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Why Interest in Methane? 
 Depletion of Oil Reserves 

 Global Warming due to fossil fuels 

 Public Resistance to Nuclear Energy 

 Methane combustion > oil 

Chem. Rev. 1995, 95, 987.  



Fuel Challenges 
 Permanent Gas – Pressures cannot liquefy, only 

low temp can 

 Pipelines used – but requires high pressure and 
not cost effective 

 Purification 

 C2 – C4 molecules 

 Sulfur 

 Water 

 

Chem. Rev. 1995, 95, 987.  



Synthetic Issues 
 Tetrahedral Geometry 

 Unusually high C-H bond strength 

 Least reactive alkane by radical reagents 

 Methyl cation is highly unstable 
 Least reactive alkane with hydride abstraction 

 High Ionization potential 

 Unreactive toward electron transfer reactions 

 Methane is sterically unhindered, so in theory a 
very large reactive catalyst should be selective 

Chem. Rev. 1995, 95, 987.  
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Industrial Uses of Methane 

Holmen. Cat. Today. 2009, 142, 2.  



Methanol Conversion 
 Steam Reforming 

 Fischer-Tropsch 

 

 No direct process 

 Current work: none with high conversion, yield, or 
catalyst stability 



Steam Reforming 
 Hydrogen gas from primary energy feedstock 

 

 Water Gas-Shift 

New Zealand Institute of Chemistry 



Methanol to Gasoline 
Process 

 Take syn gas produced from steam reforming: 

 

 

 

 

New Zealand Institute of Chemistry 



MTG Process (cont) 
 Use of ZSM-5 cat 

 

 

 Product Composition 

 

 

 
 VII-Energy-D-Methanol-16 

Figure 14 

Figure 14 - Product time plot of products in w/w% against space time in hours

New Zealand Institute of Chemistry 



HZSM-5: Zeolite Socony 
Mobil 

 Chemical formula: NanAlnSi96-nO192
 . 16H2O 

 Heterogeneous Catalysis 



Fischer-Tropsch Process 
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Alkyidyne Complexes  
 room temp 

 1,2 C-H bond 
addition 

 Methylidene 
product for 
polymers 

Mindiola. Chem. Sci. 2011, 2, 1457.  



1,2-Addition 
 Metal-nonmetal double bond 

 

 Unexplored area 

JACS. 1988, 110, 8731.  



Oxidation through Pt 
 Shilov Process 

 Catalytic in Pt(II) but requires stoichiometric 
amounts of Pt(IV) 

 Non radical selectivity patterns (Electrophilic)  

Periana. Nature. 2002, 417, 507.  
 



Low Temperature Oxidation 
 Oxidation of Methane to Methyl bisulphate 

 90% selectivity 

 Product is of little use 

 Must go through another 

    conversion 

 72% yield, 89% convers. 

    81% selectivity 

Periana. Nature. 2002, 417, 507.  



Modified Periana’s 
Catalyst 

In a typicalreaction,the catalyst is m ixed w ith the oleum

and the reactor is then sealed and pressurized w ith m ethane.

The pressure in the vessel gradually decreases, suggesting

consum ption of m ethane. A fter w orkup of the reaction

m ixture, the form ed m ethanol is analyzed to quantify the

activity.Interestingly,the achieved m ethanol concentrations

in the final reaction m ixtures and the turnover num bers

(TO N ) proved to be rather sim ilar for allthree system s (Pt-

C T F, K 2[PtC l4]-C T F, and the m olecular Periana catalyst;

Table 1).Forallsam ples,selectivities form ethanolform ation

above 75% could be reached. The m ajor by-product,

determ ined by FT IR analysis ofthe gas phase,is C O 2.

A lthough these resultsare prom ising,single-run activity is

obviously notthe decisive pointfor a heterogeneous catalytic

system ,butrather recyclability and stable catalytic activity of

the m aterial. Pre-coordination of platinum in the C T F

m aterial prior to catalysis leads to the Pt-C T F catalyst,

w hich show svery stable activity over severalrunsw ith T O N s

above 250 (Figure 1a).Surprisingly,the m aterialexhibitsvery

low activity in the firstcatalytic cycle,reaching a T O N ofonly

26,w hich increases to stable values above 250 forsubsequent

cycles.The nature of the activation process is not yet fully

clearbutm ay be related to rearrangem entofplatinum species

w ithin the sam ples,resulting in form ation ofthe active species

under reaction conditions.

X -ray photoelectron spectroscopy (X PS) analysis of the

C FT m aterialreveals an average C /N ratio of 3.2:1 together

w ith som e intensity for Z n and C l from m aterial synthesis.

A fter platinum coordination,X PS m easurem ents of Pt-C T F

revealN /Ptratios of4.7:1 prior to catalysis,4:1 after the first

run, and 4.25:1 after the fifth run, indicating stable Pt

coordination w ithin the m aterialeven after severalrecycling

steps.

C om bined T E M /E D X analysis(E D X = energy-dispersive

X -ray spectroscopy) also supports a very hom ogenous

platinum loading w ithout detectable platinum clusters or

nanoparticles w ithin the Pt-C T F catalyst (Figure 2). C orre-

sponding to atom ically coordinated platinum , PtII is the

Schem e 1. a)Trim erization of2,6-dicyanopyridine (D CP) in m olten ZnCl2,conversion to a covalent triazine-based fram ew ork (CTF),and

subsequentplatinum coordination (Pt-CTF);b)Periana’s platinum bipyrim idine com plex.

Table 1: Catalytic activity of the m olecular Periana catalyst and the

heterogeneous Pt-CFT and K2[PtCl4]-CFT catalysts in m ethane oxidation.

Catalyst[a] Finalm ethanolconc.[m olL 1] TO N [b]

Periana catalyst[c] 1.65 158

Periana catalyst[d] 1.49 355

K2[PtCl4]-CTF
[e] 1.54 201

Pt-CTF[f] 1.80 246

[a]Reaction conditions:15 m L H 2SO 4 (30% SO 3),40 bar CH 4 pressure

(258C), 2.5 h at 2158C. [b]TO N based on the platinum content

determ ined from SEM /ED X. [c]65 m g Periana catalyst. [d]26 m g

Periana catalyst.[e]48 m g CTF w ith 92 m g K2[PtCl4].[f]D ata from the

second run w ith 62 m g Pt-CTF.

Figure 1. Catalytic activity ofa)Pt-CTF and b)K2[PtCl4]-CFT in the

directoxidation ofm ethane to m ethanolover severalrecycling steps n.

Figure 2. TEM m icrographs ofa)pure CTF,b)Pt-CTF from pre-coordi-

nation ofplatinum prior to catalysis,c)Pt-CTF after the firstcatalytic

run,and d)Pt-CTF afterutilization ofthe m aterialin five catalytic runs.

Com m unications

6910 w w w.angew andte.org 2009 W iley-VCH Verlag G m bH & Co.KG aA,W einheim Angew .Chem .Int.Ed.2009,48,6909–6912

ACIEE. 2009, 48, 6909.  
 



Super Acid Catalysis 
 Oxygen-free electrophilic oligomerization 

 

 Lewis Acid + Bronstead Acid 

Chem. Commun. 2011, 47, 785.  
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Sigma Bond Metathesis 
 



Oxidative Coupling 
 Active site in catalyst activates C-H bond, 

combusting the reagent 

 Goal: find catalytic material where secondary C-H 
activation is inhibited 

 Membrane separation of methane and O2 

 

Holmen. Cat. Today. 2009, 142, 2.  



Holmen. Cat. Today. 2009, 142, 2.  



Rh(II) Porphyrin 
 (TMS)Rh dimer 

Wayland 



Methane Aromatization 
 Dehydrogenated methane (absense of oxygen) 

 Benzene, naphthalene, and hydrogen 

 Metal Oxide Cat (Mo, W, V, Cr) / Common: MnO3 

Ind. Eng. Chem. Res. 1999, 38, 3860.  



Methane Oxidation Study 
 Active oxidant in solution and gas phase 

has been successfully applied before in the study of alkanes
activation on the m olybdenum oxide [31–33].Experim entally,
it is w ell know n that the oxide cluster itself can serve as an
active oxidantin both solution and gasphase [33–36],and there
are m any experim ental im plications that2d oligom eric oxide
dom ainsform ed on the supported catalystsw hich represented a
good selective oxidation perform ance [18,37–40].

W e concentrated on the activation ofC–H bondsby term inal
oxygens [ O ]and bridge oxygens [–O–].W e considered eight
possible m echanism s.W e referred to T 1 and T 2 as the (2 + 2)
additions (Fig.2),w hich lead to the carbide and the hydride
form ation,respectively.A sthevalence ofthem etalcenterisnot
changed during the reaction,(2 + 2)m ightbe considered asan
acid–base reaction. T 3–T 5 belong to a tw o-electron (2e)
oxidation processw ith the m etalcenterbeing reduced form ally
by tw o units (Fig.3).T 3 and T 4 correspond to the (3 + 2)and
(5 + 2) pathw ays, respectively. B oth of them lead to the
form ation of hydroxyl and alkoxy directly. T 5 is called the
oxenoid insertion, w hich leads directly to the form ation of
alcohol.H abstraction is a 1e process (Fig.4),w hich involves
radicalform ation w ith the m etalcenterbeing reduced form ally
by one unit. H ere w e considered H abstractions both by
term inaloxygens (T 6 and T 7) and bridge oxygens (T 8).

The quantum calculations w ere perform ed using hybrid
density functionaltheory atthe levelofB 3LY P [41,42].Full
geom etry optim izations and analyticalfrequency calculations
w ere perform ed w ith basis sets ofdouble zeta quality (6-31G
[43]) for the m ain group elem ents. The final energies w ere

calculated w ith polarization functions being included (6-
31G ** [44]). H ay’s effective core potentials (Lanl2dz [45]
denoted in G aussian 98 [46])w ere used fortransition m etals,
w hich include the relativistic effects for heavy m etals. The
m ethodology used here w as show n to lead to satisfactory
results as com pared to the higher level calculations and the
related experim ental data [31,32]. Energy barriers reported
here are after zero-point energy corrections and therm o
corrections to 873 K ,w hich corresponds to the experim ental
condition [7].

3. R esults and discussion

Fig.2 depicted the transition states ofT 1 and T 2.EitherT 1
or T 2 occurs via a four-center,four-electron cyclic structure.
A lthough both T 1 and T 2 belong to the(2 + 2)addition,w efind
thatT 1 is significantly favored overT 2 by about30 kcal/m ol.
Such a tendency m ay be explained by the dipole interaction.In
fact,theinitialorientation oftheC d –H d+ bond polarity in T 2 is
opposed to that of the M d+–O d bond, destabilizing the
transition state [47]. Previous calculations show ed that the
positive charge on the m etalcenterincreases from C rto M o to
W [47]. Thus, the M –O bond polarity increases dow n the
colum n orto the leftofthe row in accordance w ith the periodic
trend of electronegativity.The calculated barriers for T 1 are
57.0 kcal/m ol(V ),50.1 kcal/m ol(M o)and 43.6 kcal/m ol(W ).
A lthough w e are unable to locate a T 1 state forC r,w e expectit
to be substantially higher than that of V. Thus, for T 1, w e

G .Fu etal./C atalysis Today 117 (2006) 133–137134

Fig.1. V 3O 6C l3 and M 3O 9 (M = C r,M o,W )clusterm odels,w hich providesvariouskindsofterm inal[ O ]and bridge [–O–]active sitessuch asM O ,O M O ,

M –O–M ,O M –O–M o O ,etc.K eys—yellow circle:V;green circle:C r;grey circle:M o;blue circle:W ;red circle:O ,lightgreen circle:C l.(Forinterpretation of
the references to color in this figure legend,the reader is referred to the w eb version of this article.)

Fig.2. Schem atic representation of transition states T 1 and T 2.These are the (2 + 2) additions,leading to the carbide and the hydride form ation,respectively.

G eom etric param eters and barrier heights are labelled,w hich vary as M in m etaloxides M O x change periodically.

Fu. Cat. Today. 2006, 117, 133.  



Oxidative Pathways 
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conclude the reactivity follow sthe trend W > M o > V > C r,in
parallelw ith the polarity of an M –O bond.

Since the (2 + 2) addition eventually involves the breakage
ofthe M O p bond,the p bond strength is anotherfactorthat

enters the reactivity of m etal oxides. Previous calculations
show ed thatthe p bond becom esstrongerforthe heavierm etal
[48].H ence,a strongerM O p bond iscorrelated w ith a low er
reactivity ofthe m etaloxide.ForT 2,w e observe an abnorm al

G .Fu etal./C atalysis Today 117 (2006) 133–137 135
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Catalytic Bimetallic 
Oxidation 

 Use of CuCl2 with Pd catalyst yielded methanol 
and its ester as only products, without acetic or 
formic acid byproducts 

Sen. JACS. 1997, 119, 6048.  



Acetic Acid Synthesis 
 Rh cat one step process 

 Only byproducts were methanol and formic acid 

 Additives: Pd/C or I- 

 High [CO] preserve catalyst 

Sen. Nature. 1994, 368, 613.  



Improvement 
 Fujiwara 

 

 This process used for methane, 1% yield 

 Shifted to new catalytic system 

93% Yield 

Fujiwara. Studies in Surface Science and Catalysis. 1997 



Carbene Insertion 
 Supercritical CO2 – methane soluble 

 19% Yield 

Science. 2012, 332, 835.  



Conclusions 
 Most current methods require harsh conditions and 

yield bad selectivity 

 Over oxidation common 

 Heterogeneous pathways are hard to control 

 Stoichiometric pathways are too costly and 
impractical 

 Methane activation will become a necessary 
pathway to fuel in the near future. 
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