CHAPTER V

HYDROCARBON ACTIVATION BY METAL IONS, ATOMS,
AND COMPLEXES IN THE GAS PHASE AND IN A MATRIX

Taking into account the experimental details of the reactions between metals
and hydrocarbons in the gas phase and at low temperatures as well as their
reactions in solutions, one will notice that they are very different. However it is
reasonable to discuss such reactions of naked metal atoms in a special chapter of
this book because the mechanisms of interaction between complexes in solutions
and atoms or ions may have much in common. Again, from the experimental
point of view, the chemistry of naked atoms at low temperature and the chemistry
of gas phase reactions between ions and hydrocarbons are different, but the me-
chanisms are quite similar. In both cases the crucial step of such processes is oxi-
dative addition of the C—H bond components to a metal atom or low-valent ion.

V.l. REACTIONS WITH METAL IONS, ATOMS, AND COMPLEXES
INTHE GAS PHASE

Metal ions are known to react with hydrocarbons, particularly alkanes, in the gas
phase (see reviews [1]). A brief survey of these reactions will be given in the
present section.

V.1.A THERMAL REACTIONS WITH NAKED IONS AND ATOMS

Alkanes

Usually oxidative addition of C—-H and C—C bonds occurs at the first step of
the reaction between metal ions and alkanes. The alkyl hydride or dialkyl deriva-
tive thus formed provides an entry to further transformations.
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“Naked” metal ions (for example, Fe', Cr', Co', Ti’, V') react with
alkanes, alkanes bearing functional substituents, and silanes [2]. Some reactions
of this type are shown in Scheme V. 1.

H-Co+—< — H\Co+ I —_— Co— | + H,
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Scheme V.1. Examples of the gas-phase reactions between metal ions and
simple alkanes. Reference numbers are in brackets.

Bare Pt' cations activate methane in the gas phase [4a,b] according to the
equation:

Pt + CH, — H-Pt-CH,” — PiCH, + H,
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A cationic hydrido-methyl complex, HPtCH,", is formed upon the almost
barrierless insertion of a Pt" ion into a C-H bond of methane and then 1,2-
migration of a hydrogen atom and subsequent elimination of H, from the
transition-metal center gives the platinum carbene cation PtCH,” with an
apparent rate constant of ¥ = 8.2 x 107" ¢m® molecule™ s™'. The reaction of
ground-state platinum atoms produced by the photodissociation of [PtMe;-
(CsHsMe)] follows a termolecular mechanism [4c]:

Pt + CH, [Arf] — H-Pt-CH,

The room-temperature limiting low-pressure third-order rate constant in argon
bufferis (2.1 £ 0.9) x 10 molecule™ sm® s™ and the limiting high-pres-sure
second-order rate constant is (6.3 + 0.3) x 10™? molecule™ sm®s™'.

The analogous reaction of metastable Mo(S,s'd’) with methane, which has
been studied using the method of crossed molecular beams [S], proceeds via
insertion of Mo into CH, with potential energy barrier less than or equal to 7.2
kcal mol ™"

Mo + CH, — H-Mo-CH; — MoCH, + H,

Reactions of methane with metal ions, M, can lead to oligomerization
products as follows [6]:

M* + n CH4 = = MC,,}'IQ,,+ + VIHZ

For example, the cation PtCH," reacts with an excess of methane to produce
species Pt(C,Hs)" and higher ions Pt(C,H,,)".

The interaction of higher alkanes with metal ions also induces dehydrogena-
tion and affords various m-complexes (Schemes V.2 and V.3) [7]. The activation
of various alkanes (as well as some unsaturated and aromatic hydrocarbons) by
ions W' is shown in Table V.1 [8].

It is noteworthy that while ground state rhodium atoms insert into methane
molecules [9a], there is no evidence of chemical reaction for the ground state of
rheniumwith CH, up to a temperature of 548 K [9b]. Reactions of metal cluster
ions, for example, MgFe' [10a], Pt," [10b], Nb,,", and Rh, [10c] with saturated
and aromatic hydrocarbons in the gas phase have been recently described.
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MO+ + n-C6H14 —

10 %
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Mo(CeH )" + Hy
Mo(C¢Hyp)' + 2Hy
Mo(CeHy)' + 3 H

MO(C6H6)+ + 4H2

Scheme V.2. Dehydrogenation of n-hexane under the action of Mo".

Table V.1. Reaction of W* with hydrocarbons.

Hydrocarbon Products Comments
CHq4 WCH;' + H,
CHy No reaction
C,H, WCH, + Hy
C,Hs WCzH,;r + H,;
WCsz+ + 2H;
CiH; WCiH,' + 2 Hy
¢-C3Hg WCgHz+ + 2 H, major
WCH," + CH,4 minor
C3Hg WCsH," + 2 H, major
WC,H," +CHy + Hy minor
n-CsHio WC4I'{6+ + 2 H,
WCHs" + 3H,
WCsHs" + CHy + Hy
WCiH," + CHy + 2 H,
i-CqHio WCHs" + 2 H; major
WC3H1+ + CHy + 2H, minor
WCiH," + CHy + Hy minor
CsHs WCeH," + Hp
¢-CeHia WC:Hs" + 3 H,
n-CeH,4 WC¢Hs" + 3 H, major
WC(;H§+ + 4H;
WCsHs' + CHs + 2 H; minor
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Scheme V.3. Reaction of Mo" with cyclobutane.

Very interesting alkane functionalizations in the presence of metal ions in
the gas phase have also been reported. Schwarz et al. have described recently
[11a] a gas-phase model for the platinum-catalyzed coupling of methane and
ammonia. Endothermic by 61 kcal mol™ reaction

CH; + NH; = HCN + 3 H;

can be an economically attractive basis for industrial synthesis of hydrogen
cyanide as well as molecular hydrogen. In the Degussa process, the reaction is
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performed at ca. 1500 K while in the Andrussow synthesis, added molecular
oxygen transformed hydrogen atoms from methane into water. Both processes
use platinum catalysts [12]. In the model study, the reaction of atomic platinum
cations with methane and ammonia has been examined using Fourier transform
ion cyclotron resonance (FTICR) mass spectrometry. Mass-selected ion PtCH,",
formed in the reaction between Pt" and methane, reacts rapidly with ammonia (k
= 6.2 x 10'° sm’ molecule ' s™') to generate three different products in a ratio of
70 : 25 : 5 as shown below:

PtCH,' + NH; — CH;NH," + [PtH]
PtCH,” + NH;, — [Pt,CNH;]' + H,
PtCH," + NH; — NH,+ + [PtCH]

The sequence of all steps leading to the final product, hydrogen cyanide, includes
the dehydrogenation of CH,NH:

Pt" + CH, — PiCH,’ + H,

PtCH," + NH;, — CH,NH," + [PtH]
CH,NH," + NH;, —> NH," + CH,NH
CH,NH — HCN + H,

[PtH] + NH," — Pt" + NH; + H,

Taking into account the results on gas-phase reaction between methane and
ammonia, a working model for the heterogeneous catalysis has been proposed
(Figure V.1)[11a].

The oxidation of methane with molecular oxygen is catalyzed by the atomic
platinum cation [11b]. A key step in the catalytic cycle is the reaction of PtCH,"
with molecular oxygen to mainly (70%) regenerate Pt’ via liberation of neutral
species [C,H,,0,] which either represents vibrationally excited formic acid and/or
its decomposition products (CO+H,0) and (CO,+H,). Final oxygenates are
methanol, formaldehyde as well as higher oxidation products (Scheme V.4).
Experimentally determined reaction energies for the elemental steps are sum-
marized in Table V.2 [11b]. The coupling of carbon dioxide and aromatic C-H
bonds mediated by ion SiF;" has also been observed [11c].



CHAPTER V (Refs. p. 215)
»

206
*
HCN
H H H:N. H CH;,;NH
AN g/ \g - I;l
Pr Folly }’t —— 1':, H,
-H
/ H, / HN HCN
HN{ C/H %
l e | E ——
Catalyst surface Py - H, Pr

Figure V.1. Proposed mechanism for the methane-ammonia coupling

catalyzed by a platinum surface.
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Scheme V.4. The catalytic cycle proposed for the Pt’-catalyzed oxidation of

methane in the gas phase.
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Table V.2. Energies of steps of the Pt'-catalyzed methane oxidation.

No Reaction AE, kcal mol™
1 P+ CHy — PYCHy)" + H, -29
2 P{CHy + O, —* PtO' + CH,0 -24.1
3 PYCH) + O, —* Pt + HCOOH -7
4 PYCHp)" + O, —* Pt' + CO + H,0 -65.1
5 P{CH) " + 0, — Pt' +CO; + H,; ~-75.1
6 PtO" + CH0O —* Pt" + HCOOH -47
7 PtO" + CH,O —* Pt' + CO + H,O —41
8 PO"+ CH,0O —™* Pt +CO,+H - 51
9 PO* + CHy —™ P{CHy)' + H,0 - 46
10 Pt'+0 —* PO -77
11 Pt +CH, —™ P{CHy)' ~-1125
12 CHy — CH,+ H, -109.6
13 O;+2CHy; —* H; + CHO + CH;OH -383
14 0,+ CHy —* 2H; + CO, -78.0
1S O+ CHy —* H, +H,0 + CO -68.0

16 O;+ CH,, —* H; + HCOOH -744

Remote Functionalization of Substituted Alkanes

In remote functionalization of alkanes bearing various groups, a bare
transition-metal cation is first complexed to the functional group and then
directed toward a certain region of the aliphatic backbone of the substrate [13].
For example, in the reaction of Fe' and Co” with nonanitrile, decanitrile, and
undecanitrile [13d], both metal ions exhibit an overall similar reactivity pattern
Molecular hydrogen, methane, and small olefins are formed as major neutral
products. According to the theoretical study, the most favorable pathway of bond
activation proceeds via initial insertion into the C-H bond at position C(8),
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followed by exocyclic activation of a C-H bond and reductive elimination of H;
via a multicentered transition structure (Scheme V.5).

P H‘
H ‘FHz
Fe CH
| \
N CH,
i
exocyclic C\
H\ |CH3 (CHy)s
e
reductive
m /CH2 elimination H2
\ CH.
(CHy)s Lo
endocyclic . C\H
N CH
Il H-H
oY
(CHy)s

Scheme V.5. Remote functionalization of nonanitrile by Fe'.

Aromatic and Other Hydrocarbons

Thorium and uranium metal and oxide ions react with several arenes
(benzene, naphthalene, toluene, mesitylene, hexamethylbenzene) in the gas phase
[14]. For M" ions, C-H and/or C-C bond activation was observed in the primary
reactions for all the arenes.

The gas-phase reactions of bare lanthanide monocations Ln with fluo-
robenzene occur with C—F bond activation to produce LnF" and phenyl radical
[15]. The reactions of various fluorocarbons with calcium monocation proceed
according to the following equations [16]:

Ca' + CHF —* Ca'-F + CHse
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Ca' + CH;CHF, —*> Ca'-F + CH,CHF:
Ca" + CHSF —> Ca'-F + C¢Hse

Ca' + CHF; —> Ca'-F + CHF,

Ca' + CF;, —* Ca'-F + CHFse

V.I.B. THERMAL REACTIONS WITH LIGATED METAL IONS

Reactions of oxometal cations (e.g., CoO", ScO*, FeO", ThO", UO", CeO,
[17]) and positively or even negatively charged complex ions, for example,
Co4(CO0),” [18] and (OC),Fe™ [19], with various hydrocarbons in the gas phase
have been described. The reaction between MoO" and methane is presented in
Scheme V.6 [17]].

CHy Oty OcH;
MoO;" + CH,—» OQMoi—OH — _Mo—0OH—* _Mo—0OH
’ o? 0% o? ?
[MoO,]" [MoOsH]"  [MoO,CHyl'  [MoOH,|"
+ + + +
CH,OH CHj* H,0 CH,0

Scheme V.6. Reaction between MoO" and methane in the gas phase.
The following gas-phase reactions of metal derivatives with alkanes have

also been described:

SC(CHy)," + ¢-CeH, —> CHy-Sc'—c-CeH,, + CH, [20a]
S¢(CHy)," + ¢-CsHy — CHy=-Sc¢'—c-CsHy + CH, [20a}



210 CHAPTER 'V (Refs. p. 215)
#* *

FeCF,” + n-CH,y, ~ —* F-Fe'~(CHy) + CF,  (92%)

— CH, + FeCF:H (8%) [20b]
CoCF;' + n-CiH,  — CoCFy(CsHy)' + CH,  (75%)

—  CoF(CHy) + CF, (18%)

—  CoCF5(C4Hyp)" (7%) [20b]

The gas-phase reactions of ligated iron ions Fe(CH,X)+ with alkanes give
different products depending on X [20c], Thus like bare Fe, C-C insertion, parti-
cularly terminal C—C insertion, is predominant for the reactions of Fe(CH,0)',
while C-H insertion is preferred for Fe(CH.S)".

V.1.C REACTIONS WITH PHOTOEXCITED METAL IONS

Vapors of mercury, cadmium and zinc sensitize photochemical alkane
transformations [21]. Thus, irradiation of propane with light of A = 307.6 nm at
633 K and pressure 67-40000 Pa in the presence of zinc vapor gives rise to the
formation of hydrogen, methane, ethylene and dimethylbutane [21a]. The first
step in the reaction is a hydrogen atom transfer from the alkane to the excited
zinc atom:

Zn* + RH —* Zpn'H'R —* ZnH + Re

Alkane functionalization on a preparative scale by mercury-photosensitized
C-H bond activation has been recently developed by Crabtree [22], Mercury
absorbs 254-nm light to generate a °P, excited state which homolyzes a C-H
bond of the substrate with a 3° > 2° > 1°selectivity. Radical disproportionation
gives an alkene, but this intermediate is recycled back into the radical pool via H-
atom attack, which is beneficial in terms of yield and selectivity. The reaction
gives alkane dimers and products of cross-dehydrodimerization of alkanes with
various C—H compounds:

Hg*
R-H ———> R'* + H-
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R-H —28° 5 R 4+ He

R + R"H —> R

2R* —> R-R'

2 R"‘ — Ru_Rn

Ru " —_— RI_RH

« + R-H

For example, the interaction between cyclohexane and methanol proceeds
according to the equation:

Qs OO O,

When a mixture of alkane and ammonia containing a trace of mercury
vapor was exposed to UV light, an oligomeric high-boiling liquid containing C,
H, and N was formed. The authors proposed that imines are produced in the
reaction:

h
RCH; + NH; ———> RHC=NH + 2 H,

Here R = H and CH;3. The analogous dehydrodimerization of aromatic substrates
proceeded with the formation of an organometallic exciplex, *[Hg(m*CsHs)]

V.2. REACTIONS WITH METAL ATOMS IN A MATRIX

At high temperature metals react with alkanes. For example, at temperatures >
1600 °C, tungsten interacts with methane [23] according to the equation

W+ CH, — W, C + WC + H,

It is interesting that in recent decades the numerous reactions of metal atoms
with hydrocarbons occurring at very low temperatures have been discovered and
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thoroughly studied [24]. A method of cocondensing metal atoms with various
compounds has been used for instance in order to investigate the reaction of
zirconium atoms with isobutane and neopentane at 77 K [25]. Metal atoms insert
into both the C-H and C—C bonds:

Zr + C(CH;)y — HZrCH,C(CH;); + H;CZrC(CH,),

The reaction of Fe, dimers with methane in a matrix at 77 K gives rise to
the formation of species H-FeFe—-CH; or FeFe-CHj; [26a]. Analogously, the C-
H bond in alkanes is cleaved by nickel clusters [26b]. Methane activation has
also been detected during the co-condensation of methane with aluminum atoms
at 10 K [26c]. It is noteworthy that under the same conditions, atoms of Mg, Ti,
Cr, Fe, Ga, Pd and some other metals do not react with methane.

Me ©\C/H

Re + — Me Me

C

R
/\ﬁ
B S f@\_

MC3P

W+©+PMe3—> W

Me3P// N\ PMes
H H

Scheme V.7. Synthesis of organometallic compounds by the co-condensation
of metals with hydrocarbons.
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Various organometallic compounds can be prepared by the co-condensation
of transition metals with some hydrocarbons (for examples, see Scheme V.7)
[27].

In the cases when metal atoms in their ground state do not react with alkane
at low temperature, an active species may be generated by photoexcitation of
metal atoms. The excited atoms which are formed are capable of inserting into
the C-H bond of alkane [28]. For example, irradiated (A < 360 nm)iron atoms
react with methane to produce the species CH;-Fe-H. Analogously, atoms of
Mn, Co, Cu, Zn, Ag and Au insert into the C-H bond of methane. However,
atoms of Ca, Ti, Cr and Ni are inactive in this reaction [29]. Species containing
M-C bonds can be detected by IR spectroscopy (Table V.3) [29].

Table V.3. IR spectra of species formed in the photolysis of metal atoms in a
methane matrix at 15 K.

v, cm
Atom C-H M-H CH, M-C
Mn 2932.9 1582.6 1142.3 550.3 500.7
Fe 2933.5 1653.1 1153.4 548.8 521.1
2908.6 - - 545.9 =
Co - 1699.5 - 585.4 5275
- - - 576.7 -
Cu - 1855.7 1200.1 613.8 433.9
- - - - 4174
Zn - 1845.8 1069.5 689.1 447.1
Ag 2907.6 1725.8 1232.4 6144.7 -
2900.1 - - - -
Au - 2195.8 1202.8 610.9 -

Photoexcited particles Cu and Cu, can also activate methane [30]. An
investigation of the reactions of excited gallium atoms with methane in Ar, Kr,
and neat CH, matrices has shown that H-Ga-CHj; was the only photoreaction
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product [31]. Activation of methane in a matrix by atoms of Zn, Cd, Hg, Mg,
Ca, and Be has been reported [32]. Co-condensation of beryllium atoms
produced by laser ablation with methane-argon mixtures onto a substrate at 10
K gave the following organoberrylium products: CH;BeH, CH;BeCH;, CH;Be,
H,CBeH, HCBeH. It is interesting that in the analogous reaction of magnesium
or calcium atoms, only CH;MH was identified [32d]. Theoretical investigations
of reactions between photoexcited metal atoms and alkanes have been carried out

[33].
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