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CONS P EC TU S

C onverting hydrocarbon feedstocks into value-added chemicals continues to offer challenges to contemporary preparative
chemists. A particularly important remaining challenge is the selective activation and functionalization of the C(sp3)�H

linkages of alkanes, which are relatively abundant but chemically inert.
This Account outlines the discovery and development of C�H bond functionalization mediated by a family of tungsten

organometallic nitrosyl complexes. Specifically, it describes how gentle thermolyses of any of four 18-electron Cp*W(NO)-
(η3-allyl)(CH2CMe3) complexes (Cp* = η

5-C5Me5; η
3-allyl = η3-H2CCHCHMe, η

3-H2CCHCHSiMe3, η
3-H2CCHCHPh, or η

3-H2CCHCMe2)
results in the loss of neopentane and the transient formation of a 16-electron intermediate species, Cp*W(NO)(η2-allene) and/or
Cp*W(NO)(η2-diene). We have never detected any of these species spectroscopically, but we infer their existence based on trapping
experiments with trimethylphosphine (PMe3) and labeling experiments using deuterated hydrocarbon substrates.

This Account first summarizes the syntheses and properties of the four chiral Cp*W(NO)(η3-allyl)(CH2CMe3) complexes. It then
outlines the various types of C�H activations we have effected with each of the 16-electron (η2-allene) or (η2-diene) intermediate
nitrosyl complexes, and presents the results of mechanistic investigations of some of these processes. It next describes the
characteristic chemical properties of the Cp*W(NO)(η3-allyl)(η1-hydrocarbyl) compounds formed by the single activations of
C(sp3)�H bonds, with particular emphasis on those reactions that result in the selective functionalization of the original
hydrocarbon substrate. We are continuing development of methods to release the acyl ligands from the metal centers while
keeping the Cp*W(NO)(η3-allyl) fragments intact, with the ultimate aim of achieving these distinctive conversions of alkanes into
functionalized organics in a catalytic manner.

Introduction
The chemistry involved in the selective activation and

functionalization of relatively unreactive C�H bonds

continues to attract attention from organic, organometallic,

biological, and theoretical chemists worldwide.1 This inter-

est is based, in part, on the desire of researchers to effect the
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transformation of unactivated C�H linkages into C�Xbonds

(where X is a desired functional group) in a regio- and chemo-

selective manner under relatively gentle experimental

conditions.2 One particular area that has received recent

attention in this regard has been the conversion of simple

hydrocarbons such as alkanes and arenes into value-added

chemicals.3 The development of synthetic methods for these

transformations has also been accompanied by kinetic and

mechanistic studies that have provided considerable insights

as to how these processesmay ultimately be effected not only

selectively but also in a catalyticmanner.4 Our contributions to

this chemistry have involved the development of Group 6

organometallic nitrosyl complexes for the initiation and med-

iation of various hydrocarbon C�H activations.5 During these

investigations, we have discovered that the family of Cp*M-

(NO)R2 compounds (Cp* = η5-C5Me5; M = Mo or W; R = a

hydrocarbyl group such as an alkyl or aryl) exhibits R-depen-

dent thermal reactivity to formavarietyof reactive16enitrosyl

complexes that are capable of effecting single, double, or triple

activations of hydrocarbon C�Hbonds intermolecularly, often

in a novel manner. As with their bis(hydrocarbyl) precursors,

the NO ligands electronically stabilize these Lewis-acidic inter-

mediate species and render them prone to further reactivity

with a variety of hydrocarbon substrates.5a,b We have re-

cently extended these investigations to encompass the re-

lated 18e Cp*W(NO)(η3-allyl)(CH2CMe3) complexes, with the

neopentyl ligands being employed because of their propen-

sity to participate in intramolecular H-abstraction reactions.5

The rich C�H activation and functionalization chemistry

initiated by four of these allyl complexes is the subject of this

Account.

The Cp*W(NO)(η3-allyl)(CH2CMe3) Reactants
The fourmembers of this family of compounds are shown in

Figure 1 and, like other Cp*M(NO)(hydrocarbyl)2 (M=Mo,W)

complexes,5a,b may be synthesized on a large scale and in

moderate yields via the sequential metatheses reactions

illustrated for 4 in Scheme 1.6,7

The final yellow-to-orange Cp*W(NO)(η3-allyl)(CH2CMe3)

products (1�4) are separable by chromatography on alumi-

na with Et2O/pentane as eluant, and concentration of the

eluate under reduced pressure affords analytically pure

crystals of the desired compounds. Complexes 1�4 are

18e species; hence, it is not surprising that they are relatively

stable toward oxygen and moisture in the crystalline state.

They are chiral and crystallize as enantiomeric pairs in

nonchiral space groups. Furthermore, the electronic asym-

metry at the metal centers distorts the allyl ligands so as to

localize the π-electron density between the carbon atoms

trans to NO,8 as illustrated below for 1:

Furthermore, the η3-allyl ligands may coordinate to the

metal centers in an endo or an exo fashion, and substituents

on the terminal carbons of the allyl groupsmayassumea syn

or anti orientationwith respect to themeso hydrogen on the

central carbon8 as illustrated for 1 in Figure 2.

In other words, each Cp*W(NO)(η3-allyl)(CH2CMe3) com-

plex may, in principle, possess several molecular structures

in solutions, and some of these isomers are detectable by 1H

NMR spectroscopy.6,7 However, it has been our experience

that steric factors result in one structureusually beingmarkedly

more abundant (i.e., >90%) than the others. In general, this

molecular structure is the one that the compound exhibits in

the solid state, and it is the one that we draw for each of the

complexes in this Account. For simplicity, these structures are

usually drawn with undistorted allyl ligands.

Complexes 1�4 eliminate CMe4 intramolecularly when

thermolyzed at different temperatures, and the reactants are

consumed via pseudo-first-order processes. These elimina-

tions leading to the transient C�H activating complexes are

the rate-determining steps in the operative mechanisms

with all subsequent steps proceeding rapidly. As a result,

none of the C�H activating complexes have ever been

detected spectroscopically, but their existence has been

inferred on the basis of (a) trapping experiments with

FIGURE 1. The four Cp*W(NO)(η3-allyl)(CH2CMe3) complexes whose
C�H activation chemistry is the subject of this Account. The yields
indicated refer to the second metathesis step shown in Scheme 1
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PMe3, as illustrated for 1 and 2 (which form transient η2-

diene and η2-allene complexes, respectively) in Scheme 2,

(b) their reactions with cyclohexene, as illustrated for 3 in

Scheme 3, and (c) labeling experiments utilizing deuterated

hydrocarbon substrates, as illustrated for 4 in Scheme 4.7,9�11

C�H Activations Initiated by the
Cp*W(NO)(η3-allyl)(CH2CMe3) Complexes
The intermolecularC�Hactivationchemistryof complexes1�4

that has been established to date involves the three distinct

types of chemical transformations summarized below.12,13

Mode 1. Selective single activation of a terminal C(sp3)�H

bond of the hydrocarbon substrate to produce an isolable

η1-hydrocarbyl complex. Examples of this type of reaction

initiated by 1 under ambient conditions and 3 upon thermo-

lysis are illustrated in Scheme 5.9,10 Complexes 1 and 3 react

via different 16e intermediates, namely an η2-diene (A) for 1

and an η2-allene (B) for 3. That both of these complexes can

effect the same single and selective activationof linear alkanes

(e.g., to affordproducts5and6 in Scheme5) demonstrates that

the nature of the 16e intermediate complex is not the key

factor in differentiating the mode of reactivity.

Complex 2 is also particularly effective at initiating the very

cleanactivationof the terminalC(sp3)-Hbondsofalkanesoralkyl

groupsat55 �C toproduce isolableproducts, and like3 it does so
viaanη2-allene intermediate complex.7 Interestingly, complexes

1�3donot initiate the cleanactivationof areneC(sp2)�Hbonds

(vide infra). However, as shown in Scheme 4 for C6D6, the

dimethylallyl complex 4 does effect the activation of a benzene

C�Hbond at 50 �C and forms the expected phenyl derivative.11

Mode 2. The η1-hydrocarbyl complex initially formed by

activation of R�H, Cp*W(NO)(η3-allyl)(η1-R), isomerizes by

intramolecular exchange of the newly formed hydrocarbyl

ligand (R) with a hydrogen atom on the allyl ligand. An

example of this type of reaction is the activation of C6H6 by 1

as illustrated in Scheme 6.13,14 As shown in this scheme, the

initially formed phenyl complexes (7a and 7b) exhibit electro-

nic asymmetry in their allyl ligands, and the subsequent

coupling of the allyl and aryl ligands occurs at the allyl C that

hasmore sp2 character. In otherwords, electronic factors seem

todeterminewhichallyl hydride complexes [8a (minor) and8b

(major)] are eventually produced.

Mode 3. The initially formed η1-hydrocarbyl complex

(which may or may not be detectable) undergoes additional

C�H activations and is converted to a new hydrido allyl

compound. For instance, thermolyses of 4 in alkane solvents

affordmixturesofvariousallylhydridecomplexes resulting from

three successiveC�Hbondactivations at different places on the

alkanes following loss of the original 1,1-dimethylallyl ligand.

The reaction of 4with pentane to give isomers of Cp*W(NO)(η3-

C5H9) is shown in Scheme 7 as a representative example.13

Interestingly, as shown in Scheme 8, the phenylallyl

complex 3 reacts withmethylcyclohexane to produce organo-

metallic complexes resulting from all three possible modes of

reactivity.13 Specifically, complex 3 effects single C�H activa-

tion of methylcyclohexane (i.e., mode 1) to afford the product

9, which can then undergo bothmode2 andmode 3 reactivity

intramolecularly to give complexes 10 and 11, respectively.

The reaction of 3 with methylcyclohexane thus provides

evidence that both modes 2 and 3 of C�H activation must

first occur through single C�H activation (i.e., mode 1) of the

organic substrate. For the majority of mode 2 and 3 reactions

the initial mode 1 products cannot be isolated.

The outcomes of the reactions of complexes 1�4 with

both C(sp3)�H and C(sp2)�H bonds of hydrocarbons are

summarized in Table 1.

Interestingly, a correlation exists between the observed

thermal chemistry of complexes 1�4 and the electron

densities at their metal centers as indicated by their infrared

nitrosyl-strecthing frequencies.13 Thus, 1, 2, and 3 exhibit

relatively higher νNO's as Nujol mulls at 1594, 1589, and

1588 cm�1, respectively, that are indicative of diminished

SCHEME 1

FIGURE 2. Structural isomers of 1.



Vol. 47, No. 2 ’ 2014 ’ 330–340 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 333

Activation, Functionalization of Hydrocarbon Bonds Baillie and Legzdins

WfNO back-bonding and thus less electron-rich tungsten

centers. Consistently, all three complexes display Mode 1

behavior and initiate the activation of only a single primary

sp3 C�H bond of alkanes. In contrast, 4 has a more electron-

richmetal center (i.e., a relatively low νNO of 1546 cm�1), and it

facilitates multiple C�H bond activations of alkane substrates

(i.e., Mode 3 behavior). This correlation can also be applied to

the complexes resulting from the initial C�H activations (e.g.,

Scheme 10). The other transformation that can occur with a

Cp*W(NO)(η3-allyl)(η1-R) complex resulting from initial activa-

tion of an R�H bond is most commonly encountered when

R�H is an arene, and it involves exchange of the aryl ligand

witha terminal hydrogenatomof theallyl ligand,with a typical

example being shown in Scheme8 for the reactionof complex

1 with benzene (vide supra). A plausible mechanism for this

isomerization involves intramolecular nucleophilic attack by

the phenyl ligand on the CH2 terminus of the η3-allyl group.

Such an attack would be favored for a complex having a

relatively electrophilic allyl ligand attached to a less electron-

rich tungsten center. Consistent with this view is the fact that

such isomerizations do indeed occur for the Cp*W(NO)(η3-

allyl)(η1-Ph) complexes resulting from the activation of ben-

zene by complexes 1�3 and exhibiting relatively higher

nitrosyl-stretching frequencies of approximately 1590 cm�1.13

In order to be of use in a practical sense, the C�H activations

initiatedbytheseCp*W(NO)(η3-allyl)(CH2CMe3) complexesmust

be selective and afford single organometallic products in good

yields. As summarized in Table 1, our results to date have

established that Mode 1 single activations of arenes such as

benzene are best effected with the dimethylallyl complex 4 at

SCHEME 2

SCHEME 3 SCHEME 4
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50 �C, whereas the specific activations of terminal C(sp3)�H

bonds of alkanes are best effected with 1 at ambient tempera-

tures or with 2 and 3 at 55 �C. Reactions of the four Cp*W(NO)-

(η3-allyl)(CH2CMe3) complexes at temperatures higher than

those specified above or with other hydrocarbon substrates

begin to afford other undesired products via Modes 2 and 3.

Consequently, our most recent investigations have been cen-

tered on releasing the η1-hydrocarbyl ligands formed by the

desired single C�H activation processes from the tungsten's

coordination sphere in an appropriately functionalized man-

ner. The results of these studies are presented in the next part

of this Account.

Functionalization of the Alkyl Ligands Resulting
from the Single C�H Activations of Alkanes
Many C�H activating transition-metal complexes exhibit an

inherent preference for the activation of stronger arene C(sp2)-H

bonds.3c In contrast, systemswhich activate the C(sp3)�Hbonds

of alkanes remain relatively rare, and those which can combine

alkane activation with subsequent functionalization of the alkyl

SCHEME 5

SCHEME 6

SCHEME 7
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ligand are even more unique.3a,b As described in the preced-

ing section, Cp*W(NO)(η3-allyl)(alkyl) complexes result from

the selective activations of the terminal C(sp3)-H bonds of

alkanes initiated by complexes 1�3. Consequently, the reac-

tions of prototypicalmembers of this family of complexeswith

a range of reagents have been explored with a view to

developing methods for functionalizing and releasing the

newly formed alkyl ligands. The reactions of the Cp*W(NO)-

(η3-allyl)(alkyl) complexes that have been investigated to date

are outlined in the next sections.

Typical Reactions of Cp*W(NO)(η3-allyl)(alkyl)
Complexes

(1). With Iodine. Treatment of Cp*W(NO)(η3-CH2CHCHMe)-

(η1-R) complexes with 2 equiv of the oxidant I2 at �60 �C
produces Cp*W(NO)I2 (12) and terminally functionalized

iodoalkanes, RI, as well as iodoalkenes, as illustrated for the

n-pentyl complex 5 in Scheme 9.9 Interestingly, the reaction

with only a single equivalent of I2 leads to 50% conversion,

thereby indicating that the oxidation is not selective for either

the alkyl or allyl ligands.15

(2). With Electrophiles. Treatment of Cp*W(NO)(η3-

CH2CHCHMe)(CH2SiMe3) (13) and Cp*W(NO)(η3-CH2CHCHMe)-

(CH2C6H5) with electrophiles affords the products resulting from

addition of the electrophile to the electron-rich terminus of the

σ�π distorted allyl ligands in the reactants. Thus, reagents of

the typeE�X (E= triphenylcarbenium,H, catecholborane;X=Cl,

BF4) liberate CH3CHdCHCH2E and/or CH2dCHC(E)HCH3 to form

theorganometallicproducts,Cp*W(NO)(X)(CH2SiMe3) andCp*W-

(NO)(X)(CH2C6H5), respectively, for example, Scheme 10.16

(3). Insertion Reactions. Exposure of the tungsten allyl

alkyl complexes to isocyanide reagents leads to the forma-

tion of compounds bearing β,γ-unsaturated η2-iminoacyl

ligands that apparently arise from the migratory insertion

of isocyanide into the tungsten-allyl linkages (Scheme 11). For

instance, reaction of 13 with 2,6-xylylisocyanide produces

Cp*W(NO)(CH2SiMe3)(η
2-CH3CHdCHCH2CdNC6H3Me2) (14a).

Interestingly, gentle heating or purification of this compound

by chromatography on alumina causes isomerization of the

olefin and conversion to the conjugated product Cp*W(NO)-

(CH2SiMe3)(η
2-CH3CH2CHdCHCdNC6H3Me2) (14b). The simi-

lar reaction of Cp*W(NO)(η3-CH2CHCHMe)(CH2C6H5) with 2,6-

xylylisocyanide affords both unconjugated and conjugated

isocyanide insertion products while treatment with n-butyliso-

cyanide produces primarily the conjugated product.16

Finally, exposure of these tungsten allyl alkyl complexes

to 1000 psig of CO gas generally results in the desired migra-

tory insertion of the CO into the metal�alkyl linkages to form

acyl compounds, as illustrated for 1 that is converted to Cp*W-

(NO)(C(O)CH2CMe3)(η
3-CH2CHCHMe) (15) in Scheme 12.16

Anexception to this generalization is13which is first converted

into Cp*W(NO)(C(O)CH2SiMe3)(η
3-CH2CHCHMe) (16) that then

SCHEME 8
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subsequently transforms into isolable Cp*W(NO)(C(O)CH3)(η
3-

CH2CHCHMe) (17) (Scheme 12).16 How this happens remains

to be ascertained. Interestingly, Cp*W(NO)(η3-CH2CHCHMe)-

(CH2C6H5) does not react with CO under these experimental

conditions.

Summary of the Functionalization Reactions
of the Newly Formed Alkyl Ligands
In summary, the allyl ligands of the tungsten allyl alkyl

complexes are the preferred sites of reactivity when electro-

philes are employed, leading to the liberation of olefinic

TABLE 1. C�H Activation Chemistry of Complexes 1�4

SCHEME 9
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species. Isocyanides preferentially insert into the W-allyl

linkages and initially form complexes containing β,γ-unsa-

turated η2-imine ligands. Isomerization to the conjugated

R,β-unsaturated η2-imine complexes occurs spontaneously

in solution in some cases. In contrast, CO gas under pressure

inserts preferentially into the tungsten-alkyl bonds and

affords the desired metalloacyl species. The reactions of

the Cp*W(NO)(η3-allyl)(η1-acyl) complexes discovered to

date that release the newly formed acyl ligands are outlined

in the next section. Our development of methods to release

the acyl ligands from the metal centers while keeping the

Cp*W(NO)(η3-allyl) fragments intact is continuingwith a view

to eventually effecting these distinctive activations and

functionalizations of alkanes in a catalytic manner.

Reactions of Typical Cp*W(NO)(η3-allyl)-
(η1-acyl) Complexes

(1). With Iodine. Treatment of Cp*W(NO)(η3-CH2CHCHPh)-

(C(O)CH2CMe3) (18) with 2 equiv of the oxidant I2 at �78 �C
produces Cp*W(NO)I2 (12), the acyl iodide IC(O)CH2CMe3
(19), and isomers if the iodo alkene, ICH2CHCHPh (20)

(Scheme 13). Just as for the analogous conversion of the

alkyl complexes presented in Scheme 9, the reaction with

SCHEME 10

SCHEME 11

SCHEME 12

SCHEME 13
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only a single equivalent of I2 leads to 50% conversion,

thereby indicating that the oxidation is not selective for

either the acyl or allyl ligands.15

(2). With Oxidants. Treatment of 15 with one-electron

oxidants such as [Cp2Fe]
þ or 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ) at room temperature results in the

oxidatively induced reductive elimination of the β,γ-unsatu-

rated ketone formed by the coupling of the acyl and the allyl

ligands in the initial reactant (Scheme14).15 Not surprisingly,

the organic product, CH3CHdCHCH2C(O)CH2CMe3 (21), is

released as a mixture of E and Z isomers.

(3). With HCl. This reaction was also investigated as a

possible means of releasing the acyl ligand from the tung-

sten's coordination sphere. However, as illustrated in

Scheme 15, treatment of 15 with two equivalents of HCl in

Et2O under ambient conditions produces Cp*W(NO)(Cl)(η2-

C(O)CH2CMe3) (22). The conversion evidently involves elec-

trophilic attack by Hþ on the allyl ligand and its release from

the metal's coordination sphere as the alkene. The coordi-

natively unsaturatedmetal fragment thus formedattains the

favored 18-valence-electron configuration by coordinating

the residual Cl� and linking to the acyl ligand in a dihapto

fashion. This structural feature has been established by a

crystallographic analysis of the analogous (η5-C5Me4H)W-

(NO)(Cl)(η2-C(O)CH2CMe3) complex whose solid-state molec-

ular structure is shown in Scheme 15.

(4). With CO. Spectroscopic monitoring of the further

carbonylation of 15 by pressures of CO of at least 500 psig

and temperatures greater than 55 �C has revealed that this

reaction proceeds in the stepwise manner shown in

Scheme 16. There are ample literature precedents for car-

bonylation reactions proceeding in this manner.17 In the

end, the final organometallic product is Cp*W(NO)(CO)2, and

the liberated organic product is the same β,γ-unsaturated

ketone 21 as released by treatment of the original acyl alkyl

complex with one-electron oxidants (Scheme 14).15

Conclusions
Several properties of the 18-electron Cp*W(NO)(η3-allyl)-

(CH2CMe3) complexes lead to the desired C(sp3)�H bond

SCHEME 14

SCHEME 15

SCHEME 16



Vol. 47, No. 2 ’ 2014 ’ 330–340 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 339

Activation, Functionalization of Hydrocarbon Bonds Baillie and Legzdins

functionalizationsoutlined in thisAccount. Specifically, thermo-

lyses of the compounds having η3-allyl = η3-H2CCHCHMe,

η3-H2CCHCHSiMe3, or η
3-H2CCHCHPh (i.e., 1�3) first lead to

the loss of neopentane and the transient formation of the

16-electron intermediate species, Cp*W(NO)(η2-allene) or

Cp*W(NO)(η2-diene) (e.g., Scheme 7). Under appropriate

experimental conditions, these transient intermediates then

effect the selective single activation of hydrocarbon C�H

bonds intermolecularly and formnewCp*W(NO)(η3-allyl)(η1-

hydrocarbyl) complexes. Of particular interest in this regard

are the Cp*W(NO)(η3-allyl)(n-alkyl) compounds that result

from the activation of the terminal C(sp3)-H bonds of simple

alkanes. The allyl ligands of these tungsten allyl alkyl com-

plexes are thepreferred sites of reactivitywhenelectrophiles

are employed, but treatment of these compounds with I2
liberates iodoalkanes from the tungsten's coordination

spheres. More importantly, CO gas under pressure inserts

preferentially into the tungsten-alkyl bonds of these reac-

tants and affords Cp*W(NO)(η3-allyl)(η1-acyl) complexes

from which the acyl ligands may be released as functiona-

lized organics such as ketones and acyl iodides. In other

words, we have demonstrated that the Cp*W(NO)(η3-allyl)-

(CH2CMe3) complexes initiate a stoichiometric cycle of reac-

tions that convert alkanes into oxygen-containing organic

molecules. Our investigations with these and related nitrosyl

complexes are continuing with a view to expanding the scope

of the functionalization chemistry as well as to effecting it in a

catalyticmanner. In anyevent, the functionalizationsof alkanes

mediated by these nitrosyl complexes nicely complement

other previously reported conversions of these hydrocarbons

such as their selective oxidation,18 their dehydrogenation,19

their metathesis,20 and their borylation.21
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