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Similar to metallocenes, transition-metal bis(arene) com-
plexes play a key role in organometallic chemistry. Basic ideas
on the electronic structures of metal p complexes arise from
computational and experimental studies of these prototypical
systems.[1] Metal arene derivatives are also an area of intense
chemical interest because of their relevance for organic
synthesis,[2] catalytic processes,[3] and preparation of metal-
containing polymers.[4] Recently, fascinating insight into the
bonding situation of bis(benzene) complexes has been
provided by laser spectroscopic techniques.[5] Unique, precise
information concerning ionization energies (IEs), excited-
state properties, and vibrational frequencies of free (h6-
C6H6)2Cr molecules was obtained by resonance-enhanced
multiphoton ionization (REMPI),[5a] zero electron kinetic
energy (ZEKE),[5b] and mass-analyzed threshold ionization
(MATI)[5c–e] methods. Substitution of hydrogen atoms in the
benzene rings with various functional groups changes strongly
the reactivity of sandwich systems, the properties of substi-
tuted molecules being dependent not only on the nature of
the substituent but also on the conformational behavior.
Here, we report first results indicating that MATI spectros-
copy, which provides high-resolution IEs of neutral molecules
and vibrational frequencies of gas-phase cations, may repre-
sent a powerful technique for studying substituent effects in
bis(arene) compounds and the properties of distinct rota-
tional sandwich isomers.
Methylated derivatives of bis(h6-benzene)chromium bear-

ing methyl (Me) groups in one and two benzene rings are
useful model systems for understanding the conformational
behavior determined by weak steric interactions in sandwich
molecules. Bis(h6-toluene)chromium (1) represents a simple
example of a disubstituted complex showing conformational
dynamics. DFT calculations[6] predict four stable rotational

isomers of 1 with eclipsed benzene rings and relative Me-
group orientation dihedral angle f equal to 0, 60, 120, and
1808 (Figure 1). We label these conformations 1_0, 1_60,

1_120, and 1_180, respectively. For the 1+ ions in crystals, the
f values close to 0, 60, 160, and 1808 were determined by X-
ray diffraction analysis,[7] the 1+ conformational behavior
being dependent on the interactions with the counterions.
However, no experimental evidence of distinct, neutral
conformers of 1 has previously been obtained. Moreover,
no structural isomers of other bis(arene) complexes have
been observed in the gas phase so far. Gas-phase rotational
isomers have been recently found[8] for a few ferrocene
derivatives with microwave spectroscopy in a supersonic jet.
The photoionization and MATI spectra of jet-cooled 1

measured for the first time in this work reveal clearly the
presence of the structural isomers in the gas phase. The
photoionization curve shows two steps in the increase of the
ion signal. Correspondingly, two intense MATI peaks at
(42723� 5) and (42786� 5) cm�1 are observed (Figure 2).

Figure 1. Stable geometries of compounds 1 and 2. The dihedral
angles between the Cring–CMe bond directions (f) for the conformers of
1 and the symmetry point groups are given.

Figure 2. One-photon ionization (left) and one-photon MATI (right)
spectra of jet-cooled 1. The signals arising from the distinct rotational
isomers are indicated by the IE or vibration notation and the f value
(see text).
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The “classical” gas-phase UV photoelectron[9] and absorption
spectroscopies[10] at elevated temperatures provide much less
accurate IE values for 1 ((42800� 100) and (42680�
60) cm�1, respectively), and the isomers are indistinguishable.
To assign the MATI peaks, the IEs of the four conformers

of 1 were estimated by DFT calculations[11] at the BPW91/
TZVP level of theory, which gave the best agreement with
experiment for the IE and vibrational frequencies of [(h6-
C6H6)2Cr].

[12] The calculated IEs are 42572, 42526, 42504, and
42499 cm�1 for 1_0, 1_60, 1_120, and 1_180, respectively.[13]

The IEs of the 1_60, 1_120, and 1_180 isomers with weak
steric interactions between the Me groups are very similar,
the average value being 42510 cm�1. The calculated IE of 1_0,
in which a short H(Me)···H(Me) interligand contact (2.58 E)
and a 38 tilt of the carbocycle planes in the optimized BPW91/
TZVP structure are indicative of a repulsion between the Me
substituents, is 62 cm�1 higher than the averaged IE of the
other conformers. The IE difference is practically equal to the
observed MATI peak separation (63 cm�1). This finding
suggests that the 1_60, 1_120, and 1_180 species contribute
to the peak at 42723 cm�1, whereas the 42786 cm�1 feature
arises from the 1_0 conformer. Indeed, the long-wavelength
peak is noticeably broader (Figure 2). Assuming similar
ionization cross sections for the 1 structural isomers, one
should expect that the corresponding MATI peak areas
correspond to the relative abundance of the conformers. A
further confirmation of our assignment comes from analysis
of the spectra of (h6-m-xylene)(h6-benzene)chromium (2),
which was synthesized by co-condensation of a mixture of
benzene andm-xylene vapors with chromium atoms at liquid-
nitrogen temperature.
Compound 2 bears two Me groups like complex 1, but the

mutual orientation of the substituents in 2 is fixed and there
are no rotational isomers. This makes 2 a convenient model
system for comparison with 1. The most symmetric stable
configuration of 2 with eclipsed benzene rings corresponds to
the Cs point group (Figure 1). The shortest H(Me)···H(Me)
distance in 2 (4.93 E from our BPW91/TZVP calculation)[11]

suggests that there is no steric interaction between the two
substituents. One can expect, therefore, that the IE of 2 will
be close to those of the 1_60, 1_120, and 1_180 species. The
calculated IE of 2 is 42524 cm�1, which is in excellent
agreement with this prediction. In contrast to 1, the photo-
ionization curve of 2 reveals only one step and the MATI
spectrum of 2 shows only one intense peak at (42726�
5) cm�1, which corresponds to the IE (Figure 3). This MATI
peak position coincides, within experimental error, with that
of the long-wavelength peak in the MATI spectrum of 1.
Therefore, the IE values of 2 found from the MATI study and
DFT calculations support strongly the assignment for 1 given
above.
Besides high-resolution IE values, MATI spectra can

provide precise information on cationic vibrational frequen-
cies.[5c–e,14] Analysis of vibrational structures in the MATI
spectra of 1 and 2 appears to give unambiguous evidence of
the signals arising from distinct rotational isomers of the
toluene complex. To interpret the vibrational features, we
calculated the BPW91/TZVP frequencies of the 1+ and 2+ ion
vibrations. The peak positions in the MATI spectra of 1 and 2

and the computed vibrational wavenumbers, n̄vibr.
calcd, are

given in Table 1. The spectrum of 2 (Figure 3) reveals weak

peaks at (42908� 5) and (43009� 5) cm�1 arising from the
vibrational states of the 2+ cation. The peak at 43009 cm�1 is
separated by 283 cm�1 from the IE. This shift corresponds to
the frequency of a totally symmetric mode S, which involves
the metal–ligand stretch and Cring–CMe out-of-plane bend
(n̄vibr.

calcd= 278 cm�1). The corresponding peak is also revealed
by the MATI spectra of [(h6-C6H6)2Cr].

[5c–e] The feature at
42908 cm�1 (the separation from the IE is 182 cm�1) is
associated with a totally symmetric vibration B, which repre-
sents the ring tilt with the Cring–CMe out-of-plane bend and the
Me group torsion (n̄vibr.

calcd= 180 cm�1).
On going from 2 to 1 the vibrational MATI structure

becomes much more complicated (Figure 2). Five weak peaks
are observed in the spectrum of the toluene complex. Their
positions and separations from the IE are given in Table 1.
The shortest-wavelength peak ((43081� 5) cm�1), which lies
295 cm�1 above the IE of 1_0, arises solely from the first
S vibrational level of the 1_0+ ion (n̄vibr.

calcd= 289 cm�1). The

Figure 3. One-photon ionization (left) and one-photon MATI (right)
spectra of jet-cooled 2. The signal assignment is given using the
vibration notation (see text).

Table 1: Positions n̄ [cm�1] of the peaks in the MATI spectra of 1 and 2
(the individual rotational isomers of 1 are given), separations from the
ionization threshold Dn̄ [cm�1] , calculated (BPW91/TZVP) vibrational
wavenumbers n̄vibr.

calcd. [cm�1] of the 1+ and 2+ ions, and the MATI peak
assignment.

Compound n̄ Dn̄ n̄vibr.
calcd Assignment[a]

1_0 42786 0 IE
43014 228 217 B
43081 295 289 S

1_60 42723 0 IE
42923 200 201 B
43014 291 277 S

1_120 42723 0 IE
42907 184 172 B
43014 291 270 S

1_180 42723 0 IE
42882 159 155 B
43014 291 272 S

2 42726 0 IE
42908 182 180 B
43009 283 278 S

[a] See text for the vibration notations.
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stronger and broader feature at (43014� 10) cm�1 contains
contributions from the B mode of 1_0+ and from the
S vibration of the other three conformers. The largest differ-
ence between the calculated S wavenumbers of 1_60+, 1_120+,
and 1_180+ is only 7 cm�1 (Table 1), so the corresponding
MATI peaks overlap. However, the frequencies of the
B mode in the 1+ rotational isomers lie in a much wider
range (Table 1). This results in the appearance of three
resolved MATI signals corresponding to the vibrational
B level of 1_60+, 1_120+, and 1_180+ (Figure 2).
Comparison of the peak separations from the IE with the

computed B frequencies leads to an unambiguous interpre-
tation of the vibrational structure, each signal being assigned
to an individual conformer of 1 (Table 1, Figure 2). TheMATI
spectrum of 1 reveals, therefore, all four stable rotational
isomers of the toluene complex, while in the microwave
spectrum of 1,1’-dimethylferrocene[8] only two structural
isomers (f= 0 and 728) were found. Interestingly, the
change in f value for the 1_0+–1_60+–1_120+–1_180+ row is
accompanied by a simultaneous decrease in the B-mode
frequency. The experimental and calculated B frequencies of
1_120+ are very close to those of 2+ (Table 1), in which the
angle between the Cring–CMe directions is the same.
In summary, the spectra of 1 and 2 demonstrate that

MATI spectroscopy supported by DFT calculations can serve
as a powerful tool for studying substituted bis(arene)
complexes. High-resolution IEs of the 1 and 2 neutral
molecules and low-energy vibrational frequencies of the
gas-phase 1+ and 2+ ions were obtained. The signals arising
from the four distinct gas-phase rotational isomers of 1 were
revealed on the basis of comparison with the MATI spectrum
of 2 and the computed molecular parameters. The repulsion
between the Me groups in the eclipsed synperiplanar isomer
of 1 (f= 08) increases the ionization potential by 63 cm�1. The
low-energy vibrational frequencies of the free cations appear
to depend on the mutual orientation of the substituents. The
results presented herein for two methylated derivatives of
bis(h6-benzene)chromium show that MATI spectroscopy can
be applied productively to future studies of the electronic
structures and conformational behavior of more complicated
bis(arene) systems.

Experimental Section
All manipulations with organometallics were carried out in a vacuum
or under a nitrogen atmosphere. The photoionization and MATI
spectra were measured with the spectrometer and techniques
described in detail elsewhere.[15] The samples of the bis(arene)
complexes at 140 8C, seeded in the Ar carrier gas at 1.4 bar, were
expanded through a heated pulsed nozzle and were selected by two
skimmers into the vacuum ionization chamber. Typical rotational and
vibrational temperatures of large jet-cooled molecules are of the
order of 10 and 100 K, respectively.[16] The ions produced on
irradiation of the molecular beam with nanosecond laser pulses
were analyzed with a reflectron time-of-flight mass spectrometer. To
record the MATI spectra of 1 and 2, the peak corresponding to
12C14

1H16
52Cr+ (m/z 236.07) in the mass spectra of the samples was

selected when scanning the laser frequency.

Complexes 1 and 2 were prepared by co-condensation of the
corresponding organic ligands (Aldrich, 99%) with chromium atoms
at liquid-nitrogen temperature in the apparatus described previ-
ously.[17] The purity of the compounds was checked by mass
spectrometric and NMR analyses. Details of the synthesis and
characterization of 2 are given in the Supporting Information.

Received: May 21, 2007
Published online: August 3, 2007

.Keywords: arenes · chromium · ionization potentials · isomers ·
mass spectrometry

[1] D. M. P. Mingos in Comprehensive Organometallic Chemistry,
Vol. 3 (Eds.: E. W. Abel, F. G. A. Stone, G. Wilkinson), Perga-
mon, Oxford, 1982, pp. 1 – 88.

[2] E. P. KJndig, A. Pape, Top. Organomet. Chem. 2004, 7, 71 – 99.
[3] J. Rigby, M. Kondratenkov, Top. Organomet. Chem. 2004, 7,
181 – 204.

[4] a) H. Xiang, J. Yang, J. G. Hou, Q. Zhu, J. Am. Chem. Soc. 2006,
128, 2310 – 2314; b) G. A. Domrachev, L. G. Klapshina, V. V.
Semenov, W. E. Douglas, O. L. Antipov, A. S. Kuzhelev, A. A.
Sorokin, Appl. Organomet. Chem. 2001, 15, 51 – 55.

[5] a) S. Y. Ketkov, H. L. Selzle, E. W. Schlag, J. Chem. Phys. 2004,
121, 149 – 156; b) B. R. Sohnlein, D.-S. Yang, J. Chem. Phys.
2006, 124, 134305/1 – 134305/8; c) S. Y. Ketkov, H. L. Selzle,
E. W. Schlag, Organometallics 2006, 25, 1712 – 1716; d) S. Y.
Ketkov, H. L. Selzle, E. W. Schlag, Mol. Phys. 2004, 102, 1749 –
1757; e) K. W. Choi, S. K. Kim, D. S. Ahn, S. Lee, J. Phys. Chem.
A 2004, 108, 11292 – 11295.

[6] I. P. Gloriozov, A. Y. VasilPkov, Y. A. Ustynyuk, Russ. J. Phys.
Chem. 2006, 80, 394 – 406.

[7] a) L. Calucci, U. Englert, E. Grigiotti, F. Laschi, G. Pampaloni,
C. Pinzino, M. Volpe, P. Zanello, J. Organomet. Chem. 2006, 691,
829 – 836; b) F. Calderazzo, U. Englert, G. Pampaloni, M. Volpe,
J. Organomet. Chem. 2005, 690, 3321 – 3332; c) R. D. KQhn, D.
Smith, M. F. Mahon, M. Prinz, S. Mihan, G. Kochok-KQhn, J.
Organomet. Chem. 2003, 683, 200 – 208.

[8] C. Tanjaroon, K. S. Keck, S. G. Kukolich, J. Am. Chem. Soc.
2004, 126, 844 – 850, and references therein.

[9] D. E. Cabelli, A. H. Cowley, J. J. Lagowski, Inorg. Chim. Acta
1982, 57, 195 – 198.

[10] S. Y. Ketkov, G. A. Domrachev, C. P. Mehnert, J. C. Green,Russ.
Chem. Bull. 1998, 47, 868 – 874.

[11] The geometry optimization and frequency calculation were
performed using the Gaussian 03 (Revision B.03) package: M. J.
Frisch et al., see Supporting Information. The IEs were calcu-
lated as differences between the sums of the electronic and zero-
point vibrational energies for the cations and neutral molecules.

[12] S. Y. Ketkov, H. L. Selzle, Z. Phys. Chem. 2007, 221, 597 – 607.
[13] The BPW91/TZVP relative energies of the 1_0, 1_60, 1_120, and

1_180 conformers are 106, 43, 47, and 0 cm�1, respectively. The
1_30, 1_90, and 1_150 transition-state BPW91/TZVP energies
relative to that of the 1_180 isomer are 385, 283, and 249 cm�1,
respectively.

[14] E. W. Schlag, ZEKE Spectroscopy, Cambridge University Press,
Cambridge, 1998, pp. 1 – 287.

[15] C. Alt, W. Scherzer, H. L. Selzle, E. W. Schlag, Chem. Phys. Lett.
1994, 224, 366 – 370.

[16] J. M. Hollas, J. Chem. Soc. Faraday Trans. 1998, 1527 – 1540.
[17] F. G. N. Cloke, M. L. H. Green, J. Chem. Soc. Dalton Trans. 1981,

1938 – 1943.

Communications

7074 www.angewandte.org � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 7072 –7074

http://www.angewandte.org

