, vgy = 2489 crit. 'H NMR (acetoneds, d): 8.45 (1H, s, imine N), 7.97, 7.75, 6.58 (each 1H, each
ad, Tp ® 3 or 5 position), 7.87 (3H, m, overlapping Tpl @ and 5 position), 6.82 (1H, dd,, = 3.6 and 1.2
Hz, 3-position €1 of pyrrolyl), 6.77 (1H, tJyy = 1.2 Hz, 2-position 8 of pyrrolyl), 6.35, 6.30, 6.05 (each 1H,
each a t, Tp 8 4 position), 6.09 (1H, dd}yy = 3.6 and 1.2 Hz, 3-positionHCof pyrrolyl), 2.50 (3H, s,
NCCH,). ¥*C{*H} NMR (CDCls, 8): 200.7 €O), 172.5 (Ru-N(H)E(Me)), 144.6, 144.1, 140.7, 138.7, 135.9,
135.7, 134.5 (Tp 3 and 5 position and pyrrolyl &ifon with one overlap), 115.0, 110.8 (3-positioh
pyrrolyl), 106.3, 105.5 (Tp 4 position, one ovejlapl.1 (Ru-N(H)=CHs;). Anal. Calcd for GH1sBN;O,Ru:
C,42.77; H, 3.81; N, 24.94. Found: C, 43.28; 923N, 24.50.

TpRu(CO)(NCMe)(N-pyrrolyl) (8). A THF solution of TpRu(CO)(NCMe)(OTf)9j (0.394 g, 0.714
mmol) was cooled to -78C. A cooled (-78C) solution of lithiumN-pyrrolyl (0.522 g, 0.714 mmol) in THF
was slowly transferred by cannula into the solutiontaining4. The resulting mixture was allowed to warm to
room temperature, and the solvent was removed urathrced pressure. The residuals were dissolved in
minimal methylene chloride and were passed thraugblumn of silica gel. A brown band was collecte
reduced to 2 mL under vacuum. The addition of agprately 50 mL of hexanes resulted in the formatibra
precipitate. The tan solid was collected via vactiltmation and dried (0.147 g, 46%). IR (KBN¢o = 1961
cm?, ven = 2216 crit, vgy = 2490 crit. *H NMR (CDCl, 8): 7.75, 7.72, 7.67, 7.61, 7.52, 7.26 (each 1Hheac
d, Tp H 3 or 5 position), 6.36 (2H, 3y = 2.0 Hz, 2-position pyrrolyl B), 6.25 (2H, m (overlapping triplets),
Tp CH 4 position), 6.16 (2H, tlyy = 2.0 Hz, 3-position pyrrolyl B), 6.13 (1H, t, Tp € 4 position), 2.39 (3H,
s, NCH3). Homonuclear decoupling study &f A screw cap NMR tube was charged wit{0.026 g, 0.059
mmol) and 0.7 mL of CDGI The irradiation of the resonance at 6.36 ppm peed a singlet at 6.16 ppm.

Changes in coupling to other resonances (e.g., ldtullue to the Tp ligand 3 and 5 positions) wese n
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observed. These results confirm that the resonaacés36 and 6.16 ppm are due to tpyrrolyl ligand.
C{*H} NMR (CDClj, 8): 202.1 CO), 145.2, 143.5, 142.2, 135.6, 135.5, 134.6 (Tp 3 position), 130.9 (2-
position of pyrrolyl), 122.4 (8Me), 106.2, 106.1, 105.7, 105.6 (Tp 4 position @nabsition of pyrrolyl), 4.5
(NCCHy).

Reaction of TpRu(CO)(NCMe)N-pyrrolyl) (8) with HCI. A screw cap NMR tube was charged with
8 (0.017 g, 0.037 mmol) and approximately 0.7 mIC&Cl;. A 'H NMR spectrum was acquired. The solution
was cooled to -78C, and 0.05 mL (0.2 mmol) of HCI (in dioxane) waidad. The solution was allowed to
slowly warm to room temperature. A NMR spectrum revealed new resonances consistiémfovmation of
free pyrrole (6.06 and 6.65 ppm) and TpRu(CO)(NCBAe)

TpRu(CO)(NCMe)(OTf) (9). The preparation of9 by an alternative method and details of
characterization have been previously repotefiwo new methods for the preparation ®fare disclosed.
Method 1. TpRu(CO)(NCMe)CI (0.240 g, 0.573 mmol) and AgOTfl47 g, 0.573 mmol) were placed in a 50
mL round-bottom flask and dissolved in THF. Theusioh was heated to reflux for 30 min with the atva¢ion
of a white precipitate. Upon confirmation of reacticompletion by IR, the volatiles were removed amd
reduced pressure. The residual material was tageim «CH,Cl, and passed through a plug of Celite. Upon
addition of hexanes to the filtrate, a yellow sq@dieecipitated. The solid was collected by vacuuirafion and
dried (0.286 g, 90%).

Method 2. TpRu(CO)(NCMe)Me 1) (2.929 g, 7.35 mmol) was taken up in 50 mL of ,CH and
cooled to -78C. Triflic acid (0.65 mL, 7.3 mmol) was added dragsvto the solution of, yielding observable
CH, evolution and a dark yellow appearance. After aation of all volatiles the residual yellow solicasv
taken up in minimal CkCl, and passed through a column of silica. The yeliduent was collected and
isolated by addition of hexanes and vacuum filbmatiThe yellow solid (3.240 g, 80%) was dried ovginh
under vacuum.

[TpRuU(CO)(NCMe)(n*-OC Hg)[BAr ;] (10). TpRu(CO)(NCMe)Cl (0.095 g, 0.18 mmol) and
NaBAr, (0.150 g, 0.179 mmol) were dissolved in 5 mL of FTEnd placed in a 50 mL reaction flask. The
solution was heated to reflux for approximately ®.nThe solution was cooled to room temperature, e

volatiles were removed under vacuum. The residwale dissolved in 2 mL of methylene chloride andsea



108

through a plug of Celite. The solvent was removednfthe yellow filtrate under reduced pressureetivé an
off-white solid. The product was washed with pestaand collected by vacuum filtration. The off-white
product was dried in vacuo to yield 0.164 g (60%).(KBr): veo = 2004 crif, vgy = 2502 crit. *H NMR
(CDCls, 0): 7.87, 7.79, 7.76, 7.32 (each 1H, each a d, Hp3Cor 5 position), 7.69 (9H, m, overlap of BAr'
ortho position and Tp 3 or 5 position), 7.54 (5H,averlap of BAr para position and TpKC3 or 5 position),
6.41, 6.33, 6.21 (each 1H, each a t, HbLposition), 3.56 (4H, m, THFKG, 2-position), 2.34 (3H, s, NG43),
1.81 (4H, m, THF @, 3-position.’®F NMR (CDC}, 3): -62.7 (BAry). C{*H} NMR (CDCls, d): **C{*H}
NMR (CDCl, 3): 198.6 CO), 161.8 (BAy, ipso-carbon), 145.6, 144.9, 141.3, 137.8, 137.7, 1366 3,5
position), 134.9 (BAg, ortho), 129.1, (BAr, meta-carbon), 126.5N-pyrrolyl, a-position), 122.9 N-pyrrolyl,
B-position), 117.7 (BA§, para-carbon), 108.0 (RCHjy), 107.6, 107.5, 107.2 (Tp 4 position), 76.0 (BoddF,

1 and 2 position), 25.6 (bound THF, 3 and 4 pas)ti®.6 (NGCHs). Anal. Calcd for GgH1;BNgORu: C, 43.92;
H, 4.16; N, 22.42. Found: C, 43.58; H, 3.98; N821.

Kinetic ~Studies: Formation of TpRu(CO){k*N,N-(H)N=C(CH3)(NC,H3)} (7) from
TpRu(CO)(NCMe)Me (1) and Pyrrole. Two reaction vessels were each charged with TpRM(IKCMe)Me
(1) (0.321 g, 0.806 mmol, 0.161 M) and pyrrole (5.0,M.072 mol) to give homogeneous solutions. To one
vessel, 30 equiv of NCMe (based Drwas added. Both vessels were heated 78 an oil bath regulated by
an IKA-Werke ETCL1 temperature probe. Every 3 hrdeection solution was cooled for 15 min in an ieghb
and an aliquot of 0.30 mL was taken. The aliquatsendried under vacuum, the residuals were taken Qp7
mL of CDCk, and the resulting solutions were analyzedyNMR spectroscopy. This analysis was performed
in triplicate to ensure reproducibility. Sampleddic plots are given in the Supporting Information.

Kinetic ~Studies: Formation of TpRu(CO){k*N,N-(H)N=C(CH3)(NC,H3)} (7) from
TpRu(CO)(NCMe)(N-pyrrolyl) (8). A representative kinetic study is described. TpRD(NCMe){N-
pyrrolyl) (8) (0.019 g, 0.042 mmol) was dissolved in 0.7 mLaoétonitrileds;. The resulting yellow solution
(0.06 M) was placed in a screw cap NMR tube, and ik of pyrrole was added (0.226 mmol). The solution
was heated to 9TC in an oil bath. Periodically, the reaction vessat removed from the oil bath and placed in

an ice water bath for 15 min prior to analysis'HYNMR spectroscopy.
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Preparation of N-d;-Pyrrole. Pyrrole (5 mL) was combined with approximately 8Q of diethyl
ether in a round-bottom flask. The solution wasleddo -78°C, and MeLi (71.5 mmol) was added dropwise
by syringe. The solution was allowed to warm tomaemperature and the formation of a white preaipitvas
noted. The mixture was vacuum filtered, and theltes solid was washed with diethyl ether. TheidaVas
collected and combined with approximately 80 mldwthyl ether. The slurry was cooled to 1@ and RO
(D, 99.9%) (1.5 mL, 83 mmol) was added. The reactias allowed to warm to room temperature to preduc
yellow solution. The solution was vacuum filteresd the volume of the filtrate was reduced to axipnately
15 mL. The organic layer was removed and stirreelr NaSO, for 12 h. The diethyl ether was removed by
vacuum distillation. The product was collected hyrtlier vacuum distillation and analyzed by mass
spectrometry andH NMR spectroscopy for purity. Mass spectral dagidated a peak at 68/z, and the'H
NMR spectrum lacked the resonance due to the N{byoble.

Reactions UsingN-Deuteriopyrrole and Perdeuteriopyrrole. The following procedures were used
for all reactions involving deuterated pyrrolesséxew cap NMR tube was charged with TpRu(CO)(NCMe)M
(1) and the respective pyrrole. The tube was remdnaed the glovebox and heated in an oil bath at®@@or 6
h. Before and after heating the reaction, the Bniand headspace were analyzed using GC-MS.

Computational Methods. Quantum calculations were carried out using thesGian 98 packad?.
The B3LYP hybrid functional was employed for alll@adations®® Heavy atoms were described with the
Stevens relativistic effective core potentials (BLBnd valence basis sets (VBEsThe valence basis sets of
main group elements were augmented with a d pelémiz function. This ECP/VBS combination, termed
SBK(d), has been validated for the calculation ofvide variety of transition metal properties in yioas
studies®®*® As a model of the full (tris-pyrazolyl)borate (Tfyand, the tris(azo)borate (Tab) ligand, [HB(-
N=NH);]’, was used. In previous research, Tab was sho¥aittdully reproduce the structure and energetics o
the full Tp models for C-H activation potential ege surfaces® >*

All stationary points were fully optimized withoaymmetry constraint. Several conformations of the
different ligands were investigated by torsion abthe appropriate metal-ligand bond lengths; theelst
energy conformers found were used in the analysendelow. The energy Hessian was calculated lat al

stationary points to characterize them as mininmifmaginary frequencies) or transition states (ané only
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one imaginary frequency). The quoted energies dwlzero-point, enthalpy, and entropic corrections
determined from unscaled vibrational frequenciekuated at the B3LYP/SBK(d) level of theory. All

energetic determinations were done at 298.15 Klaauin.
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CHAPTER 4:
Development of Next Generation Hydroarylation Cataysts
Through Incorporation of Neutral Scorpionate Ligands

4.1 Introduction

In an effect to probe the influence of charge & thetal hydrophenylation catalyst, on catalytic
activity we have attempted to prepare cationic a@gml of TpRu(CO)(NCMe)Ph (Tp =
hydridotris(pyrazolyl)borate). An isoelectronictiodic system can be obtained upon substitutiothef Tp
ligand with a tris(pyrazolyl)alkane ligand. The oppsed target complexes of this study are
[MpRu(L)(PPR)Ph]BAr, (L = PPh, PMe&, P(OMe}, NCMe, or CO) and [EpRu(L)(Cl)Ph]BAr'(Ep =
tris(pyrazolyl)ethane; L = PRlor PMe). Chloride removal from EpRu(L)(Cl)Ph (L = PPtr PMe), upon
reaction with NaBAg, would yield a coordinatively unsaturated 16 el@ctspecies {[EpRu(L)Ph]BA#

potentially capable of catalyzing the hydrophenglabf olefins (Scheme 4.1).

+
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@ @ o < o o

N
NaBAr4

\| | -
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) = C-H activation (Q‘I/ u
e

Scheme 4.1. Proposed catalytic cycle for hydrophenylationetfiylene using EpRu(L)(Cl)Ph (L = PPbr
PMe;) as the precatalyst. Counterions have been eadltat clarity.

Calculations by Goddard et al. have been perforomed pRu(CO)(NCMe)Ph at the DFT level of

theory using the B3LYP functional and the LACVP*adis set. In contrast to experimental studies that
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suggest C-H activation is the rate determining ,5tepoddard’s computational investigation on the
hydrophenylation of ethylene to form ethylbenzesmg the TpRu(CO)(NCMe)Ph system reveals insettiion
be the rate determining step with an activationrgnéarrier 5.2 kcal/mol greater than that of C-¢fivaation.
The Mulliken charges for TpRu(CO)(NCMe)Ph and Paala system, [In-acacO)(acacO,0)(acac-C)],,
were calculated to be 0.07e and 0.45e, respectivElgspite the relatively lower electron densitye trate
determining step of the Ir system was also caledlab be the insertion step. It was proposedttietlectron
richness of the system, and therefore the methlilityato back-donate electron density to tiebound olefin
would increase the barrier to olefin insertion.isTis consistent with the calculation that the Rstsm is ~200
times faster than the Ir system at 4D3 Thus, more electron deficient systems might ectdaratalytic
reactivity might be realized.

As attempts are made to expand olefin hydroarylatieemistry to cationic systems, there are issues
that need to be considered. For example, duectoxidative character of the transition state dfl Getivation
(Ch. 1), reducing the electron density at the metalter might raise this activation energy barrfairther
complicating matters is the potential for off-loopactivity. For example, if olefin insertion isotdacile,
additional insertions of olefin would result in fife oligomerization or polymerization. However,

oligomerization or polymerization might be avoidedower olefin pressures.

4.2 Scorpionate Comparison

The architectural similarities of the neutral MpdeEp ligands results in an approximately isostend
isoelectronic environment to that of the Tp lig&ntivhen the boron atom of Tp is replaced with a carbtom
a neutral species results (Figure 4.1). The afiedll bond of Mp can be substituted with varyingyalér aryl
groups thereby allowing some structural flexibilit¢ompared to tris(pyrazolyl)alkanes, Tp ligandséhate in
the literature. For example, there is a relatidely population of Mp scorpionate analogs in the Gedye

Structural Database (CSD) relative to that of theate analogs (Table 4.1).
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Figure 4.1. Scorpionate and analogous tripodal ligands featur tris(pyrazolyl)borate (Tp),
tris(pyrazolyl)methane (Mp), and tris(pyrazolyl)atte (Ep).

Table 4.1. Populations of complexes of scorpionates andpsmoate analogs in the CSD.

substitution RC(pz)3 RB(pz)3
unsubstituted 49 436
substituted 89 1624

In attempting to understand structure-propertgti@hships when comparing Tp and Mp ligands, it is
imperative that flexibility of the tridentate binding modes for these classes ohtigsbe discussed. Whereas
cone angles define the degree of steric hindraboatahe surface of a metal center caused by afieplgand,
the bite size refers to the flexibility of a polydate ligand coordination. For these scorpiongtmnds, bite size
is defined as the average N-N distance at the poiitittachment to the metal center as displayédguare 4.2.
Zimmer found that as M-N bond distance increades bite size also increases, and the tris(pyradiglghds
are flexible as confirmed by CSD analysis througtadmining  The Tp ligands were found to have longer

apical atom-to-plane bond distances but similaf@wonational flexibilities.
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Figure 4.2. Diagram defining bite size as the N-N distancerupoordination to some metal (M = metal).

Zimmer and coworkers have evaluated differencethénstructure ok*-coordinated Mp analogs by
performing molecular mechanics (MM) calculations! @valuating trends in the CSDIt was found that the
steric strain of Ep is enhanced relative to Mp doeMe/H substitution. For example, the differerine
calculated steric strain is 7.9 kcal/mol between amg Ep when the M-N was set at 2.60 A (longestetqal
M-N bond distance based on the CSD). These treads been further substantiated by empirical olagienms.
Sanchez-Méndez et al. have observed thaiSMECH,C(pz) coordinates to Mo, Ti, and Pd yielding the
complexes [Mo(CQOyMe;SIOCH,C(pz)}, [Ti(CI) »(N'Bu){Me;SIOCH,.C(pz)}], and
[Pd(CI){Me ;SIOCH,C(pz)}], respectively’ Conversely, MgSiC(pz) does not bind to Mo, Ti, or Pd under
similar conditions. These results were interprdtgdhe authors to be directly related to the fistpressure” of
the carbon substitueht.

In addition to the architectural flexibility, eleohic differences imparted on the metal center iy M
and Tp have been evaluated by Fujisawa and cowstk&hey found that cationic complexes that contajm M
ligands are electron-deficient relative to Tp syste For example, TPCu(CO) (TP = hydridotris(3,5-
isopropylpyrazolyl)borate) and [MpCu(CO)]X (Mg™" = tris(3,5-isopropylpyrazolyl)methane; X = Pbr
ClO,) displayvco of 2056 cn and 2107 cm, respectively. In addition, cyclic voltammetry svased to
measure the oxidation potential,§Fof Tp"'Cu(NCMe) and [M"Cu(NCMe)]PF giving values of 0.17 V and
0.58 V (vs. NHE), respectively.

Direct comparisons have also been conducted betigeand Ep. Gibson et al. have synthesized
[MpRe(CO}|Br and [EpRe(CQjl and performed single-crystal X-ray diffractionudies to compare the

structure$. It was found that the methyl group of Ep does genterate significant structural differences from
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that of Mp. For example, Re-N bond lengths difigran average of only 0.013 A. The average N-Reshd
angles differ by only 09 The observation by Zimmer that M-N bond lengtbreases with increase in bite

size is consistent with the Mp/Ep comparisons widpeas observed to be of greater, though minoxiligity.

4.3 Results and Discussion
4.3.1 Mp Complexes
4.3.1.1 Cationic CO Complexes

Synthesis of [MpRu(PRJCO)H]BAr', (11) was accomplished via counter-ion exchange upon
reaction of [MpRu(PP)(CO)H]CI with NaBAr; in THF (Scheme 4.2). Complete counter-ion exckangs
confirmed by the integration of BArortho- and para-positions in the'H NMR spectrum relative to the
integration of other resonances. The complex ysnasetric, consistent with the observation of 9 reswes
due to aromatic Mp positions in thid NMR spectrum. The hydride resonates as a doabldi2.25 ppm. The
salient feature in thEF NMR spectrum is a singlet at -65.5 ppm. Phaisland heating (12XC) of 11in the
presence of D¢ gives multiple products and no reaction, respebtiv

The complex [MpRu(PR)CO)H]BAr; was refluxed in chloroform to vyield
[MpRu(PPR)(CO)CIIBAr'; (12) (Scheme 4.2). The reaction progress was mouitoyelR spectroscopy using
the spectroscopic handlgo. A shift invco from 1947 crit {{MpRu(PPh)(CO)H]BAr", (11)} to 2000 cn* for
12 was observed. The shift to higheis is consistent with reduced electron donating gbdf Cl relative to
that of the hydride ligand. Furthermore, upon tieaccompletion, disappearance of the hydride lijaras
observed byH NMR spectroscopy. Compleb2 was heated to 1T in NCCD; with the intent to synthesize
[MpRu(CO)(NCMe)(Ch]BAr;,, however, the reaction went to multiple productsttempted alkylation ofl2
with MeLi, MeMgCl, and MgMg each failed to give desired results. The reactif 12 with PhMgCl and PhLi

gave no reaction.
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Scheme 4.2.Synthesis of [MpRu(PRJ{CO)H]BAr"; (11)and [MpRu(PPk(CO)CI|BAr'; (12).
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Figure 4.3. *H NMR spectrum of [MpRu(PRJ{CO)H]BAr', (11) in CD;OD.
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Figure 4.4. *P NMR spectrum of [MpRu(PR}{{CO)H]BAr', (11) in CD;OD.
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Figure 4.5. *F NMR spectrum of [MpRu(PR{CO)H]BAr', (11) in CD;OD.
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4.3.1.2 Cationic Phosphine Complexes

Mixed phosphine systems were also prepared. Fampbe, [MpRu(PP$)(PMe;)CI|CI (13) was
synthesized by stirring [MpRu(PBECI]CI in the presence of PMé& THF at ambient conditions (Scheme 4.3).
The loss of symmetry in going from reactants todpids Cs > C;) is consistent with the observation of
inequivelant resonances due to 3, 4, and 5 pyrhgositions in both théH and**C NMR spectra. Integration
of PPh peaks in theH NMR spectrum ofl3 is consistent with the loss of one equivalent Bhf Two
doublets are observed in tAi#® NMR spectrum. The coupling observed in e NMR ¢Jsp = 37 Hz) is
consistent with @is-arrangement of phosphine ligands. In additiosingle-crystal X-ray diffraction study was
performed on [MpRu(PR}PMe;)CI|CI (Figure 4.6). Data parameters are listedrable 4.2. In a separate
reaction, [MpRu(PPH(PMe&)CI|BAr', (14) was synthesized by reacting [MpRu(BPRMe)CI|ClI  with
NaBAr, in MeOH at reflux conditions (Scheme 4.3). A $@gn the®F NMR spectrum ofl4 confirmed
displacement of the chloride counter-ion by the BAnion. The changes in chemical shift in theNMR
spectrum upon conversion of [MpRu(RFRMe&)CI|CI to [MpRu(PPR)(PMe)CI|BAr', are small € 0.6

ppm).

ey T ey Ty e B
N—N\‘ cl N_N\I/C' NaBAF, N_N\|/C'
/S PMey | e NeBAN o
CR Sppn, THE (R SpuggMEOR A R oy
O O R (®)

13 14

Scheme 4.3.Synthesis of [MpRu(PRJ{PMe&;)CI]|CI (13) and [MpRu(PP$)(PMe&;)CI|BAr', (14).
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C12

Figure 4.6. ORTEP of [MpRu(PPH(PMe;)CIICI (13) (30% Probability). Selected bond distances @):N1
2.080(2), Ru-N3 2.132(2), Ru-N(5) 2.173(2), Ru-P2081(8), Ru-P2 2.3072(9), Ru-Cl 2.4164(7). Seléct

bond angles (deg.): P1-Ru-P2 96.86(3), Cl1-Ru-P0#3), Cl1-Ru-P2 93.24(3), N1-Ru-N3 84.94(8), N&-R
N3 82.83(8), N1-Ru-N5 84.54(8).

Table 4.2. Selected crystallographic data and collectiomperters for [MpRu(PRJ(PMe;)CIICI (13).

[MpRu(PPR)(PMe&;)CIICI (13)

emperical formula &H4ClLNgP,Ru
Fw 766.63
cryst syst triclinic
space group P1
a, A 10.262(1)
b, A 10.920(2)
c, A 17.114(2)
a, deg 108.246(2)
B, deg 92.637(2)
y, deg 102.270(2)
vV (R) 1859.1(3)
z 1766.6(3)
Deacas g CM° 1.441
R1, wR2 (I > &(1)) 0.0491, 0.1088

GOF 1.000
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Figure 4.7. *H NMR spectrum of [MpRu(PRJ(PMe;)CI|CI (13) in CDCk.
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Figure 4.8. 3C NMR spectrum of [MpRu(PR{PMe;)CI|CI (13) in CDCk.
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Figure 4.9. P NMR spectrum of [MpRu(PR}{PMe;)CI|CI (13) in CDCl.
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Figure 4.10. 'H NMR spectrum of [MpRu(PRJ{PMe;)CI|BAr', (14) in CDCk.

T
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0 400 38.0 36.0 34.0 32.0 30.0 280 26.0 240 220 20.0 18.0 16.0 14.0 12.0 10.0

Figure 4.11. *'P NMR spectrum of [MpRu(PRY{PMe;)CI|BAr' 4 (14) in CDCE.
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T I I D — T T T (— I I I — T T T
PPM -35.0 -45.0 -55.0 -65.0 -75.0 -85.0 -95.0 -1050 -115.0 -1250 -135.0 -1450 -155.0 -165.0 -1750 -1850 -195.0

Figure 4.12. % NMR spectrum of [MpRu(PR}{PMe;)Cl|BAr', (14) in CDCE.

The complex [MpRu(PRhCIIBAr', (15 was prepared by reacting the previously reported
[MpRu(PPh),CI]CI with NaBAr', (Scheme 4.4)*H and**C NMR spectroscopy reveal resonances originating
due to the Mp 3-, 4-, and 5-positions in a rati®df. Also consistent wits symmetry is the single peak in
the *P NMR spectrum resulting from the equivalent PRfands. A single peak in tH&F NMR spectrum is
observed at -62.6 ppm. From [MpRu(BR&I|BAr', the complex [MpRu(PR}Me]BAr', (16) was prepared
by reaction with MgMg in benzene (Scheme 4.4). A shift in tie NMR resonance was observed to occur
from 39.3 ppm to 52.1 ppm. A new triplet resonatie integrates for 3H is observed at 0.06 pprhétH
NMR spectrum. Cyclic Voltammetry (CV) df6 reveals the RY" potential at 1.2 V (vs. NHE). No direct
electronic comparison can be made between theniaifidp complex and the Tp analog since TpRu@piRte
has not been isolated. However, despite the Tpmatontaining such a highly efficiertacid, CO, complex
16 is more electron deficient as indicated by the"R potential (, = 0.95 V) of the Tp system

(TPRU(CO)(NCMe)Me)’
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7 Ph3 Yy Tph 5 |BATY PPh _|BA“‘
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Scheme 4.4.Synthesis of [MpRu(PRRCI|BAr'4(15) and [MpRu(PP¥,Me]BAr', (16).

T T T T T T T T T T
PPM 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0.0

Figure 4.13. 'H NMR spectrum of [MpRu(PRRCI]BAr' 4 (15) in CDCk.
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T T T T T T T T T T T T T
PPM 140.0 120.0 100.0 80.0 60.0 40.0 20.0 0.0 -20.0 -40.0 -60.0 -80.0

Figure 4.14. 3P NMR spectrum of [MpRu(PRRCI|BAr', (15) in CDCh.

T T T T T T — T T I —— — T R —
PPM -35.0 -45.0 -55.0 -65.0 -75.0 -85.0 -95.0 -1050 -1150 -1250 -135.0 -1450 -155.0 -165.0 -1750 -185.0 -195.0

Figure 4.15. %F NMR spectrum of [MpRu(PRRCI]BAr', (15) in CDClh.
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PPM 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0.0

Figure 4.16. 'H NMR spectrum of [MpRu(PRjpMe]BAr', (16) in CDCk.

L B L A L A N D U N U T T T T T
PPM 200.0 180.0 160.0 140.0 1200 100.0 80.0 60.0 400 200 0.0 -200 -40.0 -60.0 -80.0 -100.0 -120.0 -140.0 -160.0 -180.0 -200.0 -220.0

Figure 4.17. 3P NMR spectrum of [MpRu(PRjzMe]BAr', (16) in CDCk.
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T T T T T T T T T T T
PPM -30.0 -50.0 -70.0 -90.0 -110.0 -130.0 -150.0 -170.0 -190.0

Figure 4.18. %F NMR spectrum of [MpRu(PRpMe]BAr', (16) in CDCk.

Intramolecular C-H activation of a PPligand is observed when [MpRu(P{Me]BAr', (16) was
heated (70C) in neat @Dg (Scheme 4.5). The orthometalated product exhibitsdoublets (60 ppm and 40
ppm) with a coupling constant of 40.0 Hz in tHENMR spectrum. Interestingly, only GHby *H NMR
spectroscopy) is produced at T0, however, at 96C both CH and CHD is produced, Figure 4.18, as outlined
in Scheme 4.5. Likely, at higher temperatures, @ebvation of benzene is more accessible and fiveralso

observed.
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Scheme 4.5. Accessible intramolecular C-H activation and imetecular C-D activation by
[MpRu(PPh),Me]BAr', (16) accessed under varying thermolytic conditions.
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l'.u.vl‘ti

Figure 4.19. (A) CH, produced by intramolecular C-H activation of a P@€fH bond. (B) CHD and CH

produced by intermolecular C-D activation gDg and intramolecular C-H activation of PRE&+H bond.
Preparation of mixed phosphine complexes was @¥$ended to include phosphites. For example,

heating (80 °C) [MpRu(PPR).CIICI in THF in the presence of P(OMe)yields the product

[MpRu(PPR){P(OMe)s}CI|CI (17) and free PPh(Scheme 4.6). Notable upon the coordination GIN?¢); is

the 2Jpp coupling observed in theéP NMR spectrum. Resonances in 2 NMR spectrum occur at 138.4 ppm

{P(OMe)g} and 142.0 (PP} with a®Jpp= 142 Hz.



Scheme 4.6.Synthesis of [MpRu(PRHP(OMe);}CI|CI (17) from [MpRu(PPHR),CI|Cl and P(OMe).

|
ol |
. \“ MUJW'JL el s b
9.5 8.5 7‘5 6.5 55 45 3‘5 2‘5 1.‘5 0.‘5 -0.‘5

Figure 4.20. 'H NMR spectrum of [MpRu(PR{P(OMe);}CI|CI (17) in CDClk.
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PPM 180.0 160.0 140.0 120.0 100.0 80.0 60.0 400 200 0.0

Figure 4.21. 3P NMR spectrum of [MpRu(PRK{P(OMe):}CI|CI (17) in CDCh.

Photolysis of [MpRu(PR)(CO)CI|BAr; (120 in the presence of NCMe vyields
[MpRu(PPh)(NCMe)CI]|BAr, (18) (Scheme 4.7)H NMR spectroscopy revealed bound NCMe ligand gaves

NCCH; resonance at 2.95 ppm.

7> u/C' hv '\\'/7'\'\ u/C'
N@/ | \CO N-gi\)/le Q] | \NCMe
\\/N@ \\/N@>
12 18

Scheme 4.7. Photolysis of [MpRu(PRNCO)CIBAr, (12) in the presence of NCMe yields
[MpRu(PPR)(NCMe)CI|BAr', (18).
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Figure 4.22. 'H NMR spectrum of [MpRu(PR{(NCMe)CI|BAr', (18) in NCMe-ds.

| "y

(NN il A
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Figure 4.23. 3P NMR spectrum of [MpRu(PR{NCMe)CI|BAr'; (18) in NCMe<ds.
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T T T T T T T T T T T T T T
PPM -20.0 -40.0 -60.0 -80.0 -100.0 -120.0 -140.0 -160.0 -180.0 -200.0

Figure 4.24. %F NMR spectrum of [MpRu(PRF{{NCMe)CI|BAr'; (18) in NCMe-ds.

4.3.1.3 Neutral Phosphine Complexes

A series of complexes of the type MpRu@@lg (R = Ph, OMe, or Me) was synthesized.
MpRu(PPR)(CI), (19) was prepared by heating [MpRu(RR&8I]CI to 130°C in THF thereby dissociating one
ligand of PPk and coordinating the chloride counter-ion (Scheir®. Similarly, the MpRu{P(OMg)(Cl) »
(20) was prepared by heating [MpRu(RFR(OMe)}CIIClI in THF to 130 °C (Scheme 4.8).
MpRu(PMe)(Cl), (21) has been prepared by two different methods (Seh&18). Photolytic scission of the
Ru-PPh bond of the complex [MpRu(PBPMe;)CI|CI gives MpRu(PMg)(Cl), in 61% isolated vyield.
Alternatively, thermolysis can also be applied rashie production of MpRu(PJXCl), (R = Ph or OMe). For
example, heating [MpRu(PBPMe;)CI|CI in THF to 130°C gives MpRu(PMg(Cl), in 79% isolated yield.
The MpRu(PR)(CI), (R = Ph, OMe, or Me) complexes are insoluble irstremlvents. This lack of solubility

hinders the ability to prepare methyl and phenyhptexes (see below).
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Scheme 4.8.Preparation of complexes of the type MpRWiPR), {R = Ph (19), OMe @0), or Me 1)}

HO

Figure 4.25. 'H NMR spectrum of MpRu(PRKCI), (19) in DMSO-ds.
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PPM 140.0 120.0 100.0 80.0 60.0 400 200 00 -20.0 -40.0 -60.0 -80.0

Figure 4.26. *'P NMR spectrum of MpRu(PRX(CI), (19) in DMSO-ds.

__J . JUJ‘WJLWW - JW’W‘MWA )

AR MU T T T T T T T T T 1T = 1 T T
PPM 14.0 13.0 12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0.0 -1.0 -2.0 -3.0 -4.0

Figure 4.27. 'H NMR spectrum of MpRu{P(OMg)(Cl) » (20) in DMSO-s.



Figure 4.28. 'H NMR spectrum of MpRu(PM#CI) (21) in DMSO-d.
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T T T T T T T I T T T T T
PPM 200.0 180.0 160.0 140.0 120.0 100.0 80.0 [l .0 20.0 0.0 -20.0

Figure 4.29. *C NMR spectrum of MpRu(PMKCI), (21) in DMSO-s.
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T T T T T T T T T
PPM 130.0 110.0 90.0 700 50.0 30.0 10.0 -10.0 -30.0 -50.0 -70.0 -90.0

Figure 4.30. *'P NMR spectrum of MpRu(PMECI), (21) in DMSO-s.

4.3.2 Ep Complexes
In order to potentially enhance solubility and famotection of the acidic Mp C-H bond, several
EpRu(PR) (R = Ph or Me) were prepared. The Ep ligand im&®duced to the metal center by reacting Ep

with Ru(PPBR)3(Cl), in toluene under reflux conditions to produce E(RK)(Cl), (22) (Scheme 4.9).

N——N
l Cl
Toluene Ru
Ep + Ru(PPhg);Cl, ————»
p u( 3)3 |0N/ \PPh3
PPy NT
\\ N
/
C
y O

Scheme 4.9.Synthesis of EpRu(PBRICI),.

Heating (80 °C) EpRu(PP(Cl), in NCMe in the presence of excess RMproduces
[EpRu(PPh)(PMe;)(CI]CI species. During this reaction, spectrqicmbservations by'P NMR spectroscopy

are consistent with the formation of the intermeadigEpRu(PP(NCMe)(CI)]CI (singlet at 48.2 ppm)
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(Scheme 4.10). [EpRu(PRENCMe)(CH]CI then reacts with PMe to ultimately convert to
[EpRu(PPB)(PMe&)(CN]CI  (Scheme  4.10). Formation of a mixed phiep complex
[EpRu(PPR)(PMey)(CI)]ClI is indicated by**P NMR spectroscopy with resonances at 47.8 and gfn® with
37 Hz coupling (consistent with as-phosphine arrangement). Due to the inability l&aply synthesize and
isolate the complex [EpRu(PR{PMe)(CI)CI, [EpRu(PPR)(PMe;)(CH]CI was used as an intermediate to
produce (THF, 126C) EpRu(PMeg)(Cl), (23). Free PPhwas observed in the filtrate. Upon reaction betwe

23 and MeLi, MeMgBr, and M#Mig no reaction was observed at ambient or elevaiegeratures.

cl CI
N | = J [
| \Ru NCMe l \ _—NCMe | Ru _—FPMes _THF \R
| Tppn, 80°C p/ \PPh &N T~ppn 120 C A pue
= 5 PMe; / 3 Nl 3 / 3
N7 N NN \\ N/ "
/ /
c c c
& @ / \@ o L> \\y
HaC
50.8 48.2 ppm 47.8 ppm (d 36.6 Hz) 18.7 ppm
[fopma e -

Scheme 4.10.Preparation of EpRu(PM¥CI), (23) from EpRu(PP(Cl), (22) and PMe with spectroscopic
observation of intermediates [EpRu(BRRNCMe)(CN]CI and [EpRu(PP)PMe)(CI]CI. All resonances
listed above are frofftP {"H} NMR spectra in DMSQds.

Figure 4.31. 'H NMR spectrum of EpRu(PRY{CI), (22) in DMSO-ds.
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Figure 4.32. *C NMR spectrum of EpRu(PBKCI), (22) in DMSO-s.
R
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Figure 4.33. *'P NMR spectrum of EpRu(PBRICI), (22) in DMSO-ds.
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Figure 4.34. 'H NMR spectrum of EpRu(PMECI), (23) in DMSO-ds.

Figure 4.35. *'P NMR spectrum of EpRu(PMECI), (23) in DMSO-ds.
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4.4 Summary
Several new cationic and neutral'Riomplexes containing the Mp or Ep ligand have Isenhesized
where incorporation of phosphines and other ddiij}@ds has been achieved. These synthetic schasndse

groundwork for the synthesis of new systems thapatentially active in C-H activation.

4.5 Experimental Section

General Methods.Unless otherwise noted, all synthetic proceduresevperformed under anaerobic
conditions in a nitrogen-filled glovebox or by ugirstandard Schlenk techniques. Glovebox purity was
maintained by periodic nitrogen purges and was toogd by an oxygen analyzer {& 15 ppm for all
reactions). Diethyl ether was dried by distillatifsam sodium/benzophenone. Acetonitrile and metharee
dried by distillation from Cakll Hexanes, methylene chloride, and tetrahydrofuwvare purified by passage
through a column of activated alumina. Acetalgebenzeneads, acetonitrileds;, dimethylsulfoxideds, and
chloroformd, were degassed with three freeze-pump-thaw cycldsstored under a Natmosphere over 4 A
molecular sievesH and**C NMR spectra were recorded on a Varian Mercury 80800 MHz spectrometer.
All 'H and**C NMR spectra were referenced against tetramethgksiusing residual proton signatsl NMR)
or the™C resonances of the deuterated solvEi@ NMR). *F NMR and®P NMR spectra were obtained on a
Varian 400 MHz spectrometer and referenced agaamstexternal standard of hexafluorobenzene and
phosphoric acid, respectively. IR spectra were medwsing a Mattson Genesis Il FT-IR as thin filomsKBr
plates or in solution using KBr solvent cells. GGMas performed using a HP GCD system with a 30 m x
0.25 mm HP-5 column with 0.25m film thickness. Complexes [MpRu(PHCO)H]CI, [MpRu(PPh),CI]CI,
Ru(PPh)s(Cl),, Mp, Ep, and NaBAy have been previously report¥d All other reagents were used as
purchased from commercial sources.

Improved Synthesis of [MpRu(PPh),CI|CIl. Improved yield by 23%, over the previously reported
yield of 53%™ A 250 mL round bottom flask was charged with(pisazolyl)methane (0.950 g, 4.44 mmol),
Ru(PPhR)s(Cl), (4.252 g, 4.44 mmol), and THF (150 mL) where thaction was allowed to stir at room

temperature for 5 hrs. The reaction was then &tteyn a fine frit. The filtrate was vacuumed tgrdrss. The
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product was precipitated by minimal gEl, and excess hexanes. The yellow solid was cotlemtea fine frit,
washed with pentane, and dried under vacuum oueargiglding 3.0875 g (76%).

[MpRuU(PPh3)(CO)H]BAr' 4 (11). [MpRu(PPh)(CO)HICI (0.377 g, 0.537 mmol) and NaBA(0.476
g, 0.537 mmol) were placed in a 100 mL round botflask and taken up in 80 mL of THF. The reactilask,
equipped with a Vigreaux column, was heated taurefh a glovebox, under Nfor 3 h. During reflux the
reaction solution became homogeneous. After hgatire solution was allowed to cool to room tempema
The reaction flask was evacuated of all volatiledar vacuum. The dried product was taken up inL5o0Mm
CH,CI, and passed through a plug of Celite by gravitydiilon. The filtrate was transferred to a roumdtdm
flask where the volatiles were removed under vacuurhe dried product was then taken up in MeOH and
passed through a second plug of Celite. The tiitveas evacuated of all volatiles and the prodocped out
and dried for 3 h under vacuum. IR (KBryco = 1947 crit. 'H NMR (CD;0D, 8): 9.44 (1H, s, Mp apical
position), 8.36, 8.28, 8.24, 8.10 (1H,H, = 2.8 Hz, Mp 1 3 or 5 position), 7.59 (8H, s, BAY, 7.47 (7H, m,
PPh para-position and BAy), 7.35 (12H, m, PRhmeta- and ortho-position),6.91,6.63 (1H,d, Jyy = 2.8 Hz,
Mp CH 3 or 5 position), 6.56, 6.42, 6.15 (1HJ4 = 2.4 Hz, Mp ® 4 position), -12.25 (1H, dyp = 26.4, Ru-
H). *P{'H} NMR (CD3OD, 3): 65.6 (s, PP}). *F{*H} NMR (CD40D, 8): 65.5 (s, BA).

[MpRu(PPh3)(CO)CIIBAr' 4 (12). [MpRu(PPR)(CO)H]BAr'; (0.015 g, 0.10 mmol) was taken up in
CHCI; (6 mL) (0.310g, 1.36 mmol) and placed in a 100 mund bottom flask. The reaction flask was
equipped with a Vigreaux column and heated to xeifftua glovebox, under Nfor 2 days. After heating, the
solution was allowed to cool to room temperatufée mixture was then evacuated of all volatiles seréped
from the flask. The product was dried overnighuimder vacuum leaving a yellow solid. IR (KBryco =
2000 cnt. *H NMR (CDCl;, 8): 8.20, 7.79, 7.781H, s, Mp G4 3 or 5 position), 7.72 (8H, s, BAY' 7.63 (1H,
d, Ep H 3 or 5 position), 7.50 (13H, m, PPand BAr; ), 7.39 (6H, m, PR, 6.81 (1H, sMp CH 3 or 5
position),6.50, 6.18 (1H, t, Mp B 4 position), 6.13 (1H, s, MpK 3 or 5 position), 5.93 (1H, t, MpHC4
position).

[MpRu(PPh3)(PMe3)CIICI (13). [MpRu(PPh),CI]CI (0.504 g, 0.553 mmol) was taken up in 30 mL
of THF in a 50 mL thick-walled glass vessel. Upaitdiion of PMg (0.098 mL, 1.11 mmol) immediate

attenuation of color intensity was observed.  Tké&rogeneous solution was stirred overnight 50amL
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thick-walled glass vessel and stirred at ambienti@mns 12 hours. The solution was purged indlovebox
where all volatiles were removed by vacuum. Thadpct was crashed out with @El, and hexanes, collected
on a fine frit, and washed with pentane. The yeliwoduct was dried overnight under dynamic vaci0rég4
g, 95.8%)."H NMR (CDCl, 3): 8.92, 8.75, 8.67, 8.13, (1H, 8= 2.4 Hz, Mp ®& 3 or 5 position), 7.66 (6H,
d, Jun = 9.2 Hz, PPhortho-position), 7.38 (3H, td)yy = 2.0 Hz and 7.6 Hz, PRpara-position), 7.30 (6H, td,
Jun = 2.0 Hz and 8.0 Hz, PPmeta-position),6.64 (1H, dJyy = 2.4 Hz, Mp 3 or 5 position), 6.46, 6.02, 5.85
(1H, t,Jyy = 2.6 Hz, Mp ®© 4-position), 5.68 (1H, dlyy = 2.4 Hz, Mp @& 3 or 5 position), 1.19 (9H, dpy =
8.4 Hz, PMg). **C NMR (CDCH): 147.5, 146.8, 145.0, 135.7, 134.8, 134.5 (1833 or 5 position), 134.1
(6C, d,Jcp = 37.3 Hz, PPhortho-position), 133.9 (3C, spara-position), 130.0 (3C, djcp = 12.4 Hz, PPh
ipso-position), 128.5 (6C, dlcp = 9.2 Hz, PPhmeta-position),108.4, 107.9, 107.7 (1C, s, Mp 4 positiord,2
(1C, s, Mp apical position},7.1 (3C, d, PMeCHs). **P{*H} NMR (CDCls, 8): 48.2 (d, PP¥), 12.2 (d, PMg).

[MpRu(PPh3)(PMe3)CIIBAr 4 (14). [MpRu(PPh)(PMe&)CIICI (0.857 g, 1.09 mmol) and NaBAr'
(0.843 g, 1.20 mmol) were placed in a 250 mL robottom flask and taken up in 150 mL of MeOH. The
reaction flask equipped with a Vigreaux column &edted to reflux in a glovebox, undey, Kor 30 minutes.
After heating, the solution was allowed to coolrtmm temperature and then evacuated of all vosatile
vacuum. The product was then taken up in@Kand passed through a plug of Celite. The filtrates then
filtered on a fine frit by gravity filtration. Th€elite plug was then rinsed with 50 mL of &H,. The filtrate
was dried in a 100 mL round bottom flask under waswand product was scraped out and dried overnitsht.
NMR (CDCk, 6): 10.20 (1H, s, Mp apical &), 8.33, 8.28, 8.23, 8.21 (1H, dyny= 2.4 Hz, Mp G1 3 or 5
position),7.70 (8H, s, BAy ortho-position),7.65 (6H, d Jyy = 9.2 Hz, PPhortho-position), 7.52 (4H, BAr',
para-position),7.38 (3H, ddJyy = 1.6 Hz and 7.2 Hz, PRpara-position), 7.31 (6H, td)y4 = 2.0 Hz and 8.0
Hz, PPR meta-position), 6.71 (1H, dJyy = 2.4 Hz, Mp 3 or 5 position), 6.46, 6.09, 5.861(1, Juy = 2.4 Hz,
Mp CH 4-position), 5.71 (1H, d,Jyy = 2.4 Hz, Mp @& 3 or 5 position), 1.19 (9H, -4 = 4.0 Hz, PMg¢).
3p{H} NMR (CDClj, 3): 47.4 (d,Jpp = 37.3 Hz, PP}, 11.7 (d Jpp = 37.3 Hz, PMg. *F{*H} NMR (CDCl,,
3): -62.7 (s, BA; CFy).

[MpRu(PPhj),CIIBAr' 4 (15). [MpRu(PPRh),CI]CI (1.438 g, 1.58 mmol) and NaBAf(1.220 g, 1.74

mmol) were placed in a 250 mL round bottom flask taken up in 150 mL of methanol. The reactionkflas
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was equipped with a Vigreaux column and heate@flox in a glovebox, under ]Nfor 1 h. The volatiles were
removed by vacuum. The solid was taken up in@and passed through Celite. The filtrate was then
vacuumed to dryness and taken up ilwhere a brown oil formed on the glass walls. Yakow solution
was decanted into a clean round bottom flask wtiereoroduct was precipitated out with hexanes afidated
on a fine frit. The product was rinsed with peetamd dried overnight (0.710 g, 79%H NMR (CD.Cl,, d):
8.01 (1H, s, Mp apical &), 7.98 (1H, d, 44 = 2.4 Hz, Mp ™1 3 or 5 position), 7.87 (2H, dyy = 2.8 Hz, Mp
CH 3 or 5 position), 7.73 (8H, s, BArtho-position), 7.56 (4H, s, BArpara-position), 7.566H, t, Jyy = 7.2
Hz, PPR para-position), 7.14 (24H, multiplet, PRlrtho- and meta-position), 6.95 (2H, dJyy = 2.4 Hz, Mp
CH 3 or 5 position), 6.07 (2H, tlyy = 2.4 Hz, Mp @& 4 position), 5.70 (1H, tJy4y = 2.4 Hz, Mp © 4
position),5.28 (1H, d Juy = 2.4 Hz, Mp @& 3 or 5 position).**C NMR (CDCL): 161.7 (4C, qiJcs = 49.5 Hz,
BAr', ipso-position),150.9 (1C, s, Mp 3 or 5 position), 148.7 (2C, s, Blpr 5 position)134.9 (2C, s, BA§'
ortho-position), 134.2 (12C, tJcp = 4.1 Hz, PPhortho-position), 133.2 (6C, multiplet, PRPIpso-position),
130.1 (6C, s, PRIpara-position), 129.2, 128.8 (8C, Yicp = 2.8 Hz, BAr; meta-position), 128.2 (12C, tcp =
4.1 Hz, PPhmeta-position), 122.9 (2C, s, Mp 3 or 5 position), 1391C, s, Mp 3 or 5 position), 117.6 (4C, t,
3Jce = 4.2 Hz, PPhpara-position),109.1 (2C, s, Mp 4 position), 108.4 (1C, s, Mp 4ifion), 76.1 (1C, s, Mp
apical position).*'P{*H} NMR (CDCls, 8): 39.31 (s, PP). *F{*H} NMR (CDCls, 5): -62.59 (s, BAg). Anal.
Calcd. For GgHs:NP,CliF2.B,Ru: C, 53.89; H, 3.02; N, 4.83. Found: C, 54.473H2; N, 5.22.
[MpRu(PPhj3),Me]BAr' 4 (16). [MpRu(PPh),CI|BAr', (0.2168 g, .125 mmol) and Mg (0.007 g,
0.125 mmol) were placed in a 100 mL round bottoeeskland taken up in 50 mL of benzene. After 3 adys
stirring the reaction, the solution became homogaseThe reaction was purged into the box and evacuzted
all volatiles by vacuum. The brown product wastheken up in CkCl, and passed through a plug of Celite.
The yellow filtrate was precipitated by GEl, and hexanes and collected on a fine frit by vacfiliration.
'H NMR (CDC}, 8): 7.73 (8H, s, BA ortho-position),7.62 (2H, Mp @& 3 or 5 position)7.54 (4H, s, BAg
para-position), 7.27 (6H, tJyy = 7.2 Hz, PPhpara-position), 7.26 (1H, s, Mp i€ 3 or 5 position), 7.09 (12H,
t, Jun = 7.6 Hz, PPhmeta-position), 6.94 (12H, s, PRbrtho-position), 6.57 (2H, slyy = 2.4 Hz, Mp 3 or 5

position), 5.89 (2H, t, Mp B 4-position), 5.77 (1H, t, Mp ®& 4-position), 5.50 (1H, dJyy = 2.0 Hz, Mp
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3 or 5 position), 0.06 (3H, t, Rukg). *P{*H} NMR (CDCls, 8): 52.1 (s, PP}). *F{*H} NMR (CDClj, d): -
62.4 (s, BA; CF3). CV: E,=1.19 V.

[MpRu(PPh3){P(OMe)3}CIICI (17). [MpRu(PPHh),CI|CI (0.500 g, 0.550 mmol) was taken up in 30
mL of THF in a 50 mL thick-walled glass vessel. Wpaddition of P(OMe) (0.065 mL, 0.550 mmol) the
solution was heated in an 8C oil bath for 6 hours.  Upon heating, the solutbecame homogeneous. The
solution was filtered under MNand the filtrate was evacuated of all volatil&he product was precipitated by
CH,CI, and collected on a fine frit by vacuum filtratiomhe product was washed with pentane (50 mL). The
yellow product was dried overnight under dynamicuem. *H NMR (CDCl, 8): 8.94, 8.72, 8.69, 8.16, (1H, s,
Mp CH 3 or 5 position)7.42 (6H, t,Juy = 9.2 Hz, PPhortho-position),7.36 (3H, t,Juy = 7.2 Hz, PPhpara-
position), 7.26 (6H, tJyy = 7.2 Hz, PPhmeta-position), 6.85, 6.37 (1H, s, Mp 3 or 5 positiod)33, 5.96, 5.89
(1H, t, Mp (H 4-position),3.48 (9H, d Jpi; = 10.4 Hz, P(OMe). **P{*H} NMR (CDCls, 3): 138.4 (d,Jpp =
142.0 Hz, P(OMe), 45.2 (d Jep = 142.0 Hz PPJ.

[MpRu(PPh3z)(NCMe)CIIBAr' 4 (18). [MpRu(PPR)(CO)CIIBAr, (0.256 g, 0.180 mmol) was placed
in a 100 mL thick-walled glass vessel and takennuplCMe (50 mL) stirred in the presence of a phydid
lamp for 3 days. The reaction was brought baak iheé glovebox and evacuated of all volatiles. Preduct
was taken up in minimal Ci€l, and precipitated with hexanes. The yellow prodves dried in the desiccator
overnight. IR (KBr): vey = 2940 crit.  ™H NMR (CDsCN, d): 8.83 (1H, s, Mp apical position), 8.29, 8.26,
8.19, 8.18 (1H, dJyy = 2.8 Hz, Mp ® 3 or 5 position)7.70 (8H, m, BAy, ortho-position), 7.67 (4H, s, BAy'
para-position), 7.45 (3H, m, PRIpara-position), 7.34 (12H, m, PRlpara- andmeta-position),6.96, 6.84 (1H,
d, Mp CH 3 or 5 position)6.57 (1H, m, Mp @& 4-position), 6.21, 6.08 (1H, 3,4 = 2.8 Hz, Mp ®&1 4 position),
2.26 (3H, s, NCE,). **P{*H} NMR (CDsCN, 8): 49.47 (s, PP). *F{*H} NMR (CDsCN, ): 60.8 (s, BAL).
Anal. Calcd. For [MpRu(NCMe)(PRHCI)BAr . C, 49.08; H, 2.66; N, 6.46. Found: C, 48.25:2:66; N,
6.39.

MpRu(PPh3)(Cl), (19). [MpRu(PPR),CI]CI (0.489 g, 0.592 mmol) and THF (35 mL) wergdsited
into a 50 mL thick walled glass reaction vesseiriioig a heterogeneous solution. Upon 2 minutesafihg
the reaction vessel in a 130 oil bath the reaction became homogeneous. Upuimétes of heating, a yellow

solid began precipitating from solution. After 2inutes of heating, the product was recovered fimedrit,
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under N, by vacuum filtration. The amorphous solid (0.884 79%) collected was rinsed with 50 mL of
pentane and allowed to dry under vacuum overnihtNMR (DMSO-ds, 3): 9.55 (1H, s, Mp apical position),
8.35 (1H, d, Mp @l 3 or 5 position), 8.29 (2H, d, MpHC3 or 5 position), 8.11 (1H, d, Mp 3 or 5 positipn)
7.54 (6H, tJyy = 8.8 Hz, PPhortho- or meta-position), 7.34 (6H, tJyy = 7.2 Hz, PPhpara-position), 7.25
(6H, t,Juy = 7.2 Hz, PPhortho- or meta-position), 6.61 (1H, m, Mp & 4-position), 6.35 (2H, d, MplE 3 or 5
position), 6.09 (2H, t, Mp B 4 position).**P{*H} NMR (DMSO-dg, d): 52.2 (s, PP}).

MpRu(P(OMe)3)(Cl), (20). [MpRu(PPhR)(P(OMe))CI|CI (0.258 g, 0.334 mmol) was taken up in 50
mL of THF in a thick walled glass reaction vessatl eneated in a 136C oil bath for 3 h. The product
precipitated during thermolysis and was collectadacdfine frit, under N by vacuum filtration. The yellow
solid was rinsed with THF and allowed to dry undacuum overnight'tH NMR (DMSO-<s, 3): 9.67 (1H, s,
Mp apical GH), 8.28 (1H, s, Mp € 3 or 5 position), 8.38 (2H, s, MpHZ3 or 5 position), 8.08 (1H, s, MpHC3
or 5 position), 7.73 (2H, s, MpHC3 or 5 position), 6.65 (1H, s, MpHC4-position), 6.49 (2H, s, MpiC 4
position), 3.45 (9H, dJyp = 10.4 Hz, P(OMe).

MpRu(PMej3)(Cl), (21). Method A (Photolysis): [MpRu(PPh)(PMe;)CI|CI (0.140 g, 0.180 mmol)
was taken up in 90 mL of THF in a thick walled glasaction vessel and photolyzed for 37 hours stithing.
The product precipitated during photolysis and w@tected on a fine frit, under,Nby vacuum filtration. The
yellow solid was rinsed with pentane and allowediitp under vacuum overnight yielding 0.064 g of darct
(77.1%). Method B (Thermolysis): [MpRu(PPh)(PMe;)CI|CI (0.500 g, 0.636 mmol) was taken up in 90 mL
of THF in a thick walled glass reaction vessel dmted in a 130C oil bath for 3 days. The product
precipitated during thermolysis and was collectadadfine frit, under N by vacuum filtration. The yellow
solid was rinsed with NCMe, THF, GBI, hexanes, and KD and then allowed to dry under vacuum overnight
yielding 0.180 g of product (61.3%)'H NMR (DMSO-s, 3): 9.63 (1H, s, Mp apical ), 8.41 (1H, dJyy =
2.7 Hz, Mp @ 3 or 5 position), 8.37 (2H, dyy = 2.7 Hz, Mp ® 3 or 5 position), 8.02 (1H, s, MpHC3 or 5
position), 7.75 (2H, d,q, = 2.7 Hz, Mp @& 3 or 5 position), 6.61 (1H, t, JHH = 2.7 Hz, M @-position),
6.47 (2H, dJun = 2.7 Hz, Mp @& 3 or 5 position), 6.08 (9H, dyp = 9.0 Hz, PMg). °C NMR (DMSO-@):

148.1 (2C, s, Mp 3 or 5 position), 144.4 (1C, s, ®1pr 5 position), 134.3 (2C, s, Mp 3 or 5 posijich32.1
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(1C, s, Mp 3 or 5 position), 107.9 (2C, s, Mp 4ipos), 107.6 (1C, s, Mp 4 position), 75.6 (1CMyp apical
position), 15.3 (3C, dlcp = 27.5 Hz, PMgCHy). **P{*H} NMR (DMSO-d;, 5): 20.73 (s, PMg).

EpRu(PPhg)(CI), (22). Ru(PPh)5(Cl), (1.303 g, 1.36 mmol) and Ep (0.310g, 1.36 mmoljensaced
in a 100 mL round bottom flask and taken up in 80aftoluene. The reaction flask equipped with @réaux
column and heated to reflux in a glovebox, undgrfdl 6 h. During reflux the reaction solution tathfrom a
homogeneous brown solution to a heterogeneouswaeltution. After heating, the solution was allave
cool to room temperature. The mixture was theterfild on a fine frit and rinsed with 50 mL of pemaand
then dried overnight in under vacuum leaving aoelsolid (0.710 g, 79%)*H NMR (DMSO-ds, d): 8.52 (1H,
s, Ep ¢H 3 or 5 position), 8.48 (2H, dyJ= 8.8 Hz, Ep ® 3 or 5 position), 8.16 (1H, d, EpHC3 or 5
position), 7.50 (6H, t,4}; = 8.8 Hz, PPhortho-position), 7.34 (3H, t,4 = 7.4 Hz, PPhpara-position), 7.24
(6H, t, 4y = 7.4 Hz, PPhmeta-position), 6.64 (1H, m, Ep K 4-position), 6.41 (2H, dluyw = 2.0 Hz, Ep € 3
or 5 position), 6.08 (2H, tl = 3.2 Hz, Ep @ 4 position), 3.35 (3H, s, EpHR). *C NMR (DMSO-d): 147.9
(3C, d,Jcp = 2.6 Hz, PPhipara-position), 144.9 (1C, s, Ep 3 or 5 position), Z38C, d,Jcp = 37.3 Hz, PPh
ipso-position), 134.3 (6C, dlcr = 9.2 Hz, PPhortho-position), 132.8 (2C, s, Ep 3 or 5 position), IB(LC, s,
Ep 3 or 5 position), 128.8 (2C, s, Ep 3 or 5 ponij 127.4 (6C, d)cp = 8.5Hz, PPhimeta-position), 107.2 (1C,
s, Ep 4 position), 106.9 (2C, s, Ep 4 position),88AC, s, Ep apical position), 21.4 (1C, s, ). *P{'H}
NMR (DMSO-dg, 3): 50.75 (s, PP).

EpRu(PMes)(Cl), (23).EpRu(CIy(PPh) (0.572 g, .864 mmol), PM€0.38 mL, 4.32 mmol) and
NCMe (80 mL) were placed in a 100 mL thick wallddss reaction vessel. This heterogeneous soluisn
heated in an 88C oil bath for 3 days. With occasional shakirftgra21 hours (of the 3 day period) the
reaction mixture became a yellow homogeneous soiutipon completion of heating, the tube was cotded
room temperature, filtered undeg Bind evacuated of all volatiles. The resultingRE(CI)(PPh)(PPMe&)]CI
yellow salt was taken up in minimal GEl, (8 mL) and precipitated with excess hexanes (8). nilhe yellow
solid was collected on a fine frit by vacuum fittea, rinsed with EXO (100 mL) and dried overnight under
dynamic vacuum. The yellow solid was then placed 50 mL Teflon sealed reaction with 40 mL of THF.
This heterogeneous solution was heated in &C2fll bath for 3 days. The solution became oraagta

darker yellow precipitate was formed (EpRu¢Ble;). The yellow solid was cooled to ambient condisio
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and collected on a fine frit, under nitrogen, bgwam filtration.  The yellow solid was rinsedtfitoluene,
THF, and EfO. This material was taken up in DMSO and purifigcboth aluminand silica column
chromatography using DMSO as the mobile phase. pfbduct was then precipitated by addition ofEto
the purified DMSO solution and collected by vacuiiliration on a fine frit. This final product wagashed
with EO (100 mL) and dried under vacuum overnigh€ NMR (DMSO-q): 147.9 (2C, s, Ep3or5
position), 144.5 (1C, s, Ep 3 or 5 position), 132, s, Ep 3 or 5 position), 130.8 (1C, s, Ep 3 position),
107.4 (2C, s, Ep 4 position), 107.2 (1C, s, Ep ditmm), 83.8 (1C, s, Ep apical position), 21.2 ($CEpCH5),

15.2 (3C, dJep = 27.5 Hz, PCH3)3). *'P{*H} NMR (DMSO-d,, 5): 18.73 (s, PMg).
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