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General introduction

Despite the fact that the reserves of methane, CH,4, the simplest hydrocarbon and the
main component of natural gas and other fossil fuels such as shale gas, are huge, there is an
ever growing pressure to use these reserves in a more sensible way on economic and
environmental grounds. Actually, methane is a potent green-house gas and its current uses in
industry, although very useful and valuable, lead to a considerable degradation of its energetic
and chemical quality. Many of them are high energy, poorly selective transformations. The
main reason for this is that its CH bonds are strong and inert. Thus there is also a scientific
challenge behind the so-called problem of “CH bond activation” of methane. Finding ways to
functionalize the CH bond(s) of methane selectively to high value-added chemicals using low
energy processes is a difficult but exciting problem.

This manuscript is divided in two parts. Results focusing on a mechanistic study of the
CH bond activation of methane by a transient n’-cyclopropene complex of niobium are
presented in the first part, which includes Chapter 1 (bibliographic introduction) and Chapter
2. The second part (Chapter 3) presents CH bond activation of heteraromatic and unsaturated
hydrocarbons by the same reactive intermediate.

The work presented has been carried out in the “Laboratoire de Chimie de
Coordination” (CNRS, Toulouse) in the framework of a joint project with the “Laboratoire de
Physique et Chimie des Nano-Objets” (INSA Toulouse, CNRS) funded by the Région Midi-
Pyrénées and the PRES-Universit¢ de Toulouse. It revolves around the mechanistic
investigations of the activation of the C—-H bond of methane by early transition metal
complexes with the aim of designing, ultimately, new catalysts able to functionalize methane
under mild conditions through new mechanistic pathways.

Chapter 1 summarizes the different ways by which transition metal complexes activate
the CH bond of methane. Late transition metal complexes usually activate the CH bond of
methane by oxidative addition, electrophilic activation and metalloradical addition, while high
valent, early transition-metal complexes cleave the CH bond of methane via two main
mechanisms: o-bond metathesis or 1,2-addition across M=N, M=C, M=C bonds. There is
only one case where the CH bond of methane is cleaved by a 1,3-addition across an
unsaturated 1’-1,3-butadiene tungsten complex. For the last two reactions, the reactive
intermediates are generated through the mechanistic reverse, namely intramolecular o-H or 3-
H abstraction of a hydrocarbon, respectively. Capitalizing on previous studies in the group,

we suggest that the transient m’-cyclopropene niobium complex [TpM*Nb(n’-c-
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Cs;Hg)(MeCCMe)] (A) could be a good candidate for the activation of CHy via a 1,3-addition
pathway.

In Chapter 2, we show that it is indeed the case. The niobium bound methyl group in
[TpM*NbCHj(c-C3Hs)(MeCCMe)] (1) abstracts a B-H of the cyclopropyl group
intramolecularly, generating A under very mild conditions. Degenerate exchange reactions of
methane isotopomers (*CH, and CDy) with 1 are reported. A kinetic study of the degenerated
exchange between 1 and CHy4 through spin saturation transfer experiments is provided.
Productive methane activation of methane giving 1 from the mesitylene complex
[TpMesz(CH2—3,5—C6H3Mez)(c—C3H5)(MeCCMe)] (3) is then realized together with a detailed
kinetic analysis of the reaction. DFT studies of key intermediates and transition state for the
methane CH bond elimination/activation are presented.

In Chapter 3 we show how complex A is able to selectively activate the CH bond of
heteroaromatics like furan and thiophene, unsaturated hydrocarbons like phenylacetylene, 1-
cyclopentene, pentafluorobenzene and ferrocene (FcH) to afford [TpM**NbX(c-
C;3Hs)(MeCCMe)] (X =2-C4H;0 (4a), 2-C4HsS (4b), PhC=C(5), 1-CsH7 (6), Fc(7), and CeFs
(8)) complexes under mild conditions. Selectivity issues based on thermodynamic properties
of CH versus NbC bond strengths are discussed. Electrochemical studies of complexes 1, 5, 6,
and 7 have been carried out to study the influence of the hydrocarbyl groups on the redox
properties of the complexes. An unexpected product arising from cyclopropyl ring opening
followed by alkyne coupling from 8 is also presented and DFT studies aimed at understanding
the mechanism of this reaction are discussed.

The manuscript ends up with a general conclusion where some perspectives are put

forward.
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Methane CH bond activation processes






Chapter 1

Chapter 1: Methane CH bond activation

Processcs

Methane is an highly abundant energy and chemical source found as the main
component of natural gas (80-90%) and shale gas.l’2 Current uses of methane include its full
oxidation to CO, and H,O to provide heat (and electricity) and the production of syngas (a
mixture of CO and H;) by steam reforming (CHs + H,O = CO + 3H,), a high energy
demanding endergonic process catalyzed by nickel-based catalysts at high temperatures (ca
700 — 1000 °C) and moderate pressure (< 25 bar), which is used for the synthesis of a whole
range of commodity chemicals.

Efficient catalytic functionalization of methane directly into easily transportable and
high value-added chemicals in a potentially clean and sustainable way remains a long term
goal on scientific, environmental, and economic grounds.”® Methane is indeed highly inert,
showing an ionization potential of ~12.5 eV,”® with Pauling electronegativities yc = 2.55 and
v = 2.20, an estimated pK, value of ~50-51 and a C—H homolytic bond dissociation enthalpy
of 440 kJ.mol™" at 25 °C.° Therefore, it is very difficult to activate the strong CH bond of
methane directly, in either a heterolytic or homolytic way.

Nature has provided enzymes, the so-called methane monoxygenases (MMO) ,"
which are able to oxidize the C-H bond of methane and other alkanes. Methane
monoxygenases (MMO) include two sorts of forms: the soluble form (sMMO) and the
particulate form (pMMO). The proposed catalytic cycle for the transformation of methane to
methanol catalyzed by sMMO is shown in Scheme 1.1."" The diiron centers in the MMOH, ¢4
form react with the O, to generate the peroxide intermediate P. P then converts to
intermediate Q, which was proposed to consist of two antiferromagnetically coupled high-
spin Fe'¥ centers with a diamond core structure. It is this species that oxidizes CH, to CH;0H,
regenerating the MMOHox form. The intermediate Q oxidizes methane to methanol through

either a radical or a nonradical pathway.
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Scheme 1.1. Transformation of methane into methanol by MMO.

At the industrial level, transformation of methane into high value-added products is
realized through either partial oxidation or alkane metathesis mechanisms catalyzed by
heterogeneous catalysts. The attractive oxidative coupling of methane to ethylene and water
(2 CHy4 + O, = CHy + 2 Hy0) has not reached levels of industrial relevance due to the
limiting global yield, the lack of stability and selectivity of the catalysts under the harsh
reaction conditions (> 700 °C).'? Methanol CH3OH, a highly desirable large scale
intermediate for fuel and chemical industry, is currently made from syngas (see above). The
alternative selective oxidation of methane to methanol (CH4 + 2 O, = CH30H) pauses the
recurrent problem of having a product, CH3;OH, more prone to oxidation than the reactant
CH, itself (CH bond dissociation energies for methane 440 kJ.mol™; for methanol 374 kJ.mol"
" yielding first formaldehyde CH,O then formic acid HCO,H and ultimately carbon dioxide
CO,.>® Remarkable selectivities (> 80%), turnover numbers (TON > 3000) and turnover
frequencies (TOF > 6000 h™") have been obtained recently in various Cu or Fe doped zeolites
under an international competition scheme, “the Methane Challenge” funded by the Dow
Chemical Company."

A promising approach to catalytic methane conversion is realized under the general
scheme of alkane metathesis, a reaction that occurs at early transition metal sites (e.g. well-
defined hydrides TaH and WH supported on silica or alumina;surface organometallic
chemistry).'* The equilibrating cross metathesis of methane and propane yields ethane (CH4 +

CsHg = 2 C,Hg), a reaction that can be extended to higher alkanes.'> A most remarkable

6
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reaction is the non-oxidative coupling of methane to give ethane and dihydrogen (2 CHy =
C,Hg + Hy). Despite an unfavorable Gibbs free energy thus low conversions, high selectivity
(98%) could be obtained in continuous flow reactors at moderate pressure (Pcps = 50 bar) and

temperature (T = 250 °C). The mechanism is shown in Scheme 1.2."°

|

CHs /“ Ta—H
| H,
Ta CH,

C2He

{ .

CH,

Ta \| CH,

Ta_CH3
Scheme 1.2. Proposed mechanism for the non-oxidative coupling reaction of methane

catalyzed by the silica-supported tantalum hydride (=SiO);Ta—H

The reaction is speculated to begin with the CH bond activation of methane by the
silica-supported tantalum hydride (=SiO),Ta—H to generate a surface tantalum-—methyl
species and molecular hydrogen. This tantalum—methyl, upon dehydrogenation, is
transformed to a carbene—hydride and a carbyne species and dihydrogen. Both species are
able to activate methane through a o-bond metathesis mechanism, yielding a methyl—
methylidene key intermediate. Then, the methyl group in (=SiO),Ta(=CH,)CH3, migratory
inserts onto the carbene ligand to yield the tantalum—ethyl bond. Finally, in the presence of
large excess of methane, the ethyl ligand can be exchanged with methane via oc-bond
metathesis, to generate ethane and return to a tantalum—methyl species.

With the hope of benefiting of the flexibility ascribed to homogeneous systems,
catalysis with discrete transition metal complexes has emerged as an important strategy.
Furthermore it potentially allows precise tuning of various factors so that the molecular design
of catalysts and the detailed understanding of the intimate mechanism of the reactions are
possible. A summary of the different ways of cleaving a CH bond by transition metal
complexes are shown in Scheme 1.3. Early and late transition metal complexes activate
methane by different mechanistic pathways, but only a few of them have led to catalytic
applications. In the following sections we will make a general overview of the CH bond
activation schemes by which late and early transition metal complexes may activate methane

in homogeneous conditions.
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Scheme 1.3. CH bond activation pathways at transition metal centers.

1.1- CH bond activation of methane by late transition metal

complexes

Late transition metal complexes activate the CH bond of methane by different
pathways such as the electrophilic substitution, oxidative addition, carbene insertion and
metalloradical addition. In the following section the main features of each type of CH bond

activation mechanism is discussed.

1.1.1- Electrophilic substitution
Late- or post-transition metals act as Lewis acids, reacting with methane by

electrophilic substitution in polar medium (Equation 1.1).

(€] ®

— L,M—CH; + HX (1.1)

Systems working through electrophilic substitution are described in Scheme 1.4. They
are remarkable since they constitute rare examples of catalytic methane functionalization with
homogeneous metal complexes, although with low TOF and TON. As developed by

17-19

Catalytica (Periana), routes C and D in Scheme 1.4 show the synthesis of methanol (or

some of its derivatives) by oxidation of methane avoiding the syngas route. These ways use
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Hg or Pt catalysts and operate under harsh acidic conditions (H,SO,4) at high temperatures
(180 to 220°C) ([Pt] = [(bpym)PtCl,], bpym = 2,2’-bipyrimidine). They give methylbisulphate
in 70% yield albeit with a very modest TOF (10~ s™'). These studies all rely on the initial
fundamental studies of Shilov conducted in the late 1960’s (routes A and B).?’ The conversion
of methane to acetic acid has also been achieved. It is performed either with V-based catalysts
(complex radical mechanism, trifluoroacetic acid, peroxodisulfate as oxidant, 50% yield route
E),”! or with a Pd(II) catalysts under Catalytica-like conditions with a TON of 4 (route F).**
Note that in these methane functionalization reactions, CH bond activation does not occur
through a conventional CH oxidative addition but rather via an electrophilic mechanism

where H' is expelled directly.

A) B)

C + PtCl,> + HCI + HCI

H,OH
PtCl 2
K,PtCl,
K,PtCI
D,0/CH,CO,D =Y H,0,120°C

[Pd]
F) [(CH,cO0S0H] +2H,0 +sO, +—— CH, T, CH,0SO,H | +2H,0 +S0, (C)
H,SO,

29U, H,SO,

=103 s-1
180 °C 180 °C TOF=103s
H,SO,
K,S,0,/CF,CO,
[Pt] \220 °C
80-90°C
[ CH,COOH | (CH,080,H ] +2H,0 + 50,
TOF =103 s
E) D)

Scheme 1.4. Catalytic methane CH bond functionalization by electrophilic substitution.

1.1.2- Oxidative addition

The most common mechanism of oxidative addition of the CH bond of methane is a
concerted 3-center addition in which the reducing equivalent from the metal must be high
enough in energy to locate at the C—H o* orbital and generate two new bonds (M—C and M—
H). According to equation 1.2, therefore, the increasing of the metal oxidation state by two

units is accompanied by the formation of two new metal-methyl and metal-hydride bonds.

H
L,M + CH, =— L,M— e

* H
—_— LnM/ (1.2)
CH,

CH,
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In the 1980s, Janowicz and Bergman23 and Graham®** discovered that electron-rich,
low-oxidation-state cyclopentadienyliridium(I) transients activate the CH bond of methane.
Graham et al. found that [Cp*Ir(CO)] and [CplIr(CO)], photogenerated from [Cp*Ir(CO);] and
[CpIr(CO);] added methane (20 bar) at room temperature in cyclohexane yielding the
respective iridum(IIT)hydridomethyl complex in 20% yield (Scheme 1.5).%

> | < ho él CH, (20 bar) > |<

, —_— i

Ir
/ ',’, -CO / RT / ‘ /c H3
ocC oc H

Scheme 1.5. Oxidative addition of methane by a photogenerated unsaturated Ir(I) complex.

Bergman reported that [Cp Ir(PMes)], produced by thermolysis (140-150°C for
several hours) of [Cp*Ir(PMe3)(c—C6H11)H] via reductive elimination, was able to cleave the

C—H bond of methane (20 bar) to give [Cp*Ir(PMeg)(CHg)H] in 58% yield (Scheme 1.6).>%

L CH, (20 bar) ]
Ir, _ = i

" P/ | 140-150°C / | "
eF q m - cyclohexane Me;P :

Me;P
Scheme 1.6. Oxidative addition of methane by a thermolytically generated unsaturated Ir(I)

complex.

The same authors discovered 10 years later that a cationic iridium(III) complex
[Cp”‘Ir(PMe3)(CH3)(CH2C12)][BArF4]27’28 was even more reactive toward methane. By
exchange reaction in the presence of *CH,, it was shown that this extremely electrophilic
Ir(1I0) cation could activate methane even at 10°C, yielding
[Cp*Ir(PMe;)(CH;)(CH,CL)][BArF,] (Scheme 1.7). Hall ef al. has computed an oxidative

addition-reductive elimination pathway involving an Ir(V) intermediate.”

10
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1+ BAr, 1+ B(Ar,

Ir,

/ . Ir,

—_—
“, “,
PMe -CH, / | 2
Cl,H,C 3 PMe;

CH; CloH,C 13CH,

Scheme 1.7. C—H bond activation of > CH, by [Cp*Ir(PMes)(CHs)(CH,Cl,)] [BArF,]

Jones and Maguire have taken advantage of the Re(IIl)/(V) couple, showing that
[CpRe(PPh;),H;] could catalyze the H/D exchange between C¢Dg and CH4, with 68 turnovers
over 3 h, representing one of the few catalytic methane-activating systems based on this

mechanism (Scheme 1.8).*°

H Re:+11111PPh,
CeDs H
CGDG%V y GobeHt
‘ hv ] ]
HY «Re wRe
\ PPis pph " “PPhg HY 1 Seen,
Phf Y,
H D
@ /\ CH,
CH,D HitnieRer 111 PPhy
w1
3 D H

Scheme 1.8. Mechanism for the H/D exchange between CH, and CsDy, catalyzed by a cyclo-

pentadienylrhenium(l) complex.

Other low valent complexes can also promote oxidative addition of methane. The
complex [(dmpe),FeH;] is the only first-row transition metal complex shown to cleave a CH
bond of methane by oxidative addition. At —100°C, the transient [(dmpe),Fe] species,
generated photolytically, activates methane (in liquid xenon) to form [cis-
(dmpe),Fe(CH3)H].>! Another group 8 complex, [(PMe;);Os(CH,tBu)H], eliminates
neopentane at elevated temperatures and pressures to generate [Os(PMes)s] which adds
methane in poor yields (16%).*>

In the presence of Re, Rh and Ir precursors, oxidative addition, coupled to borylation
reactions, has shown great potential for the functionalization of alkanes and arenes toward the
formation of extended C—C bonds.” However none of these transformations have been
expanded to CHy, possibly due to difficulties in manipulating this gas as well as to potential

competition between CH4 and the solvent itself.

11



Chapter 1

1.1.2.1- 6-CH, intermediates along the oxidative addition pathway

In the oxidative addition pathway, the cleavage of the methane CH bond by the
transition metal complexes likely starts by the coordination of the CH bond of methane to the
metal center. Four possible methane binding modes have been proposed for the c-coordinated

complexes, including the nl-H, nz-H,H, nz-C,H, and n3-H,H,H interactions (Scheme 1.9).34

H H
',’ .\\\\\H
nH 'H

n'-H n2-H, H n2-C, H n3-H, H, H

Scheme 1.9. Possible coordination modes of methane to a transition metal center.

Evidence for the existence of these c-complexes comes from sources such as matrix
and gas phase IR and UV/vis photolysis and, more recently, NMR spectroscopy; however the
actual coordination mode of methane is often unknown. Evidence of methane coordination
was initially suggested through UV/vis photolysis experiments in which a ligand dissociated
from the metal center generating a coordinately unsaturated complex, which was then trapped

by methane (Equation 1.3).

L CH, CH
LouM] === [L,M] [L.M(CHz-H)] === LnM:H (3

Unsaturated d° metal complexes such as [M(CO)s] (M = Cr, W) and [CpML,] (M =
Mn, Re) have been found to trap methane to form o-methane complexes. In the classic work
of Perutz and Turner, for instance, a methane complex was inferred by changes in the UV/vis
photolysis experiments where [Cr(CO)s] was photogenerated from [Cr(CO)s] in methane
matrix at 12 K. The detection of c-methane complexes has also been carried out by using
time-resolved infrared spectroscopy studies (TRIR). George and coworkers have recently
used TRIR to detect transient metal carbonyl o-methane and c-ethane complexes generated in
the supercritical alkane at room temperature from their IR spectra in the region of the CO
stretching frequencies.”® In scCHy4, in particular, transient methane adducts such as
[W(CO)s(CHy)], [CpM(CO)(CH4)] (M = Mn, Re), and [Cp*Re(CO),(CHy4)] could be
generated and the CHy4 binding enthalpies to the metal center have been obtained: W—CH4 (30

12
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kJmol"), Mn-CH, (39 kJmol'), and Re-CH, (51 kJmol") in [W(CO)s(CH.)],
[CpMn(CO)»(CH,)], and [CpRe(CO),(CHy)], respectively.’’ Theoretical calculations have
also established the plausibility of methane adducts especially as intermediates on the
pathway to oxidative addition. Methane complexation to 14 and 16 electron fragments,
sometimes derived from hypothetical complexes, has been studied by a variety of
computational methods. Depending on the computed system, the authors proposed either a n’-
C,H,*® or n'-H,* or n*-H,H" or n’-H.H,H,*' coordination mode, showing how all of the
structures reported in Scheme 1.9 may be envisaged.

Evidence for o-methane complex intermediates can be inferred from isotopic labeling
experiments: specifically, 1) the observation of deuterium exchange between hydride and
methyl sites (such as between [L,M(CH3)D] and [L,M(CH;,D)H]), and i1) the measurement of
kinetic isotope effects (KIEs). A series of kinetic and thermodynamic deuterium isotope
44

effects have been described in the literature by the groups of Norton,** Bercaw,” Green,

Parkin® and Jones*® (Scheme 1.10).

Norton, Bercaw

Rs Rs
é \ _CHs é \ _CH,D
W\ —_— W\

/ D ~— / "H

<> <>

Green, Parkin

/E‘/CHa - /é\ _CH,D
X W. X w72
W == w3,

X= CH2, SiM92

Jones

Tp* CH Tp* CH,D
~—
RNC/ \D RNC/ \H

Scheme 1.10. Interconversion of [L,M(CH3)D] and [L,M(CH,D)H].
In the interconversion of [W{(n-CsHs)CMer(n-CsHy)}(CH3)D] to [W{(n-

CsHyg)CMe,(n-CsHy) } (CH,D)H] by ’H NMR (F igure 1.1), for instance, the disappearance of

the deuteride signal is associated to the appearance and growth of the new CH;D signal .
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Figure 1.1. The ’H NMR spectra of [W{(n-CsHyCMey(n-CsHy)}(CH3)D] in benzene as a
function of time (high field extension).

The measurement of the kinetic isotope effect is realized by the study of rate constants
using '"H NMR spectroscopy. Norton* has shown that comparison of the rate of CH,
elimination from [Cp,W(CH3)H] with that of CD4 from [Cp,W(CD3)D] occurred with an
inverse isotope effect of 0.7 at 72.6 °C (Scheme 1.11).

\W/CD3 (CH;) 73°C
—_—
/ D (H) +CD;CN/CgDg o~/ N
-\ cogcH, D
kHIkD =0.7

Scheme 1.11. Kinetics of CH,/CD, elimination from [Cp,W(CH3)H]/[Cp,W(CD3)D].

Other complexes that exhibit inverse KIE include [Cp*,W(CH;3;)H] (0.70),%
[CpaRe(CH3)H]™ (0.8),*7 [(Mestacn)Rh(PMes)(CH3)H]™ (0.74),* and [(tmeda)Pt(CH3)H(CI)]
(0.29).* Jones has analyzed this inverse isotope effect systematically.”® As shown in Scheme
1.12, the proposed reaction steps are similar for all these examples and the formation of the
methyl hydride product is reversible. The intermediacy of a c-methane complex is often

demonstrated by preparation of a methyl deuteride complex, which then reversibly scrambles
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the deuterium into the a-hydrogen of the methyl ligand, presumably via the unseen c-methane
complex. Dissociation of methane from the c-complex, followed by irreversible trapping of
the reactive fragment [L,M] with an external ligand, is typically observed as a slower process.
The [L,M(CH3)D] compound slowly transforms into the unseen nz-C,D intermediate through
reductive coupling, which interconverts first into the nz-H,D, and then into the nz-C,H c-
methane intermediates by the fast exchange of deuterium with hydrogen. Then the n*-C.H
bond of methane recoordinates with the metal center and is cleaved by the metal to form

[L.M(CH,;D)H] (Scheme 1.12).

D D H
D ke . N N
e —_ L"M-------‘C< _— L,M cl:\
n
TCHy ko boH H
fast u fast
b .
N .H k
LM e —4. LM + CHyD
H H Ka
fast 1L fast
_CH,D ke ® "3/
LM = L M- | =— LM ¢
H o nVIsZ W \H \H/ \H
'oC

Scheme 1.12. Deuterium scrambling in the interconversion of [L,M(CH;)(D)] with
[L.M(CH:D)(H)].

The reductive elimination, thus, consists of reductive coupling (rc) followed by
dissociation (d), while the microscopic reverse, oxidative addition, consists of ligand
association (a) followed by oxidative cleavage (oc). The rate constant for irreversible
reductive elimination is a composite of the rate constants for reductive coupling (ki),
oxidative cleavage (koc), and dissociation (kg), namely, kobs = krcka/(Koctkq). For kg << ko, Kops
= krcka/Koc, 1f the isotope effect for dissociation of CH3D is considered to be close to unity (i.e.
[ka/ks”] = 1), the isotope effect on reductive elimination is dominated by the ratio of the
isotope effect on reductive coupling to that of oxidative addition, i.e. [Kee /kee ]/ [Koe /Koc ]
This ratio is identical to the equilibrium isotope effect (EIE) for interconversion of
[L,M(CHj3)D] and [L,M(CH,D)H] which would be predicted to be inverse because the zero-
point energy difference between M—H and M-D bonds in the methyl hydride complex is
smaller than the zero-point energy difference between C—H and C-D bonds in the c-methane
complex. In most of the examples the inverse kinetic isotope effect is due to an inverse

equilibrium isotope effect (i.e. KeqH/ P <1). Two possibilities have to be used to illustrate this
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phenomenon. In one case, shown in Scheme 1.13(a), besides the zero point energy difference
in the reactant and product, there are also zero point energy differences in the transition state.
In this case there is an inverse kinetic isotope effect (ke /kr” < 1) for the reduction coupling
step and a normal kinetic isotope effect (kOCH/kOCD > 1) for the reverse oxidative cleavage step.
In the second case, shown in Scheme 1.13(b), there is no zero point energy difference between
C-H and C-D bonds in the transition state. Normal kinetic isotope effects are assumed on
both directions. However, kinetic isotope effect in the oxidative cleavage step is much larger
than kinetic isotope effect in the reductive coupling step, which results in an inverse isotope

effect for the global reaction.

(a) ° (b)
D
Koe| koc
H M +R—HD)
e[k \Uk
H(D) H(D)
v—| u—]
R R
\ Kie Ko \ Kic Ko
H = <1 and 5 >1 H = >1 and —= >>1
D KRe KSe D kae KSe
M/“‘D’ ) M/”‘D’ e
N, ’Q 'ﬁxz!: N & *é’c
= — = <1 —=» = <1
: R ke ? S ke
e Kae

Scheme 1.13. Inverse isotope effect.

Two important points can be noted. First, both situations are consistent with an inverse
equilibrium isotope effect separating the methyl hydride complex from the o-methane
complex, since the transition state does not affect the equilibrium. Second, the observation of
an inverse kinetic isotope effect for the loss of methane from a methyl hydride/deuteride
complex cannot, in itself, distinguish between these two cases. The examples reported until
now for the D(H)/CH;3;(CH,D) scrambling“_46 show a normal kinetic isotope effect for
reductive coupling and oxidative cleavage, the latter being larger than the former. These
systems, therefore, are best described by Scheme 1.13(b), by which the inverse equilibrium
isotope effect arises as a result of two normal isotope effects of different magnitudes that
oppose each other. Scheme 1.13(a) has been never observed for the D(H)/CH;(CH,D)
scrambling, but it has been observed for the D(H)/C¢D,H3(C¢H,D3) scrambling in the

coordinatively unsaturated fragment [Cp*Rh(PMes)].” :
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NMR experiments have also been used to characterize c-alkane complexes. The
alkane complexes [Cp’ReL(Cp)(alkane)] (L = CO, PFs; alkane = n-CsHi,, n-C;H;¢, c-CsHo,
c-C¢Hi, i-C4Hy0),”? (HEB)W(CO)y(pentane),”® CpRe(CO)x(alkane) (alkane = ¢-CsH,, 2,2-
dimethyl-butane) and CpiRe(CO)z(alkane) (alkane = ¢-CsHjy, n-C7H16),54
CpMn(CO)z(alkane)5 > (alkane = C,Hg and i-CsHj,) have been generated by low-temperature
photodissociation experiments in pure alkane solvents. Although these thermally unstable
species are produced in modest yields, the c-alkane complexes are well characterized by low
temperature 'H and C NMR spectroscopy. However, this method is not applicable to
methane due to its very low boiling point. The only full NMR characterization of a transition
metal o-methane complex in solution has been reported by Bernskoetter, Brookhart and
coworkers in a rhodium(I) compound.”® Protonation of the rhodium(I) methyl complex,
[(PONOP)Rh(CH3)] with H[BAr"4](Et,0), in CDFCL, solvent at —110°C yields the rhodium(I)
o-methane complex, [(PONOP)Rh(CH,)][BAr',4] (Scheme 1.14), which was characterized by

a series of low-temperature 'H, *H, ?C NMR experiments.

O—P'Bu, O—P!'Bu,
— — H

y R‘h oy, HBANELO), Mo

—Rh— —_— B A,
N\ / CDCLF,10°C N N

0—P'Bu, 0—P'Bu,

Scheme 1.14. Synthesis of the [(PONOP)Rh(CH,)][BAr" ] o-methane complex

As shown in Figure 1.2, the 'H and "C NMR spectra of the
[(PONOP)Rh("*CH,)][BAr"4] compound at —110 °C exhibit a doublet of doublets at & —0.86
ppm (Jeg = 124 Hz, Jrpn = 6.3 Hz) and a quintet at & —41.7 ppm (Jcg = 124 Hz),

respectively.

| LT
N e Y e et

T T T — T T T T — T L T
-0.60 <0.70 -0.80 <0.80 -1.00 -1.10  ppm 38 40

48 | dsoom

Figure 1.2. The 'H and >C NMR spectra of [([PONOP)Rh("CH,)][B(4r"),] at —110 °C
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Even at —110 °C, methane rapidly tumbles in the coordination sphere of rhodium,
exchanging free and bound hydrogens. Kinetic studies reveal a half-life of about 83 minutes at
—87°C for the dissociation of methane. Remarkably, the o-methane complex,
[(PONOP)Rh(CH4)][BATr" 4] is shown to be more stable than the corresponding rhodium(III)
methyl hydride complex. DFT calculations showed an unsymmetrical interaction between
rhodium and the methane ligand, with only one C—H bond coordinated to the metal according

to a n°-C,H coordination mode in Scheme 1.9.

1.1.2.2- o-complex-assisted metathesis (6-CAM) mechanism

Different from the familiar oxidative-reductive elimination mechanisms and c-bond
metathesis (see below), CH bond activation of methane could also happen without changing
the oxidation state of the late transition metal in the o-complex through the so-called 6-CAM
mechanism.”’

Hartwig first has proposed that borylation of methane at [CpM(CO)y(boryl)]
complexes (M = Fe, W) could occur through the 6-CAM mechanism via DFT calculation.™
The mechanism is shown in Scheme 1.15. A 6-CH4 complex A is first transformed to o-
borane B via a 6-CAM step. Then B undergoes o-rotation to form o-borane B’. B’ is
converted to oc-alkylborane C with B—C bond coupling via a second o-CAM step.
[CpRhH{B(OR),}] or [CpRh{B(OR),},] complexes also follows this mechanism.

M
l\
H3C< \ B(OR),

+CH M H
M-B(OR) —> yy.c | BIOR) . -
3 \H ¢-CAM
A m *
[

M M [mc(%(b/:)

e \/B(OR)z - Hac/ N\ H -
3 H o rotation B(OR), c-CAM
B

M—)  -CH;B(OR),
H — > M-H
"“CH,B(OR),

c
Scheme 1.15. Borylation of methane at [CpM(CO),(boryl)] complexes (M = Fe, W) via o-
CAM mechanism

Ng et al. has also reported that [TpRuH(MeCN)(PPh;)] catalyzes H/D exchange
between methane and C¢Dg at 100 °C. The 6-CAM mechanism has been analyzed by DFT
calculations. n°-H,, n>-CHs, and n’>-benzene ligands are involved in this mechanism (Scheme
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1.16).” The bonds between the nonmetal atoms connected to the metal center could be

cleaved in the transition states of the 6-CAM step.

[{Ru}H(n*-C4Dg)] —> [{Ru}(C¢Ds)(n*-HD)]
—> [{Ru}D(n*CeDsH)] ey [{Ru}D(n*H-CHg)] + CeDsH
—> [{Ru(CH3)(n*-H-D)] —> [{Ru}H(n*D-CHy)] , etc
Scheme 1.16. H/D exchange between methane and CsDs at 100 °C through o-CAM

mechanism.

Lam ef al. has compared the behavior of Fe, Ru, and Os in the reaction of [MH] (M =
[TpFe(PH3)], [TpRu(PH3)], [TpOs(PH3)]) with methane to form [MH(n?-CH,)], which is then
transformed to [MCH3(T‘|2—H2)] and then to [M(CH3)] and dihydrogen via DFT calculations.”
In contrast to the oxidative cleavage mechanism for Os, Fe and Ru complexes follow the o-

CAM mechanism.

1.1.3- Carbene insertion

A different approach to selective alkane CH activation and functionalization involves
the insertion of electrophilic carbon into CH bonds. This strategy has been realized recently
by the Perez, Etienne and Asensio groups via the catalytic insertion of a carbene into the C—H
bond of methane.®"*** By using a perfluorinated tris(indazolyl)borate ligand on Ag(I), high
pressures of methane (160 atm), supercritical CO; conditions (250 atm), and ethyldiazoacetate
(EDA) as the carbene source, methane has been converted into ethylpropionate by
carbene :CHCO,Et insertion into a CH bond of methane (Scheme 1.17(a)). TON and TOF of
734 and 1.4 x 107 s, respectively, have been achieved, the latter being, to the best of our
knowledge, the highest conversion rate reported to date for methane functionalization under
homogenous conditions. A plausible mechanism for CH functionalization of methane (and
other hydrocarbons) involves metal-catalyzed N, elimination from the diazo substrate
followed by carbene transfer mediated by a highly electrophilic metal carbene intermediate
(Scheme 1.17(b)). In this chemistry, therefore, the metal complex does not break directly the
CH bond of methane but rather a very electrophilic silver carbene complex polarizes the inert

CH bond to induce insertion.
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Scheme 1.17. Catalytic functionalization of methane by carbene insertion.

1.1.4- Metalloradical addition
In the early 1990s Wayland et al. discovered that (tetramesitylporphyrin)Rh(II)

compounds activated the CH bond of methane by a metalloradical pathway to form a Rh—H
and a Rh-Me bond under mild conditions.” ™ Kinetic studies showed that the reaction rate
was second order in the (tetramesitylporphyrin)Rh(II) radical system and first order in CHy.
The rate determining step was proposed to be the CH cleavage of methane with the formation
of a linear 4-center Rh...H...C...Rh transition state featuring a trigonal pyramidal methane
(Scheme 1.18). When CD4 was employed, a large, temperature dependent, KIE was measured
(8 at 23°C and 5 at 80 °C), consistent with methane CH bond cleavage being the rate-
determining step. Wayland et al. also reported that complexes containing porphyrin ligands
joined by a m-xylene tether could activate CH4.®*®® DiMagno e al. has found that a perfluoro
and perfluoroaryl substituted porphyrin of Rh(II) activated and ultimately functionalized

methane by delivering the methyl carbonium moiety to PPhs to give [PPh;CH5]".%

| -
2Rh(TMP): + CH, —>[ Rh(TMP)———H-—-Iq---Rh(TMP)l —>» Rh(TMP)—H + Rh(TMP)-CH,3
HH

Scheme 1.18. CH bond activation of methane by Rh(TMP) radical
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1.2- CH bond activation of methane by early transition metal

complexes.

High oxidation state early transition metal complexes (and related electropositive
metals such as lanthanides or actinides) have been also shown to activate the CH bond of
methane (and more generally hydrocarbons). In these cases, the mechanistic pathways
involved are o-bond metathesis, 1,2-addition (often following a-H abstraction) and 1,3-

addition (often following B-H abstraction).

1.2.1- o-Bond metathesis.

Electron poor d” and d’f" transition metal alkyl and hydride complexes are able to

7“2 The 6-bond metathesis mechanism

activate saturated C—H bonds by c-bond metathesis.
involves the formation of a polar four-center, four-electron transition state in which the metal—
alkyl bond of the original complex is broken to form a new metal-alkyl bond and free alkane
(Scheme 1.19). The o-bond metathesis differs from the other mechanisms discussed herein in

that the CH activation is the rate-determining step.

CH3
CPl,,. Cp;, 8% cpl,,
_—~M—CH; + CH, —> M H&H — }M—CH3+ CH,
Cp* cp* \\\/ Cp*
CH3
&=

Scheme 1.19. o-bond metathesis of methane.

Watson found that yttrium and lutetium metallocenes methyl complexes activate the
CH bond of methane through a four-center transition state, where the hydrogen atom being
transferred is located at the midway point between the two methyl groups. *CHy reacts with
[Cp*2M(CH3)] (M = Lu, Y) through a degenerate exchange process to form [Cp*zM(13CH3)]
and CH4 at 70°C (Scheme 1.20).70 The decrease of the intensity of the 13CH4 and LulSCHg
signals is accompanied by the concomitant growth of the '*CH, resonance, as observed by
both 'H and *C NMR (Figure 1.3). In addition, [Cp*,Lu(CHj3)] reacts with CD4 to give
[Cp*,Lu(CDs3)], which is characterized by ’H NMR spectroscopy (Scheme 1.20). Kinetic
studies show that the reaction rate is first order in [Cp*,;Lu(CH3)] and first order in CHa,

implying a four-center transition state.
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Scheme 1.20. Degenerate reactions of [Cp,Lu(CH3)] with BCH, and CD;
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Figure 1.3. "H NMR spectra of reaction of [Cp*>Lu(CHj)] with >CHy as a function of time at
70 °C.

Q hr

Bercaw’s group has undertaken an in-depth investigation of the reaction of
permethylscandocene hydride or alkyl derivatives for the activation of sp’, sp® and sp CH
bonds of various hydrocarbons.”' *CHy reacts with [Cp*,Sc(CHs)] through a degenerate
exchange process to form [Cp*QSc(]3CH3)] and CH4 at 70°C. The reaction with the Sc
derivative is approximately 50 times slower than that with [Cp*;Lu(CH3)] and 250 times
slower than that with [Cp*,Y(CH3;)]. DFT calculations by Maron and Eisenstein showed that

the relative rates of reactions for Sc, Y, Lu are influenced by the ionic radius of the metal.”

73-76 . .
the reaction coordinate

According to experimental and computational papers,
proceeds to the transition state (TS) with no intermediate. The TS for the CH bond cleavage
has a distinctive kite shape with an almost linear CHj...H...CHj; disposition and the C—H
bond distance is much longer in the transition state (1.33 A) than in free methane (1.09 A)."
The alternation of charge is reminiscent of a proton transfer between two negatively charged

methyl groups (Scheme 1.19). Bond critical points (BCP) are located along the M—C and C-H
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coordinates, and ring critical points (RCP) are located inside the c-M—C—H—C, which suggests
the four-center geometry of the o-bond metathesis transition state. The fact that no BCP can
be located along M—H coordinate suggests no direct interaction between the hydrogen and the
metal center during H transfer.””®

Marks has found that the thoracyclobutane [Cp*,Th(°“CH,C(CH;),CH,)] activates
methane in a similar manner affording [Cp*,Th(CH3)(CH,C(CHs3)3)] in 50% yield (Scheme
1.21).”* An intermolecular KIE of 6(2) has been measured when CDy is used, demonstrating

that cleavage of the methane C—H bond is involved in the rate-determining step.

. ] \ o 60 °C / >;\
Th N + CHy —>» Th
cyclohexane \
CH;

Scheme 1.21. CH bond activation of methane by [Cp*,Th(‘CH,C(CH3),CH>)]

In 2003, Sadow and Tilley demonstrated that metallocene-alkyl complexes of
scandium could activate methane preferentially over benzene at room temperature. By
coupling o-bond metathesis and migratory insertion reactions, they have realized the catalytic
coupling of methane and propene to give 2-methylpropane. As shown in Scheme 1.22(a),
[Cp*,ScCHj3] inserts propene to give [Cp*,Sc(CH,CH(CHj3),)]. This complex reacts with CHy
to give 2-methylpropane and regenerate the methyl complex with a low TON of 4. Attempts
to improve the TON met with limited success since the ansa-bridged complex
[Op*:Sc(CH,CH(CH3);)] 1s more active towards methane activation than
[Cp*:Sc(CH,CH(CHj3),)] but is less selective for olefin insertion.™ [Cp*:Sc(CHs3)] is also a
catalyst for the dehydrocoupling reaction of methane and diphenylsilane by which Ph,SiH,
and CH4 are converted into PhoMeSiH and H, via two consecutive o-bond metathesis

reactions (Scheme 1.22(b)).8"*
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Scheme 1.22. Productive o-bond metathesis of methane.

1.2.2- 1,2-CH addition.

Addition of a CH bond across a metal-ligand multiple bond has been referred to as
1,2-CH bond addition. Although this process resembles 6-bond metathesis, since it involves a
4-center transition state, the outcome is significantly different. The 1,2-CH bond addition,
indeed, involves the generation of a high energy, metal-ligand multiply bonded intermediate,
which performs the CH cleavage step. A remarkable system based on four-coordinate group 4,
5 and 6 metals has been developed by Wolczanski and coworkers. The first example of
methane activation (among many hydrocarbons) is exemplified by tris(amido)alkyl zirconium
complexes of the type [(‘BusSiNH);ZrR]. *** With R = Cy, cyclohexane is eliminated above
80°C by an intramolecular a-CH abstraction of an amido hydrogen to give the transient,
unobserved, diamido imido complex [(‘Bu3SiNH),Zr=NSi'Bus] (Scheme 1.23). After methane
coordination, this reactive unsaturated complex cleaves the C—H bond of methane to give the
methyl complex [(‘BusSiNH);Zr(CH;)] via 1,2-CH addition. The experimental study of the
microscopic reverse, methane elimination from [(‘Bu;SiNH);Zr(CHs)], reveals large
intramolecular kinetic isotope effects and a negative entropy of activation pointing to an
ordered transition state not dissimilar to that of the o-bond metathesis with a characteristic
alternation of charges as corroborated by computational studies.® Intricate kinetic and
thermodynamic studies on this and related systems (i.e. [(‘BusSiO), Ti(NHSi'Bus)R])***
indicate that an unobserved methane adduct precedes the CH bond activation process. The
stability of the alkane adduct is central to the understanding of selectivity issues. Related

amido imido vanadium® and tungsten® complexes also activate methane via this o-CH
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abstraction / 1,2-CH bond addition scheme.

Bu3S|\N/H HyC——H
| -CyH | 'BusSiHNs,, ‘BusSiHN,, |
g —»[ ‘ /Zr:NS|‘Bu3] S [ - /Zr:NS|‘Bu3]
tBu,SiHN y Bu;SiHN Bu3SiHN
NHSi'Bu; ﬂ
BuSSi\N/H H;;\ . S
[N
| ‘Bu;SiHN,, ,"’ }?
BusinT \ wew, ~ | Z"\\i
tBu,SIHNT &+ N
NHSi'Bu, 3 5
Si'Bu,

Scheme 1.23. CH bond activation of methane by a zirconium imido intermediate.

More recently, the a-CH abstraction / 1,2-CH bond addition has been extended to
metal carbon triple bonds by Mindiola (Scheme 1.24).° A transient titanium alkylidyne
compound [(PNP)Ti=CR], generated by a-H abstraction of an alkane from an alkyl alkylidene
complex [(PNP)Ti(=CH'Bu)(CH,Bu)], cleaves a CH bond of methane following a similar
pathway. Remarkably [(PNP)Ti(=CH'Bu)(CH3)] extrudes methane very slowly at room
temperature (t;, = 62 h at 25°C). Just like in the zirconium case, there is a strong polarization

of the Ti=C bond involving a proton-like transfer in the TS.

PiPr, PP, PiPry
|4CH'Bu -CH3'Bu |¢C‘Bu |/CH‘Bu

N—Ti— N—T|

—_—
| cH,Bu | 80 bar ~cn,
P'Pr, PPr, P'Prz

Scheme 1.24. C—H bond activation of methane by a titanium alkylidyne intermediate.

Isotopic labeling studies, including KIE experiments, show H/D exchange between the
Ti—~CH; and Ti=CH'Bu positions. The dehydrogenation of CH4 to methylidene is especially

important because it could allow for the conversion of methane to an industrially important
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reagent such as ethylene, via intermolecular “CH,” coupling routes. As suggested in this
study, therefore, 1,2-CH bond addition and tautomerization may constitute a plausible
pathway for the dehydrogenation of methane, forming in the process a terminal titanium
methylidene. Unsaturated metal alkylidenes had been known previously to activate CH bonds

of other hydrocarbons’** but this was the first example for methane activation.

1.2.3- 1,3-CH addition.

Compared to the numerous examples of reversible a-CH abstraction / 1,2-CH bond
addition reactions, there are few examples of reversible B-CH abstraction / 1,3-CH bond
addition from dialkyl complexes and only one d