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Abstract Concepts for the activation of methane are derived from ion-molecule reactions of
mass-selected, ground-state transition-metal catiohsB\émentary steps of industrially
important processes are uncovered (e.g., oxygenation of methane or its coupling with carbon
dioxide). In addition, the implications of the electronic structures of M{Cébmplexes for

their reactions with nucleophiles are discussed, and the crucial role of contemporary quan-
tum mechanical calculations in the elucidation of mechanistic details is emphasized.

INTRODUCTION

The transition-metal-mediated functionalization of methane constitutes an important, timely topic of
research stimulated by both the challenging inertness of this simplest hydrocarbon molecule and the
substantial economic interest in the use of natural gas resources [1-6]. Insights into the role of the elec-
tronic structure of the metals [7] and the mechanistic details of the activation process can be gained by
studies of mass-selected metal ions in the gas phase. This approach allows to unravel the intrinsic chem-
ical behavior of metals at a molecular level under rigorous exclusion of many complicating factors such
as solvent and aggregation effects, counterions or ligands. Not surprisingly, methane activation by bare
(“naked”) transition-metal cations vhas been at the focus of a number of fundamental gas-phase ion
studies [7,8]. While several electronically excited ions were reported to dehydrogenate methane
(Reaction 1) and to form metal-carbene complexes MYCP,10], thermalized ground-state mono-
atomic 3d- and 4d-transition-metal cations do not react with methane [7,11-15].

CH,+ M" ——— H, + M(CH,)" 1)

This unreactivity of bare metal ions, especially from the first row, is due to properties of the occupied
4s orbital [7] and unfavourable thermodynamics. To make Reaction 1 thermochemically feasible, the
metal-methylidene bond strendila(M*-CH,) has to exceed 111 kcal/mol, i.e., the dissociation ener-

gy of CH, to CH, and H. Irikura and Beauchamp were the first who discovered that bare third-row
transition-metal cations MM = Ta, W, Os, Ir, Pt) dehydrogenate methane in a stoichiometric manner

to yield M(CH,)* [20-22]. In these cases, Reaction 1 is driven by the formation of extraordinarily strong
metal-carbene bonds, and these remarkable bond strengths can be attributed to relativistic stabilization
of the cationic complexes M(GH [23] as demonstrated by fully relativistic four-component
Dirac—Fock Coulomb benchmark calculations including correlation effects [24]. The reactiohs of Ir
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2320 H. SCHWARZ AND D. SCHRODER

[14,25], Pt [26-29], and other transition-metal cation$ With methane have also formed the subject
of detailed theoretical investigations using different levels of theory [30—34].

In this account, an overview will be given on the gas-phase reactions of severa))M¢@H-
plexes with molecular oxygen, carbon dioxide, and various nucleophiles aimed at uncovering the intrin-
sic mechanistic details of these extremely important coupling reactions by imtéctalia, methane is
converted to CEDH, CH,O, CH;CO,H, HCN, and other C-heteroatom coupling products. In addition,
recent results for a direct amination of methane,(GHCH;NH,) as well as a new paradigm in the oxi-
dation of CH (and other hydrocarbons) by bare binary metal-oxide cationswilCbe presented. We
will refrain from presenting any experimental and computational details; they can be found in the ref-
erences given as well as in several review articles on gas-phase metal-ion chemistry [7,12,35-37].

GAS-PHASE REACTIONS OF M(CH ,)"
Oxidation of Pt(CH )" with molecular oxygen

The discovery [38] that bare Pin an unprecedented manner, catalyzes partial oxidation of methane
by molecular oxygen to methanol, formaldehyde, and higher oxidation products (Scheme 1) has gener-
ated quite some interest. A key intermediate in the catalytic cycle is the carbeng)Rt@lith is

formed according to Reaction 1 with an efficiengy 0.8 [39]. This cationic carbene reacts with
molecular oxygen to atomic P{70%) via liberation of neutral [CJ@,]. In a parallel channel, PtO

and CHO are formed (30%), and Pt@hen serves as an efficient oxidant of bl produce in com-

petition the couples Pt(CH/H,0O (75%) and PICH;OH (25%). Mechanistic insight in this compli-

cated reaction sequence was provided by detailed electronic structure calculations including relativistic
and spin-orbit effects [28]. While some of the steps depicted in Scheme 1 correspond to well-known
mechanisms, e.g., oxidative addition, reductive elimination, or hydrogen transfer, some less common
types of reactions are also involved. The most notable reaction concerns the key step in the overall cat-
alytic cycle, i.e., the reaction of Pt(@H with O,. While this oxidation process involves as a central
intermediate a four-numbered metallacycle, which is formed by a formal [2 + 2] additioptof O
Pt(CH,)", the reaction mechanism must not be confused with a metathesis process. Rather, the compu-

HCO,H

CH,+ O,
0, PtO*

H,,H0..
22 CH,0

PtCOH"', BtCO" ...

Scheme ICatalytic methane oxidation by atomic’ Bhd molecular oxygen (taken from ref. 38).
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Concepts of metal-mediated methane functionalization 2321

tations reveal a complicated potential-energy surface, and at least four discrete minima are involved on
the way from Pt(Ck)*/O, to PtO/CH,0 [28].

Tantalum-mediated coupling of methane and carbon dioxide via Ta(CH )"

Selectivity in the C-H bond activation of alkanes has been referred to as the chemists’ Holy Grail [41].
Clearly, an even greater challenge due to inherent thermochemical and kinetic obstacles concerns the
simultaneous coupling of alkanes with £10 yield the corresponding carboxylic acids (Reaction 2).
Formation of acetic acid from Gtnd CQ, for example, is of particular importance, and this reaction

is endergonic under standard conditions and even 9 kcal/mol endothermic in the gas phase, not to con-
sider any possible barriers associated with the bond activation and coupling steps.

M]
RH + CO, ——» RCOH @)

With regard to a metal-mediated realization of Reaction 2 there are several prerequisites to be ful-
filled by the metal [M]: it has to be capable of activating both, @rtl CQ; further, coupling of the
fragments coordinated to the metal has to be brought about followed by product release to regenerate
the metal catalyst. So far, the success obtained is disappointingly small. However, with regard to the
realization of at least some elementary steps in the coupling p&@HCQ, a stoichiometric variant
was found when bare Tavas used [42]. While Teefficiently reduces C&to generate Taland TaQ",
in contrast to many late transition-metal oxides [36] neither' Tedd TaQ" activate CH in the gas
phase. However, the carbene TagCHwhich forms efficiently from Cljand Td [13,20-22,26,38], is
able to deoxygenate GQapidly (¢ > 0.95) to yield CO and OTa(GH. The latter reacts slowly
(p= 0.2) with a further equivalent of G@ yield the dioxocation Taf) as the only product. Based on
thermochemical and mechanistic considerations, the neytiaDJoroduct formed in this reaction cor-
responds to ketene. The sequence of Reactions 3—-5 demonstrates that, at a molecular level, coupling of
CH, and CQ can be achieved (Reaction 6). Neverthelessh@a to be used in stoichiometric amounts
and is consumed as T@OWhile the formation of strong tantalum—oxygen bonds is, on the one hand,
the driving force for ketene generation, on the other hand the fact thglt @atot be reduced to Ta
by any of the common reagents limits the scope of the reaction. As to the elementary steps and the
mechanism operative in this system, computational work by Séandig and Koch was extremely insightful
[43,44]. For example, in contrast to thé/BH, couple [23,24,28,29] dehydrogenation of [y Ta"
(Reaction 3) does not proceed adiabatically on one potential-energy surface; rather, along the reaction
coordinate there are several changes in spin multiplicity. In contrast to the oxidation of) Pt
O, (see above), a genuine metathesis process is operative in the actual coupling step to generate ketene
(Reaction 5), as was originally suggested [42].

CHy + Ta8 ——— Ta(CHy)* + H, 3)
CO, + Ta(CH)* —— OTa(CH)* + CO (4)
CO, + OTa(CH)* —— TaO,* + CH,0 (5)
CHj + 2CQ, + Tat — > Ta0,* + Hy + CO + GH,0 (6)

Platinum-mediated coupling of methane and small nucleophiles: Models for C-N,
C-0, C-P, and C-S bond formation

Here, we focus on the system$/H,/NH; and Pt/CH,/H,0. Reactions with other nucleophiles (e.g.,
PH;, H,S, CHNH,, and CHOH) are mentioned only briefly. Common intermediate in all systems is
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2322 H. SCHWARZ AND D. SCHRODER

the cationic platinum carbene Pt(QH Experimental details, including thermochemical, kinetic, com-
putational, and labeling data, can be found in the original literature [45-47]. The chapter concludes with
a comparison of Pwith a series of selected 3d-, 4d-, and 5d-transition-metal cations; evidence is pre-
sented for the unique role of Rtith respect both to activating Gldnd to mediate efficient C-N bond
coupling with NH,.

Pt(CH,)" reacts rapidly ¢ = 0.3) with NH, under formation of CENH,", PtC(H)NH,", and NH"
(Reaction 7)

70% .
——>  CH,NH," + PtH
. 25% .
Pt(CH)* + NH;, ————  PtC(H)NH," + H, ©)
5%
> NH,"+PtCH

Whereas formation of NH is a simple acid-base reaction, C-N bond coupling is achieved in the
two other channels. The major pathway, to producgNEH'", is found to be exothermic by 23 kcal/mol
(relative to the separated reactants P{)NH,), and all stationary points of the potential-energy sur-
face are located below the entrance channel. The second pathway involves dehydrogenation to yield the
aminocarbene complex PtC(H)NHA,H = —36 kcal/mol). As to the mechanistic details, there are three
options in the generation of GNH," and PtH. Energetically most favored is a pathway commencing
with a Pt-mediated N-H bond activation of the organometallic ion BN, followed by activation
of a C—H bond of the methylene group and eventual liberation.dfitich less favored (but still below
the energy of the entrance channel) is a reversed sequence in which a 1,2 hydrogen shift from carbon
to platinum precedes the 1,3-hydrogen migration from N to Pt. While in these two paths platinum is
involved directly and exploited as a catalyst, the direct 1,2-elimination of molecular hydrogen across
the C-N unit, a process in which the metal only serves as a spectator, is 23 kcal/mol above the energy

of the reactants (Scheme 2) and can thus be discounted.

20.0 . o‘
O

0.0

Relative Energy

-40.0

-60.0

Reaction Coordinate

Scheme ZPES for the dehydrogenation of Pt(HNH, to yield PtC(H)NH" at the B3LYP/TZP//B3LYP/DZP
level including corrections for zero-point vibrational energies; charges are omitted and energies given in kcal/mol

(taken from ref. 47).
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Concepts of metal-mediated methane functionalization 2323

Despite some similarities, there are distinct differences in the reaction of JPt{@th H,O in
comparison with the P{CH,)"/NH; system. For example, the efficiency of reaction 8 is very low
(9= 0.002). The initially formed platinum hydroxycarbene complex PtC(H)@Hjenerated in only
small stationary concentration due to a fast consecutive process with water to yiald H
(H,0)Pt(COJ (Reaction 9). Thus, the combined reactions of P§jCférmed from PYCH, with two
molecules of water to yield ¢g@)Pt(COY constitutes a gas-phase model for the platinum-mediated
generation of water gas according to Scheme 3.

5%
——>  P{(COy +2H,
P{(CH)" + H,0 —] ®)
95%
——>  PtC(H)OH + H,
PtC(H)OH + H;0 —— (H,0)Pt(COY + H, )
H,O, CO

-

[(HOPHCOY]

H, rate-limiting H,0
PIC(H)OH"
H2

H,O

Scheme 3Gas-phase model for the*fhediated conversion of GHind HO into CO and K (taken from ref. 45).

Interestingly, it is not the activation of methane but the addition,6f t8 Pt(CH)" that consti-
tutes the rate-determining step in the sequence to prody®@RHKICO) (Scheme 3). As thermalized
ions undergo only exothermic or almost thermoneutral reactions in gas-phase experiments of the type
described here, the reaction stops after exothermic formation,0)P{COJ because according to
thermochemical estimates, the final ligand detachment of CO gDdék to be induced by an exter-
nal input of about 102 kcal/mol to regenerate the bar{2B}.

In the reaction of Pt(CHI" with PH; (¢ = 0.62), the third-row congener of ammonia, the major
product (65%) corresponds to Pt(Pldhd CH. Compared to N§j the differences in product distribu-
tions can be ascribed to two major factors: (i) Due to the lower basicitygfcBipared to NE) and
(ii) less favorabler-bonding of phosporus, the formations of foldnd CHPH," are not observed.
Interestingly, the main primary product Pt(Pkgacts consecutively with excessfblyield [Pt,R.H,]
(m = 1-6;n = 0-3). Saturation is achieved after addition of six phosphorus atoms, and, based on cir-
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cumstantial evidence, these clusters are suggested to cophaiitdihg blocks, rather than intacg &r
Ps units [48].

Demethanation is also the major product (70%) in the reaction of Pt(@th H,S (p= 0.32);

Pt(CS) and Pt(CHS)" are formed each with 15%. Consecutive dehydrogenative coupling reactions of
PtS" with H,S do also take place; however, for sulfur saturation is achieved fQJ'PH&d interesting
speculations have been put forward aimed at correlating the maximum number ofijggat &t with

the electronegativities of the elements and their abilitiy to form element—element hgpndsorre-

sponds to 2 for oxygen, 4 for sulfur, 6 for phosphorus, and can be as large as 13 for silicon-containing
fragments.

For the organic nucleophiles GRH, and CHOH, the homologs of Ngand HO, C-N and C-O
couplings are much less efficient than platinum-mediated C—H bond activation of the substrates. For
example, the major primary process (40%) in the reaction of RX(@th CH;NH, (¢ = 0.4), is a
hydride transfer from methylamine to the platinum—carbene cation to genersf#iCHnd neutral
Pt(CH;) and/or HPt(CH). In contrast, this hydride transfer is negligible (2%) in the related
Pt(CH,)"/CH;OH couple (= 0.24) and the dominant product is due to demethanation (63%). Extensive
labeling experiments demonstrate convincingly that the demethanation product Jfex]Cigiformed
via transfer of two hydrogen atoms from the methyl group ofGHto the carbene unit of Pt(GH.

Thus, nucleophilic attack of methanol to the platinum carbene is negligible.

A pivotal question is whether the gas-phase process of metal-mediated carbon—nitrogen coupling
(Reaction 7) in the functionalization of methane is confined to platinum, or if other metal cations also
mediate C—N bond formation (Reaction 10). Therefore, the extension of this concept to other transition
metals has been explored for selected 3d-, 4d-, and 5d-elements [47]. The product distributions of the
reactions of M(CH)" and NH, are given in Table 1.

CH, NH, .
M* ——— M(CH,)* —— C-N coupling products (20)

The carbenes of the 3d-metals Bad Cd are unreactive toward ammonia. This inertness can-
not be rationalized by the related metal-carbene bond strengths, as the carbenes of the 5d-homologs of

Table 1 Reaction efficienciesg, ) and product-branching ratfofr the reactions
of cationic transition-metal carber‘imth ammonia, and relative efficiencies for
methane/ammonia couplifigith @.(Pt) = 100.

lonic reaction products

M(CH)" @w. NH;  CHNH, M’ MC(H)NH,”  qrel
Fe(CH)® 0. 0
Co(CH)" 0.C 0
Rh(CH)* 0.1 75 25 0
W(CH)* 0.1 100 6
Os(CH)* 0.2 45 55 19
ICH,)* 0.4 60 40 65
Pt(CH)"* 0.3 5 70 25 100
AU(CH,)* 0.6 100 0
3Given asp= k/k..

Branching ratios normalized to a sum of 100%.

“The foIIowing precursor systems were used to generate the metal carbene cafi@)st,/RgO;
Co IC;Hg; Rh/c-CiHg, WICH,; OS'/CH,; IrfICH,; PE/CH,; Au /CH3CI

Derived from reaction efficiencies for methane activation by bareadons (-, ) and ammonia acti-
vation by M(CH)* (@), and branching ratios (BR) for C-N coupling, = N @, * Bug(1 0
BRNH /100) with normalization constaNt= 585. For M = W, Os, and |%H4 are taken from ref (21);
for M Pt @n, is the average of the values given in refs. (21) and (38).
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Fe and Co (i.e., Os and Ir) react efficiently with ammonia (see below), although the release of the car-
bene unit is easier for 3d- than for 5d-metals [37], Rg(Fe™—CH,) = 82 kcal/mol vsDy(Os-CH,) =

113 kcal/mol, andy(Co"-CH,) = 76 kcal/mol vsDy(Ir*—CH,) = 123 kcal/mol. Moreover, the fact that
Fe(CH," and Co(CH)" are able to activate several small alkanes and alkenes [49] demonstrates that
these carbenes are not unreactive in general. Obviously, nucleophilic attack of the 3d-metal carbenes by
ammonia is hampered compared to the higher homologs. Lack of reactivity also cannot be ascribed to
a mere charge effect, because comparable theoretical calculations performed fo) FE€QEH,)",
Ni(CH,)", and their 5d-counterparts indicate that the late 3d-metal carbenes possess higher partial
charges on carbon than their 5d-congeners [23,50]. Thus, the reaction of)@H NH, a rather

soft nucleophile, appears to be orbital-controlled. It remains to be demonstrated whether the larger
polarizabilities of the 5d-metals as well as their more effectibonding facilitate nucleophilic attack

at theresystem and can account for the observed differences in reactivity.

The carbenes of the 4d- and 5d-metals Rh, W, Os, and Ir show moderate efficiencies in their reac-
tions with ammonia. The major pathway in the reaction of Rh{C&hd NH, yields RH, a product
channel that is not observed for platinum and the other 5d-metals. Although the neutral products can-
not be detected directly, conceivable species such aslKCH H, or the ylide"CH,NH," are disfa-
vored on energetic grounds. According to thermochemical data, exothermic formation of methylamine
from the couple M(Ck)*/NH; requires metals witD,(M*—CH,) < 87 kcal/mol, which explains that it
is only observed for Rh(CH" (D, = 85 kcal/mol) and for none of the other 5d-metal carbenes. The
formation of CHNH," and neutral MH, i.e., the main product formed from the P§{GNH; couple
(Reaction 7) is not observed for rhodium; this is completely in line with thermochemical considerations
that predict an endothermicity of 10 kcal/mol for this channel with this metal.

Only two reaction pathways are observed for the 5d-metal carbenes,W&H Ir(CH)", i.e.,
dehydrogenation and an acid-base reaction to yielg Nehcomitant with neutral MCH; the former
presumably leads to the corresponding aminocarbenes MC(H)Xliansecutively, these ions react
with excess NHto yield [M,C,N,,H,]" and molecular hydrogen. This behavior is analogous to that of
the Pt(CH)*/NH; couple, and we therefore tentatively assign bisaminocarbene structures MC(NH
to these ionic reaction products. For osmium and iridium, large fractions of the carbenes are consumed
by simple acid-base reactions with ammonia to afford MCH species. Conceptually, these carbyne
species can be considered as precursors for soot formation such that the potential catalytic activity of
these metals appears limited, judged on these particular gas-phase experiments. Although proton trans-
fer from M(CH,)* to ammonia is absent for tungsten, its high oxophilicity prompts efficient side reac-
tions with background contaminants, like water or oxygen, to yield [W,G]Oadd WQ*, which ren-
der further investigations difficult.

The reaction of Au(CH"* and NH, yields exclusively CENH," and neutral AuH with high effi-
ciency; neither the acid-base reaction nor aminocarbene formation is observed. Thus, the most remark-
able trend upon moving across the 5d-series concerns the decreasing branching ratio of aminocarbene
vs. metal hydride formation. This trend nicely agrees with the reaction enthalpies for formation of
CH,NH," and neutral MH, which are negative for the late 5d-metals Ir, Pt, and Au only [47]. In fact,
the above reaction is the most exothermic for gold, Sy¢au™CH,) is comparatively small while
the Au-H bond strength and the first ionization energy of the gold atom, terms all of which affect the
reaction enthalpy, are quite large.

However, the moderate exothermicity for the Ir¢gC¥NH; couple does not suffice for formation
of CH,NH," and IrH, and Aliis not capable of activating methane. Therefore, it is tempting to specu-
late that the unique reactivity of the platinum cation, i.e., the ability to combine methane activation with
selective and efficient carbon-nitrogen coupling of the P3fCearbene with N is also responsible
for the outstanding role of platinum as catalyst in the Degussa process to generate HCN feord CH
NH; [47,51,52].

© 2000 IUPAC, Pure and Applied Chemistry 72, 2319-2332
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DIRECT AMINATION AND OXYGENATION OF METHANE

Probably, the simplest and most direct access to primary amines involves the insertion of an imine
fragment NH in a €H bond of the organic substrate (Reaction 11).

R-H + NH ——> RNH, (11)

However, naked imine is an energy-rich compoufil € 90 kcal/mol), and its usually endother-
mic formation requires harsh conditions and high temperatures. More promising approaches involve
transition metals which may serve to generate and bind the imine fragment, and eventually to transfer
it to the organic substrate. In the condensed phase, a large nhumber of transition-metal imido complex-
es [M](NH) are known [53-55], and depending on the electronic environment provided by [M], the
reactivity character of the imine ligand can be tuned such that even activation of aliphatic and aromat-
ic C-H bonds can be achieved. Reactivity studies of ionic M{Nidpecies in the gas phase are scarce
[20,56-59] due to a manifold of obstacles. From a thermochemical point of view, the bond-dissociation
energyD(M*-NH) should be large enough to promote dehydrogenation of ammoni&®(M-NH)
> 101 kcal/mol. Thus, early transition metals are promising. A direct and unfortunate consequence of
these high bond energies is, however, that M(NBRs of the early transition metals are featured by
low reactivities as far as the transfer of the NH unit is concerned. The late 3d-transition-metal cations
Co', Ni*, and Cd differ in that they do not form metal-imine complexes when reacted with[60f
Fe(NHY) is expected to possess a well-balanced bonding situation between these extremes along the 3d-
series, rendering it a suitable candidate for catalytic procedures. In fact, Freiser and coworkers have
demonstrated in a pioneering study about transition-metal imines, that bare Fis(Bbl® to transfer
the imine unit to benzene as well as ethene [56]. Recently, in a detailed experimental/computational
investigation Freiser's work was extended [64f. initio calculations at the MR-ACPF level predict
Fe(NH)' to have a linear sextet ground st&E'); a bent quartet statd() and a linear doublet state
(°A) are higher in energy by 0.14 eV and 0.51 eV, respectively. The bond-dissociation energy was deter-
mined toDy(Fe'-NH) = 69+ 2 kcal/mol using ion-molecule reactions, thus implying that the complex
is not directly available from FANH,; rather reactions of bare Faith either energy-rich HNor
NH,OH had to be used in the gas-phase synthesis of F&(Mitdrestingly, the chemical behavior of
Fe(NH)" towards Q, H,0, H,, benzene, toluene, and aliphatic hydrocarbons revealed an intrinsically
high reactivity, and the attractive direct aminations like benzeramiline or toluene- benzyliden-
imine could be afforded with high efficiencies. While ethane and propane are also converted to the cor-
responding amines, the reaction of Fe(Nijth CH, is surprisingly inefficient ¢ = 0.002), and also
the associated kinetic isotope effect is smdICH,)/k(CD,) = 1.3+ 0.4). As stated [61], a convincing
explanation for the inertness of the Fe(RiEH, couple and the distinctly different behavior of the
related Fe(NHYFeO system in its reaction with ;and CH, remain to be provided by computational
studies, which in view of the existence of energetically comparable spin states for Fe{INensti-
tute a formidable challenge.

Hydroxylation of nonactivated C—H bonds is a central research issue in many areas of contem-
porary chemistry, and of particular interest—not least due to its economic importance—is the direct
conversion of methane into methanol [1]. The efficiengi@nd the product branching ratios for the
gas-phase reactions of methane with selected baredsitdns (Reaction 12) are collected in Table 2.

() ‘ .
— > M(OH)" +CH,
MO* + CH, 1 ® MCH," + H,0 (12)
()

L » M*+CH,OH

© 2000 IUPAC, Pure and Applied Chemistry 72, 2319-2332



Concepts of metal-mediated methane functionalization 2327

Table 2.Efficiencies () and product-branching ratios (%) for the feactions
of CH,with MO*?

MO* ) M(OH)'/CH;  M(CH)'/H,0  M*/CH,OH
MnO* 0.40 100 >1
FeO 0.20 57 2 41
CoCO' 0.005 100
NiO* 0.20 100
PtoO 1.00 75 25

®The data are extracted from refs. 8, 28, 38, 62, and 63.

Not unexpectedly, due to their large™MD bond energies the early transition-metal oxides (not
included in Tabe 2) ScCand TiO do not react at all, and the activation of & VO™ hardly occurs
[62,64—-66]. Also of interest is a comparison of the 5d- with the corresponding 3d-transition-metal
oxides. For example, Pt@eacts with CH at the collisional limit ¢= 1) to yield the carbene complex
Pt(CH,)" and HO as predominant product [28,38], whereas the isoelectronit ets five times
more slowly and gives rise to Nand methanol only [36,67]. Similarly, FE@xygenates methane,
while its third-row congener OS@g = 0.6) exclusively dehydrogenates methane to yield (O)Og{CH
[20]. The distinctly different reactivity of third-row MQons relative to their first-row analogs can part-
ly be traced back to thermodynamic grounds, which originate from the significantly incre&sgsijV
bond strengths for third-row transition metals due to the operation of relativistic effects [23,24,28,68].

Of particular interest is the reaction of Feflith CH, [69] that has been studied by three differ-
ent experimental techniques, i.e., Fourier transform ion cyclotron resonance, guided ion beam, and
selected-ion flow tube mass spectrometry. The peculiarities of the reactions’ofifieOH,, and also
with H,, as well as the strikingly different product distribution for different binary metal-oxide cations
(see Table 2) has initiated an “explosion” of computational activities [69,71-82] that eventually result-
ed in a new paradigm for the metal-mediated oxygenation of hydrocarbons: the two-state reactivity
(TSR) concept [77,83,84]. The essence of a TSR scenario is depicted in a simplified manner [85] in
Scheme 4 for the reaction of an alkane (RH) with bare Fa@ the following features are worth men-
tioning in the present context.

FeO*+RH — Fe*+ROH

Reactants
low sp[n ................... .

Relative Energy

Reactants

high spin Soin
Invé’rsion (SD

Products

Products

Fe(ROH)*

R-Fe*-OH

Scheme Auialitative potential-energy surfaces for low- and high-spin multiplicities in the reaction 60
a substrate RH (R = H, alkyl). TS: transition structure.
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The high-spin ground-state Fe(z") has no low-lying vacant orbitals to undergo a concerted
insertion into the RH bond, and hence, the barrier forHRbond activation is large. In contrast, the
excited, low-spin quartet states of Fe, “g) provide high-lying doubly occupied orbitals together
with low-lying empty orbitals, and thereby allow facile, concerted multi-center bond activations. In fact,
not only are the barriers lower on the low-spin pathway, but also the insertion intermedia@HR
is more stable than the high—spin electromer. In the former, two covalent bonds can be formed via spin
pairing, while the high-spin electromer of Re-OH" is characterized by a partially anti-bonding inter-
action. Note that TSR does not involve any initial excitation of the reactants; rather, spin inversion
occurs en route to the products and thus provides an energetically more favored reaction channel. In
even a more general sense, the high-spin metal-oxo species can only undergo single-bond reactions, i.e.,
atom abstractions, radical-type processes, or electron transfer, whereas in addition to these, the low-spin
states can also promote two-bond reactions, such as concerted bond insertion. Interestingly, several
anomalies (kinetic isotope effects, inverse temperature dependencies, branching ratios) in the reactions
of FeO with various RH substrates, e.g., molecular hydrogen [70], methane [70], benzene [87-89],
norbornane [90,91], have been resolved by applying TSR, and there is also mounting evidence that the
concept of two-state reactivity helps to clarify conflicting interpretations on intriguing experimental
findings in the cytochrome P-450 mediated hydroxylations of hydrocarbons [83,84,92]. In addition,
Yoshizawa and coworkers have demonstrated that in the hydroxylation of methand'bynFe-2)
the concerted, low-spin pathways are preferred irrespective of the actual charge state of the oxidant [76].
Most recently, the same research groups have addressed the femtosecond dynamics for the reactions of
FeO" with both methane and benzene [93].

Reactivity enhancement by sequential ligation of the bare-metal cations has been demonstrated
repeatedly, and a particularly striking example in the context of methane activation is provided by
MoO," (n =1 — 3) [94]. While MoO and MoQ" do not exhibit any reactivity toward GHhe triox-
ide MoQ;" reacts efficiently and the only products formed are,’Gf5%), CHO (20%), HO (4%),
and CHOH (1%). Detailed experimental and computational studies [95], including labeling experi-
ments, suggest a scenario as depicted in Scheme 5. Not surprisingly, the initial step, i.e., hydrogen atom
abstraction, is typical for an oxygen-centered radical as in¥o0O

O CH; OCH, OCH,
. N e % ~H /s
MoO;” + CH, — /Mo—OH —_— O—M<< — O—Mo\
7
o OH OH,
I |
[MoO,]" [MoO;H]" [MoO,CH,]" [MoO,H,]"
+ + + +
CH,OH CH; H,O CH,0

Scheme 3Viethane activation by bare MgO(taken from ref. 94).
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Similarly, CrO" does not react with Cjiwhile the high-valent Cr(V) dioxide cation OCr@
quite reactive ¢= 0.12), and the product distribution is shown in Reaction 13 [96].

30% .
> OCr(OCH)* + H,

20%
" >  CrOCH)" + H,0
30%
Cro," + CH, > Cr(OH,)* + CH,0 (13)
2% Cro" + CHOH
18%

Cr* + CH,0/H,0

The OCrO/CH, couple necessarily involves spin inversion en route to product formation,
because most of the products have ground states of higher multiplicities with rather large excitation
energies to the doublet surface, e.g., 3.8 eV for the excitatiof®r— Cr* (°D). The losses of neu-
tral H,0, CH,0, and “CHO,"” (most probably as kO + CH,0) can be explained to proceed via the bis-
ligated complex (50)Cr(OCH,)* as a common intermediate (see below). The key product corresponds
to the loss of dihydrogen to yield the [Cr,G,8,]" ion. Because previous studies have demonstrated
that formaldehyde may undergo‘@nediated dehydrogenation to the corresponding carbonyl complex
[97,98], one is tempted to assign an analogoy®)Br(CO) structure to this product ion and attribute
its formation to a subsequent degradation of the formaldehyde ligangd)GHOCH,)". However, the
secondary reaction of the [Cr,G,B,]" product ion with background water rules out this conjecture in
that formation of [Cr,H,O,]" takes place; this process formally represents an exchange reaction in
which water substitutes a formaldehyde ligand in [Cr£H*. These findings and extensive labeling
experiments suggest that the [Cr,&®]" ion indeed corresponds to a formaldehyde complex of
chromium oxide, i.e., OCr(OCH. At first sight, the formation of this ion is quite surprising, because
it combines a reactive metal-oxo moiety with an oxidizable aldehyde ligand. However, similar reactions
of only one of two oxo-ligands have been previously proposed in the reactions gi@$Onethane
and CrQCI* with ethene [20,99].

Finally, with regard to the role of high-valent metal oxides the comprehensive study of the gas-
phase Os@ chemistry (= 0-4) by Irikura and Beauchamp [20] deserves brief mentioning (Reactions
14-18).

9=0.3

Os'+ CH, ——— Os(CH,))" + H, (14)
¢=0.6

OsO + CH;, —— Os(O)(CH)" +H, (15)
9=0.5

0sO," + CH; ——— 0s(0)(CH)*+H,0 (16)

0sQ;" + CHy —+— (17)
@=0.7

0sQ," + CH; —— Os(O)}(OH)" + CH* (18)

These reactions are noteworthy in that they were deemed to serve as a reactivity model for the
catalytic conversion of methane into formaldehyde by metal oxides. However, the product formed in
Reactions 15 and 16—in contrast to the Cr(QCHroduct in the related CHOCH, system (Reaction
13)—corresponds to an oxo carbene complex of cationic osmium rather than QE(Qdrly, the
driving force in the osmium couples (Reactions 14-16) is the huge, relativistically stabiliz&tHs
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bond energy. The nonreactivity of OgQin contrast to the behavior of R§Q20], is also striking.
Obviously, understanding the mechanistic details of metal-oxide mediated C—H bond activation is far
from being complete. As stated above, the detailed electronic structure Sfrivi@ers a lot and the
thermodynamic features of the various product channels play significant roles and need to be consid-
ered together with the origins of kinetically imposed bottlenecks [100].
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