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reaction was monitored by GC. After considerable consumption (60-99 %) of the
starting enone (approximately 28- 50 h) the solvent was removed by distillation
under reduced pressure. Chromatographic purification (silica gel, 200 mesh) of the
reaction mixture eluting with petroleum ether/ethyl acetate gave the cyclization
product (3a -d. 5. or 8) along with Ph,;PO. DCA was recovered (98 %). The prod-
ucts were characterized by 'H and "*C NMR spectroscopy and mass spectrometry.
3a and 3b were confirmed by comparing with authentic samples [9].
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N-Heteroarene Dianions as Antiaromatic
Ligands Bridging two Lanthanocene Moieties™**

Joachim Scholz,* Annett Scholz, Roman Weimann,
Christoph Janiak, and Herbert Schumann

Pyrazine serves as a model ligand for studying magnetic ex-
change phenomena.!'! electron transfer reactions,?! or one-di-
mensional conductors.'® With its two N-donor functions, this
heterocycle can coordinate to Lewis acidic metal centers and at
the same time bridge two metal atoms.! The r-acceptor charac-
teristics (low-lying LUMOs) of this bridging ligand enable, un-
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der suitable conditions, the generation of, for example, stable
radical ions from these binuclear complexes.t’!

Quinoxaline and phenazine represent benzo- and dibenzo-
annelated derivatives of pyrazine, respectively; in contrast to the
parent compound pyrazine, these heterocycles can be reduced to
their dianions either electrochemically!® or by alkali metals.!”
The formally antiaromatic systems with 12-x and 16-n electrons
have high charge density and, so far, could be stabilized in only
a few cases by presence of alkali and alkaline earth ions.[®! We
have found now that the resulting electron-rich N-heteroarene
dianions can bridge two lanthanocene moieties. Here we report
on the synthesis and crystal structure analysis of complexes 4a
and 4b, which are the first examples of this new class of com-
pounds.

2,3-Dimethylquinoxaline (1 a) is rapidly reduced by two equiv-
alents of sodium in THF to give a deep blue solution containing
the 12-n dianion 2a. This dianion reacts with 3 in a 2:1 molar
ratio to yield the novel, binuclear lanthanocene complex 4a,
which can be isolated as dark green, extremely air- and mois-
ture-sensitive crystals (Scheme 1). On the basis of the NMR
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Scheme 1. dme = dimethoxyethane.

spectra one can already expect unusual bonding properties for
this compound. For example, the signals for H atoms H24 and
H24a’ (6 = 4.22) and for H25 and H25a’ (6 = 5.66, AA'XX' spin
system, numbering scheme according to Fig. 1)} of the 2,3-
dimethylquinoxaline heterocycle are shifted to higher field by
A$ = 3 and 2.4, respectively, when compared to the free ligand.t9
The nonuniform charge distribution is indicative of a paramag-
netic ring current, which is characteristic for systems with 4n
electrons such as naphthalene -lithium Li,[C,,H,].l'?"! Atoms
C24 and C24' of the bridging ligand are also strongly shielded
(6 = 89.9). In contrast to the 'H NMR signals. the '*C NMR
signal positions are barely influenced by ring-current effects and
reflect, for the most part, the actual charge distribution. Hence,
the negative charge density in the bridging ligand of 4a is even
higher than in 2,3-diphenylquinoxaline disodium Na,[C;H,N,-
(2,3-Ph,)] (corresponding signal at é = 100.3).1} This observa-
tion contrasts with those for the recently described 1,4-dihy-
droquinoxaline derivative 1,4-[Me,(tBu)Si],(C HgN,) in which
the charge density of the 4# nt electron system is transferred to
the stabilizing R,Si-acceptor substituents through covalent
N-Si bonds; moreover, the extent of electron delocalization
from the heteroarene to the arene unit is small 1%

Figure 1 shows the result of the X-ray structure analysis of
4a."*Y The two Cp¥La moieties face each other and are bound
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Fig. 1. Structure of 4a in the crystal. The 2.3-dimethylquinoxaline dianion is disor-
dered and occupies one of two molecular positions. These positions are twisted
relative to each other by 180", For clarity only one of the two arrangements is
shown. Top: ORTEP view. Selected bond lengths [A] and angles [-] (Cp*1 and Cp*2
represent centroid positions of the 7°-bonded cyclopentadienyl ligands C1-C5 and
C11- C15): La-N1 2.409(4), La-Nla 2.444(4). La-Cp*1 2.521(1), La-Cp*2
2.537(1), La-C23 2.846(5), La-C23a 2.918(4). La-C24 2.903(5). La-C24a 2.891(5).
N1-C22 1.400(6). N1-C23 1.355(6). N1a-C22a 1.391(6). N1a-C23a 1.360(6). C22-
C22a1.37(1), C23-C23a 1.445(8). C24-C251.419(7), C24a-C25a 1.453(7). C23-C24
1.376(7). C23a-C24a 1.400(7), C25-C25a 1.37(1). Cp*1-La-Cp*2 136.6(1). Bottom:
The complex viewed from above to clarify the bonding.

to the planar quinoxaline dianion. From an electrostatic point of
view the N atoms of the bridging ligand are the more favorable
ligating atoms for the lanthanocene moieties; hence, the La-N
contacts are short [La—N1 2,409(4), La—N 1a 2.444(4) Aland
are of the same magnitude as La—N distances reported previ-
ously."?) The two La atoms are located 1.770(5) A below and
above the quinoxaline plane. This finding is indicative of a par-
tial  character for the La—N interactions. Additional interac-
tions with quinoxaline atoms C24 and C24' are in line with the
tendency of La atoms to attain a higher coordination number.
The La—C distances are only marginally larger than the average
La-Cg,, distance (2.789 and 2.806 A) or those reported recent-
ly for the [La(y-C,H,),]” ion (La~C, ... 2.811 A).1%1 The
remarkable high-field positions of the 13C NMR signals of C24
and C24' and the relatively small *J.. ,, coupling constant of only
144.4 Hz indicate that these La—C interactions persist even in
solution and that an agostic C—H — La bond is present.

The "H NMR spectrum of the phenazine complex 4b points
to a similar bonding arrangement. This complex is obtained in
form of orange crystals when a bordeaux-red suspension of
Na,[C,,H N,] (2b, prepared by reacting phenazine (1b) with
Na granules in THF for several
days) is added to 3. Complex 4b
is extremely air- and moisture-
sensitive and 1s less soluble in
n-pentane, diethyl ether, or
toluene than 4a. Figure 2 shows
~Lig the structure of 4b in the crys-
tal.l'} The important structural
characteristics of 4a and 4b are
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Fig. 2. Structure of 4b in the crystal. Top: ORTEP view. Selected bond lengths [A]
and angles [*] (Cp*! and Cp*2 represent the centroid positions of the n*-bonded
cyclopentadienyl ligands C1- C5and C11 -C15): La-N1 2.452(2), La-C21 2.920(2),
La-C222.931(2), La-Cp*1 2.525(1). La-Cp*2 2.541(1), N1-C21 1.383(3). C21-C22
1.403(3). C22-C23 1.401(4). C23-C24 1.368(4). C24-C25 1.404(4), C25-C26
1.389(3), C21-C26 1.427(3). Cp*1-La-Cp*2 1359(1). Bottom: The complex as
viewed from above in order to clarify the bonding.

identical. As in 4a, the La atoms in 4b are bound to the planar
bridging ligand by short contacts with the N atoms and by
additional interactions with C22 and C22'. The La atoms are
positioned 1.870(5) A above and below the phenazine plane.
The outstanding structural feature of 4b is, without a doubt, the
staggered arrangement of the two Cp*La moieties on the pe-
riphery of the bridging ligand. In this arrangement the dipolar
repulsion between the two Cp#La moieties is minimized.

The bonding interaction between the La atoms and the car-
bon atoms of the bridging ligands (i.e., C24 and C24’ in 4a, C22
and C22' in 4b) can easily be rationalized. A PM3 calculation!!*
for the phenazine- and the 2,3-dimethylquinoxaline dianion
shows not only the expected high charge density on the N atoms
but also charge maxima located at exactly those ring carbon
atoms (Fig. 3). In contrast, quaternary C atoms (i.e., C23 and
C23 in 4a, C21 and C21 in 4b) adjacent to the N atoms are
positively polarized. Their relatively short distance to the La
atoms is, therefore, not the result of a bonding interaction with
the metal but is apparently forced by the special manner of
coordination behavior of the bridging ligands. Relative and ab-
solute bond length variations of the N heterocycles,'! as deter-
mined by crystal structure analysis of 4a and 4b, can also be
rationalized by PM3 optimization of their respective dianionic
structures.

Even in unpolar solvents such as [Dgltoluene, the partial
La—N minteraction, which explains the deflection of the Cp¥La
moieties out of the heteroarene plane, is apparently removed.
All four Cp* ligands of 4a and 4b show only one sharp signal
in the '"H NMR spectrum at room temperature. This Cp* signal,
as well as the signals for the H atoms of the 2,3-dimethylquinox-
aline in 4a remain almost unchanged upon cooling the sample
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Fig. 3. Charge distribution for the PM3-optimized [14] 2.3-dimethylquinoxaline
(top) and phenazine dianions (bottom).

to —80°C (500 MHz; see Experimental Procedure). However,
it cannot be ruled out that even at low temperatures the Cp3¥La
moicties, for example, rotate around the La—N bond. It is worth
mentioning that cooling of a toluene solution of 4a results in a
reversible color change from green to dark red.

Complexes 4a and 4b represent a novel structural type for
organolanthanides, which is reminiscent of the mostly ionic “aro-
matic alkali-metal amides”.!" Due to their high charge density
both the quinoxaline and the phenazine dianions, which can be
regarded as heteroatom-modified 4 » © anti-Huckel systems, are
of special interest as ““‘molecular bridges”. We are currently in-
vestigating complexes in which two paramagnetic metal centers
are connected by these antiaromatic bridging ligands.

Experimental Procedure

All experiments were carried out with thoroughly dried and degassed solvents under
an inert argon atmosphere.

4a: In 100 mL THF 2,3-dimethylquinoxaline (1.29 g, 8.15 mmol) was treated with
sodium (0.375 g, 16.31 mmol). until all of the metal had been consumed and a deep
blue solution was formed. This solution was then added dropwise at —50°C to a
solution of [Cp¥La(u-C1),K(dme),], prepared by adding LaCl; (4.0 g, 16.31 mmol)
to [Cp*K(dme)] (8.61 g, 32.6 mmol) in 200 mL THF). After warming the reaction
mixture to room temperature and removing the solvent under vacuum, 4a was
isolated by extraction of the residue with 100 mL diethyl ether. Recrystallization
from n-pentane yielded 2.77 g (17 %) of dark green crystals, which were suitable for
crystal structure analysis. Ty, qn, & 115°C. Correct elemental analysis.— 'HNMR
(300 MHz, C,Dy. 20°C): 6 = 5.66 (m, >J(H, ,Hy) = 6.0 Hz. *J(H, Hy.) =1.3 Hz,
2H: C4H,N,-2.3-Me,), 4.22 (m, 3J(H, ,Hy) = 6.0 Hz, *J(H, .Hy) =1.3 Hz, 2H;
CoH,N,-2.3-Me,)., 222 (s, 60H: C,Me;), 1.50 (s, 6H; CH/,N,-2.3-Me,);
"HNMR (500 MHz. [Dg]toluene, —80°C): § = 5.73 (m. 2H; C4,H,N,-2,3-Me,).
423 (m, 2H: C,H,N,-2.3-Me,), 2.04 (s, 60H; C;Me;), 1.50 (s, 6H; C;H,N,-2.3-
Me,): '3C NMR (75 MHz, C,Dy, 25°C): 6 =150.7 (s, C,H,N,-2,3-Me,), 122.2 (s,
CyH,N,-2.3-Me,). 1198 (dd. 'J(C.H) =159.3 Hz; C H,N,-2,3-Me,) 119.1 (s,
CsMes), 899  (ddd. 'J(C,H)=1444 Hz. CyH,N,-23-Me,). 18.5 (q.
1J(C.H) =124.6 Hz: CyH,N,-2.3-Me,), 9.6 (g, 'J(C.H) =125.2 Hz; CsMe;).

4b: In 100 mL THF, phenazine (1.47 g, 8.15 mmol) was treated with sodium
(0.375 g, 16.31 mmol). The resulting bordeaux-red suspension was then added
dropwise at ~ 50 C to a solution of {Cp¥La(s-Cl),K{dme),]. prepared by adding
LaCl, (4.0 g. 16.31 mmol) to [Cp*K(dme)] (8.61 g, 32.6 mmol) in 200 mL THF.
After warming the reaction mixture to room temperature and removing the solvent
under vacuum, the residue was extracted with diethyl ether. From this extract, 4b
separated in the form of orange-red crystals (yield 1.63 g, 10%). Recrystallization
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of this material from diethyl ether gave single crystals suitable for crystal structure
analysis. Ty ... = 80°C. Correct elemental analysis.—'H NMR (300 MHz C D,.
20°C): § = 6.19 (m, AA'XX', 4H: C,,HgN,), 5.29 (m, AA'XX", 4H: C,HyN,).
2.06 (s, 60H; CsMe,); 1*CNMR (75 MHz, C,Dy. 257°C): 8 =145.5 (C,,HgN,).
121.1 (C.Me,). 119.9, 106.4 (C,,H,N,), 10.6 (C;Mes).
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The activation of methane represents a fundamental chal-
lenge in chemistry, and the catalytic conversion of methane to
methanol or formaldehyde is both of scientific and economic
interest.!'] At metal surfaces activation of methane often com-
mences with a homolytic C—H bond cleavage and proceeds by
reactions of the so-formed methyl radicals with an oxidant.
Alternately, the reaction of methane with a transition metal
center [M] may lead either to a metal-bonded hydrido methyl
fragment, H-M—CH,, or a carbene species, M=CH,, with
subsequent O-atom transfer to form the oxygenated products.
Furthermore, direct oxidation of methane can be achieved by
reactive oxo species, for example, high-valent transition metal
oxides, which are recovered in the catalytic process. In a more
classical fashion, methane functionalization may also proceed
by ionic mechanisms in which either a proton or a hydride is
abstracted or protonation take place.[?]

The high catalytic activity of platinum has been known since
the last century, and platinum-based catalysts are widely used in
reduction as well oxidation processes.®! Although heteroge-
neous catalysis is one of the most actively pursued research
areas, this approach often fails to provide an understanding of
the chemistry at a molecular level. In contrast, more direct
mechanistic information may be obtained in gas-phase experi-
ments in which the reactions of “*‘naked’” metal ions with neutral
substrates can be probed under relatively well-defined condi-
tions.[!

Recently, Irikura and Beauchamp discovered that
“naked” third-row transition metal cations are capable of dehy-
drogenating methane in a stoichiometric fashion in the gas phase
to vield the methylene complexes [M=CH,] " .1°] Here, we report
the design and realization of a catalytic cycle!” for the gas-phase
oxidation of methane under the conditions of Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometry.'®

[1b.5]
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As reported earlier,”®) thermalized Pt* ions dehydrogenate
methane to yield the carbene complex [PtCH,]* (Scheme 1, pro-
cess [). Although the rate constant ky (kg = 8.2x 10" %cm?
molecule™ 's ™) is somewhat smaller than the collision rate con-
stant kypo (kapo = 9.8x 107 %cm ™ *molecule "'s™!; ADO =
average dipole orientation) ! the reaction is quite efficient if
one takes into account that CH, is a small, symmetric molecule
with low polarizability and strong C—H bonds. Thermochemi-
cal considerations® lead to the conclusion that. since reac-
tion T occurs at thermal energies, the reaction enthalpy (AH.) for
methane dehydrogenation is negative, and, thus, the heat of
formation (AH,) of [PtCH,]" is smaller than 316 kcalmol ™ !:
furthermore, the observation of reaction II (see below) sets a
lower limit for AH.[PtCH,]* at 308 kcalmol™!; in the follow-
ing. we will use an averaged value of AH[PtCH,*] =312 +
4 kcalmol™*; from this one derives a Pt* —CH, bond dissocia-
tion energy of BDE(Pt™ -~CH,) =115 4+ 4 kcalmol ~ '[!

1)) Pt'+ CH, ——"2* _ 5 |piCH,' + H,
a) 30% .
| PtO" + CH,0
1D [PtCH,]" + 0, —— X
b 7% Pt + "CH,0,"
2 1% (PtCH,I* + H,0
urn  pto' + cH, —|
b) 2o Pt" + CH,0OH

Scheme 1. Formation and reactions of [PtCH,]* and [PtO]*, as well as the forma-
tion of the methane oxidation products CH,OH. CH,0, and “CH,0,".

The intramolecular kinetic isotope effects (KIEs) associated
with the Pt"-mediated dehydrogenation of CH,D, can be de-
duced from the relative abundance of [PtCD,]", [PtCHD}",
and {PtCH,]™, which are formed in a 2.5:6.5:1.0 ratio. Because
formation of [PtCHD]™" from CH,D, is favored by a factor of
4 over the other two isotopomers, the statistically weighted ratio
is 2.5:1.6:1.0 for H,. HD, and D, losses, respectively. Accord-
ing to the mechanism depicted in Scheme 2, these data can be

3
H Ky,
o P1=CD, —= Pt=CD, + H,
—kH/
H-Pt-CHD,

f 3

k”/ *,
D %

Pt'+ CH,D, W St =CHD —» Pt=CHD + HD

AN fa

N
il
o

3

D + +
Djpt=CH2 —2» Pt=CH, + D,

Scheme 2. Scheme for the kinetics of the reactions of Pt* and CH,D,.
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