
Many chemical products, from 
petrochemicals to pharmaceuticals, 
are derived from terminal olefins. A 
direct way to prepare these building 
blocks is to dehydrogenate the parent 
alkanes, the industrial procedure for 
which — high-temperature cracking 
in the presence of steam — is both 
energy intensive and unselective. The 
former problem is solved by turning 
to milder reactions mediated by 
precious metal catalysts, but the latter 
problem still vexes us because many 
of these catalysts form hydrides and 
thereby generate less-desirable inter-
nal olefins. There remains a need 
for a selective catalyst that operates 
by a kinetically distinct mechanism, 
which one can then employ with a 
thermodynamically strong hydrogen 
acceptor. The combination of a 
titanium alkylidene catalyst and a 
phosphorus ylide acceptor fit the 
bill nicely, as a team led by Daniel 
Mindiola and Mu-Hyun Baik 
describe in Nature Chemistry.

Chemists have made great 
progress in selectively activating 
C–H bonds, yet the fact remains that 
alkanes are relatively inert molecules, 
such that one requires, for example, 

extremely strong electro-
philes to coax reactivity 
from them. The short-
lived complex [Tiiv(PNP)
(CtBu)], in which PNP− is 

an amidodiphosphine 

terdentate ligand, binds to cyclo-
hexane in an almost thermoneutral 
process to afford the σ-complex 
[Tiiv(PNP)(CtBu)(cyclohexane)]. This 
species is adaptive, and modulation 
of the bond order between Ti and the 
carbyne ligand enables the latter to, 
in a stepwise fashion, snap off two 
H atoms from ligated cyclohexane, 
affording a cyclohexyl en route to 
the cyclohexene complex [Tiii(PNP)
(CH2

tBu)(cyclohexene)]. At this 
point, “we understood how the 
titanium alkylidyne could selectively 
dehydrogenate linear alkanes to 
terminal olefins, and cyclic alkanes 
to cyclic alkenes. However, we could 
not make the process cyclic or cata-
lytic,” Mindiola recalls. On releasing 
cyclohexene, the unsaturated Tiii com-
plex requires stabilization, a problem 
that is solved by the triarylphosphorus 
methylene ylide (H2C)P(C12H8) Ph 
(C12H8 = biphenyl-2,2ʹ-diyl). This 
species traps the Tiii complex to give 
the methylidene [Tiii(PNP)(CH2

tBu)
(CH2)], which converts into the 
methyl tautomer [Tiii(PNP)(CHtBu)
(CH3)]. This methyl tautomer can 
be independently prepared, along 
with 1-hexene and P(C12H8)Ph, from 
the ylide and [Tiii(PNP)(CH2

tBu)
(1-hexene)]. In turn, the latter forms 
when [Tiiv(PNP)(CH2

tBu)(CHtBu)] 
is treated with hexane, underscoring 
the selectivity of the system for 
terminal olefins.

That the methyl complex 
[Tiii(PNP)(CHtBu)(CH3)] is isolable 
hints to it being the resting state of 
the catalyst, a fact that is supported 
by calculations that indicate its 

free energy to be −53 kcal mol−1 
relative to that of the carbyne. 
The reaction continues with 
the methyl complex undergoing 

slow hydrogen abstraction to give 
the transient σ-complex [Tiiv(PNP)
(CtBu)(CH4)] (−26 kcal mol−1). 

Extrusion of CH4 closes the catalytic 
cycle, regenerating the reactive car-
byne [Tiiv(PNP)(CtBu)] (0 kcal mol−1). 
The overall reaction involves conver-
sion of an alkane and the phosphorus 
methylene ylide into an alkene, 
phosphine and methane.

The present dehydrogenation 
methodology is applicable to a range 
of cyclic and linear alkane substrates, 
with terminal alkenes being, grati-
fyingly, the sole products when the 
latter are used. Indeed, the Ti catalyst 
shows impressive selectivity, perhaps 
because it does not operate through 
a mechanism involving oxidative 
addition and/or hydrides. Yet, the 
strategy of Mindiola and co-workers 
has room for improvement in terms of 
its turnover numbers, which were only 
around 3 for most substrates tested. 
Moreover, the ylide (H2C)P(C12H8)Ph 
could not be substituted for the readily 
available reagent (H2C)PPh3, which 
undergoes P–Ph bond cleavage when 
in the presence of the Ti complexes 
— an illustration of just how reactive 
these alkane-activating compounds 
are. Indeed, “very high energy 
materials enable resources considered 
‘inert’ to be easily activated and trans-
formed,” notes Mindiola. The group 
is now optimizing the approach, and, 
encouraged by ongoing theoretical 
and mechanistic studies, Mindiola 
foresees that turnover number could 
be improved by three orders of magni-
tude by simply switching to a different 
ylide or tuning the properties of the 
alkylidyne. “Ultimately, we want to 
partner this base metal catalyst with 
cheaper and more economically viable 
hydrogen acceptors,” he says.
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