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Vanadium-arene complexes, Vn(arene)m (arene) benzene (C6H6), toluene (C6H5CH3), and fluorobenzene
(C6H5F)), were synthesized by the reaction of laser-vaporized vanadium atoms with arene vapor. Both the
analysis of the mass spectra and the measurements of their ionization energies indicate that both Vn(C6H5-
CH3)m and Vn(C6H5F)m clusters take a multiple-decker sandwich structure similar to the structure of Vn-
(C6H6)m clusters. The relative reactivity between benzene and toluene toward vanadium was also determined;
toluene is 4 times as reactive as benzene for V1(C6H5CH3)1/V1(C6H6)1 production and 2 times for V1(C6H5-
CH3)2/V1(C6H6)2 production because of reactivity enhancement of the electron-donating ring substituent. In
the case of the Vn(C6H5F)m cluster, it is found that the electron-withdrawing ring substituent of fluorobenzene
results in much less reactivity than is observed for benzene and toluene.

1. Introduction

Since the advent of the laser vaporization method, transition
metal clusters have been studied in the gas phase under
molecular beam conditions, since they cannot be efficiently
produced by a crucible method because of their high boiling
temperatures. Several groups have independently succeeded in
the synthesis of metal-molecular complexes in the gas phase
to investigate the interaction between a metal atom and ligand
molecules without the influence of a solvent. This has been
done by modifying the laser vaporization method.1-9

Very recently, we have reported the preparation of metal-
benzene multinuclear complexes, Mn(C6H6)m, by the reaction
of laser-vaporized metal atoms, M, with benzene vapor (M)
V,10 Co,11 and other first-row transition metal atoms12). Re-
activity of metal clusters, Mn, toward benzene has been found
to differ widely, associated with selectively different skeleton
structures.12 Early transition metal atoms of scandium (Sc),
titanium (Ti), and vanadium (V) form multiple-decker sandwich
clusters, Mn(C6H6)m with m ) n - 1,m ) n, andm ) n + 1
species, where metal atoms and benzene molecules are alter-
nately piled up. On the other hand, the late transition metals
of cobalt (Co) and nickel (Ni) prefer metal cluster complexes
in which benzene molecules cover the Mn clusters. In the mass
spectrum of Con(C6H6)mand Nin(C6H6)m, every number of metal
atoms (n) has a specific maximum number of benzene molecules
adsorbed (mmax). These two types of the geometries can be
well rationalized by (1) the 18-electron rule13 and (2) the
difference in the sequential dehydrogenation reactivity toward
benzene between early and late transition metal clusters.12 Since
the complex between the late transition metal atom and two
benzene molecules, M1(C6H6)2, has more than 18 electrons, the
multiple-decker sandwich structure is unfavorable for the late
transition metals, resulting in deformation into a bent form.14

Furthermore, the early transition metal clusters (Scn, Tin, and
Vn) can dehydrogenate benzene molecules15 and give a variety
of dehydrogenated products that are distributed over a wide mass
range. In accordance with that, only the sandwich complexes
were clearly observed in the mass spectra. On the other hand,
the late transition metal clusters (Con and Nin)16,17 cannot
dehydrogenate benzene molecules. Thus, reaction with benzene

leads to products of a specific composition; for example, trimer
and tetramer take 3 and 4 benzene molecules at maximum,
respectively. Among these metal-benzene clusters, it has been
found that vanadium atoms can preferentially form larger
multiple-decker sandwich clusters up to six layers.10,12 This is
reasonably explained by the fact that the system of vanadium-
benzene multiple-decker sandwich compounds can conserve spin
multiplicity during the reaction of the sandwich cluster forma-
tion.18

Since the discovery of ferrocene, Fe(η5-C5H5)2, in 1951,19

organometallic compounds have attracted a lot of interest and
have been investigated considerably both experimentally and
theoretically to learn about metal-molecule interactions.20-24

A metal atom interacts with aromatic molecules and often forms
stable complexes through overlap of the ringπ andπ* orbitals
with appropriate orbitals of the metal atom(s).25 The sandwich
compound has a structure where a metal atom is located between
two aromatic hydrocarbons such as the cyclopentadienyl radical,
benzene, cyclooctatetraene, and so on.20,26 Among the sandwich
complexes between first-row transition metal atoms and ben-
zene, Cr(C6H6)2 is well-known to be stable in bulk because of
the electronic structure having an 18-electron closed shell.21And
also, V(C6H6)2 and Ti(C6H6)2 have been synthesized in bulk,
although they lack 1 or 2 electrons of 18 electrons.

V(C6H6)2 was first prepared in 1957 by the Fischer-Hafner
method, i.e., the reduction of VCl4 with AlCl3/Al in refluxing
arene followed by hydrolysis.27 It was determined by EPR
spectroscopy in an Ar matrix28 to have a sandwich structure.
Apart from the above Ti-, V-, and Cr-(C6H6)2, other
sandwich complexes consist of alkyl ring substituents, and other
first-row transition metal complexes are known, such as Sc-
(1,3,5-tri-tert-butylbenzene)229 and Fe(hexamethylbenzene)2.30

In this paper, we synthesized Vn(arene)m clusters (arene)
benzene (C6H6), toluene (C6H5CH3), and fluorobenzene (C6H5F))
by using the molecular beam method in combination with laser
vaporization and a flow tube reactor. Then we discuss the
difference in the reactivity of arene molecules toward vanadium
atoms in order to clarify the effects of electron-donating and
-withdrawing ring substituents on theη-bonded organometallic
compounds.
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2. Experimental Section

Details of the experimental setup have been provided
elsewhere.10 The Vn(arene)m clusters were synthesized by a
combination of the laser vaporization method with a flow-tube
reactor. First, vanadium atoms were vaporized by irradiation
with the second harmonic of a pulsed Nd3+:YAG laser (532
nm), and the vaporized hot vanadium atoms were cooled to
around room temperature by a pulse of He carrier gas (10 atm
stagnation pressure). Then the metal atoms were sent into the
flow-tube reactor, where arene (C6H6, C6H5CH3, and/or C6H5F)
vapor seeded in He gas (1-2 atm) was injected in synchroniza-
tion with the flowing of the metal atoms. After skimming of
the cluster beam, Vn(arene)m clusters were ionized by an ArF
excimer laser (193 nm; 6.42 eV) or the second harmonic of a
dye laser pumped by an XeCl excimer laser. The photoions
were mass-analyzed by a time-of-flight (TOF) mass spectrom-
eter with reflectron.
Using the second harmonic of the dye laser, we determined

ionization energies (Eis) of the Vn(arene)m clusters through the
measurement of photoionization efficiency curves. The photon
energy was changed at a 0.01-0.03 eV interval in the range
5.95-3.50 eV, while the abundance and composition of the
clusters were monitored by the ionization of the ArF laser. The
fluences of the photoionization laser light were kept at∼200
µJ/cm2 to avoid multiphoton processes. To obtain photoion-
ization efficiency curves, the ion intensities by the second
harmonic of the tunable UV dye laser (Idye) were plotted as a
function of the photon energies with normalization to both the
laser fluence (Fdye and FArF) and the ion intensities by ArF
ionization (IArF). Then the normalized ion intensity,I, is
obtained as follows:

TheEis of the clusters were determined from the extrapolation
of the final decline in the photoionization efficiency curves. The
uncertainty of theEis was estimated to be typically(0.05 eV.
The relative reactivity of arene molecules toward the vana-

dium atom was also measured. By the adustment of the laser
fluence for vaporization, the V atom beam was generated, which
was monitored by the mass distribution of V+ cations. From
the sample nozzle, we added the mixed arene gas, which was
prepared by liquid mixtures of benzene-toluene with several
different molar ratios. To know the partial pressure ratio in
the injected gas, the mixed vapors were expanded from the
nozzle and ionized by the second harmonic of the dye laser
through a two-photon process via the S1 state. The ratios of
the ion intensity of benzene to that of toluene were plotted as
a function of the molar ratios of the prepared liquid mixture,
and then the partial pressure ratios in the molecular beam were
determined. To estimate the relative reactivities of vanadium-
arene compounds, ion intensity ratios of V1(C6H6)1/V1(C6H5-
CH3)1 and V1(C6H6)2/V1(C6H5CH3)2 in the ArF ionization mass
spectra were measured as a function of the partial pressure ratios
of benzene to toluene. With the same method, we also measured
the relative reactivity of fluorobenzene to benzene toward
vanadium atoms.

3. Results and Discussion

3.1. Mass Spectrum of the Vn(arene)mClusters. Parts a-c
of Figure 1 show the typical mass spectra of the Vn(C6H6)m,10

Vn(C6H5CH3)m, and Vn(C6H5F)m clusters, respectively, produced
by the above-described procedure. The peaks are labeled
according to the notation (n, m), denoting the number of

vanadium atoms (n) and arene molecules (m). In the photo-
ionization mass spectra, the ion intensities would reflect the
abundance of clusters, assuming that theirEis are lower than
the photon energy of the ionization laser (6.42 eV) and that
fragmentation is negligible. As discussed later, theEis of the
Vn(arene)m clusters are below 6.42 eV. Since their mass
abundance does not depend on the wavelength at about 6.42
and 5.9 eV except for V1(C6H5F)2, it may fairly be presumed
that the ion intensities of the respective Vn (arene)m clusters in
Figure 1, except for Vn(C6H5F)m , should reflect the abundance
of the neutral clusters. Thus, the prominent peaks can be
regarded as the abundant and stable clusters, although V1-
(C6H5F)2 might be more abundant. These three spectra were
taken under the condition of a relatively high concentration of
arene vapors. Even when this concentration was increased, the
mass spectra remained unchanged. Therefore, the concentration
of arene used is high enough to get final arene complexes toward
metal vapors.
As mentioned before, the organometallic clusters can take

two types of structures. One is the multiple-decker sandwich
structure in which metal atoms and arene molecules are
alternately piled up as in Vn(C6H6)m,10 and the other is a structure
in which the metal clusters are fully surrounded by arene
molecules as in Con(C6H6)m.12 In parts a and b of Figure 1, the
main products are Vn(C6H6)n+1 (n) 1-5) and Vn(C6H5CH3)n+1
(n ) 1-4), respectively, which are hereafter denoted as (n, n
+ 1). It seems reasonable to say that compositions of prominent
peaks in these two mass spectra are almost the same. Therefore,
the geometric structure of the Vn(C6H5CH3)m cluster is reason-

I )
Idye
Fdye

FArF
IArF

(1) Figure 1. Time-of-flight mass spectra of Vn(arene)m clusters; (a) Vn-
(C6H6)m (taken from ref 10); (b) Vn(C6H5CH3)m; (c) Vn(C6H5F)m. Peaks
of the clusters are labeled according to the notation (n, m) denoting
the number of vanadium atomsn and arene moleculesm.
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ably presumed to be the same multiple-decker sandwich as the
Vn(C6H6)m cluster. In the case of Vn(C6H5F)m clusters in Figure
1c, only a few can be synthesized; the conspicuous products
are (n, m) ) (1, 2) and (2, 3). This is probably because the
formation rate for Vn(C6H5F)m is low compared to Vn(C6H6)m
and Vn(C6H5CH3)m. Since a long series of (n, n + 1)
compositions is one evidence for a sandwich cluster, we could
not conclude whether Vn(C6H5F)m clusters may take multiple-
decker sandwich structures or not.
3.2. Ionization Energies and Structure of Vn(arene)m

Clusters. To obtain information about the electronic structures
of Vn(arene)m clusters, their ionization energies,Eis, were
measured using a photoionization spectroscopic method. The
size dependence ofEi values of organometallic clusters differs
much between the two types of structures.10,11 For the multiple-
decker sandwich cluster such as Vn(C6H6)m, the Ei values
decrease drastically with the cluster size.10 On the other hand,
for the Mn clusters fully covered with benzene molecules, such
as Con(C6H6)m, such a drastic decrease ofEis is never ob-
served.11,12 Figure 2 shows the photoionization efficiency (PIE)
curve of V1(C6H5CH3)2. As shown in Figure 2, theEi of
V1(C6H5CH3)2 was determined to be 5.59( 0.04 eV from the
extrapolation of the final decline of the ion intensities as a
function of the photon energy. TheEi values of the Vn(C6H5-
CH3)m and Vn(C6H5F)m determined by the same method are
listed in Table 1. Figure 3 shows theseEi values plotted against
the number of vanadium atoms, together withEis of Vn-
(C6H6)m.10

3.2.a. Vn(C6H5CH3)m Clusters. TheEi size dependence of
Vn(C6H5CH3)m is strikingly similar to that of Vn(C6H6)m; theEi
values decrease greatly asn is increased. This reason is

rationalized by the delocalization of d electrons of vanadium
atoms along the molecular axis through interaction ofπ electrons
on aromatic rings with the growth of the layered sandwich
complexes.10,11 Although theoretical investigations for this
drasticEi decrease have been in progress, it still remains an
open question. As expected, since theEi value of toluene (8.82
eV) is 0.43 eV lower than that of benzene (9.25 eV),31 theEi
of V1C6H5CH3)2 is 0.16 eV lower than that of V1(C6H6)2. This
difference comes to be zero within experimental uncertainties
when the number of vanadium atom is increased ton ) 3.
Because the ionization of the Vn(arene)n+1 multiple-decker
sandwich cluster occurs from nonbonding orbitals that come
from 3d orbitals of the metal atoms, their electronic structures
presumably become similar with increasing size of the sandwich
cluster. From both the stable clusters in the mass spectra and
theEi decrement withn, it should be concluded that Vn(C6H5-
CH3)m is the same as Vn(C6H6)m in both geometrical and
electronic structures and takes the multiple-decker sandwich
structure as shown in Figure 4a. To obtain information on the
proposed sandwich structure, an experiment of infrared absorp-
tion is in progress in our group.
3.2.b. Vn(C6H5F)m Clusters. For Vn(C6H5F)m clusters, their

Eis are a little higher than those of Vn(C6H6)m and Vn(C6H5-
CH3)m (see Figure 3 and Table 1). Although theEi of the
fluorobenzene molecule (9.20 eV) is almost equal to that of

Figure 2. Photoionization efficiency curve of the V1(C6H5CH3)2 cluster
normalized to the power of the ionization laser. The photon energy
was changed at 0.015 eV intervals in the range 5.85-5.50 eV. From
the final decline of the curve, theEi of the cluster was determined to
be 5.59( 0.04 eV.

TABLE 1: Ionization Energies of Vn(arene)m Clusters in eV

composition

cluster n m Eia

Vn(C6H5CH3)m 1 1 5.30(6)
1 2 5.59(4)
2 2 5.25(6)
2 3 4.66(5)
3 3 4.50(6)
3 4 4.16(5)

Vn(C6H5F)m 1 2 5.92(5)
2 3 5.02(5)

a Values in parentheses indicate experimental uncertainty; 5.30(6)
represents 5.30( 0.06.

Figure 3. Dependence ofEis of Vn(arene)m clusters on the number of
metal atoms. Solid circles, open squares, and open triangles denoteEis
of Vn(C6H6)m, Vn(C6H5CH3)m, and Vn(C6H5F)m, respectively.Eis of Vn-
(C6H6)m are taken from ref 8.

Figure 4. Proposed structures of (a) Vn(C6H5CH3)mand (b) Vn(C6H5F)m
clusters.
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benzene (9.25 eV),31 theEi of V1(C6H5F)2 is higher than that
of V1(C6H6)2 by 0.17 eV, and this difference is increased to
0.28 eV at a cluster size of (n, m) ) (2, 3). Along with only
a few products of Vn(C6H5F)m clusters in the ArF mass spectra
(see Figure 1c), the geometrical structure of the Vn(C6H5F)m
cluster causes controversial discussion, but it may be deduced
that the cluster takes the sandwich structure as shown in Figure
4b from the following three reasons: (i) theEi of V1(C6H5F)2
is still very low, similar to that of other sandwich M1(arene)2
complexes;32 (ii) the drastic decrease ofEis with the cluster size
can also be found; (iii) in bulk, V1(C6H5F)2 has been prepared
by the metal vapor synthesis in high yield.33 In the case of
Cr1(arene)2, Eis obtained by ultraviolet photoelectron spectro-
scopy indeed show a tendency similar to that of V1(arene)2 in
this work: 5.40, 5.31, and 5.91 eV for Cr1(C6H6)2, Cr1(C6H5-
CH3)2, and Cr1(C6H5F)2, respectively.34 Furthermore, a single-
crystal X-ray structure study for V1(p-C6H4F2)2 has been made,
indicating that it takes the sandwich structure.35

Unlike the neutrals, the V1(C6H5F)2- anion has been formed,
while the V1(C6H6)2- anion has never been found irrespective
of the satisfaction of the 18 valence electrons rule. An
electrochemical study36 has shown that V1(C6H6)2 has a negative
electron affinity (EA), and our recent work indicates that this
is because the occupied orbital by the excess electron is
characteristic of nonbonding (dz2).37 Since the EAs of benzene
and fluorobenzene are similar,-1.15 and-0.89 eV,38 V1-
(C6H5F)2 having the sandwich structure should have a negative
EA as well as V1(C6H6)2. One possible explanation for the
production of V1(C6H5F)2- is the structural deformation by
electron attachment to V1(C6H5F)2, although the deformed
structure cannot be clear. It seems preferable that the bond
between V and F atoms is formed because the excess charge is
distributed around the F-C bond in the fluorobenzene molecule
because of the large electronegativity of an F atom. In fact,
the photoelectron spectrum of V1(C6H5F)1- is strikingly different
from those of V1(C6H6)1- and V1(C6H5CH3)1-, suggesting that
the coordinate of fluorobenzene to the V atom is different from
those of benzene and toluene in their anions.37 Moreover, the
vanadium fluoride anion, VF-, and its arene complex are
abundantly observed in the mass spectrum of the Vn(C6H5F)m-

anions. Therefore, the F atom in fluorobenzene is reasonably
expected to work as a bonding site to V atoms in addition to
the aromatic benzene ring. Namely, the V1(C6H5F)2- anion
presumably takes a different structure from the sandwich
structure of the neutral V1(C6H5F)2.
3.3. Reactivity of V1(arene)1 and V1(arene)2 Clusters. We

investigated relative reactivity among benzene, toluene, and
fluorobenzene molecules toward vanadium atoms to know the
effect of electron-donating and -withdrawing ring substituents
on the sandwich compounds. Figure 5 shows a mass spectrum
of Vn(C6H6)m(C6H5CH3)l cluster when the vapor pressure of
benzene and toluene is nearly equal. At a glance, one can see
that ion intensities of Vn(C6H5CH3)m clusters are larger than
those of Vn(C6H6)mclusters. In the measurement of their relative
production efficiency, we prepared mixed solution of benzene
and toluene with several different molar ratios.
At first, we examined the partial pressures of benzene and

toluene obtained from the mixed solution. Although it is well-
known that benzene and toluene behave as nearly an ideal
solution, it provides no sufficient guarantee against the partial
pressures in the injected gas being the same as those determined
by the treatment of the ideal solution because adsorption of arene
molecules inside the tubing and the nozzle may change the
partial pressures. The vapor of the mixture seeded in He gas
was expanded from the nozzle and ionized by the second

harmonic of the dye laser through a two-photon process via
the S1 state. The ion intensity of each molecule,IA (A ) Bz
(benzene) and Tol (toluene)), is expressed as a product of partial
pressure (PA), an ionization cross section (ΦA), and the square
of the ionization laser fluence (LA); IA ) PAΦALA2. We
measured the dependence of ion intensity against the ionization
laser fluence and made sure that ionization of benzene and
toluene occurs through the two-photon process. Here,ΦA does
not depend on mixture ratios, so it can be expressed with the
values for the pure sample (Bz or Tol) as follows:

where a notation with an asterisk means the value for the pure
sample andPTol* and PBz* are vapor pressures of toluene and
benzene obtained from the pure liquid, respectively.PTol* )
21.58 Torr andPBz* ) 75.59 Torr at 293 K.39 Therefore, the
partial pressure ratio of benzene to toluene in a molecular beam,
PBz/PTol, is expressed as follows:

To ensure the above relationship, the partial pressure ratio (PBz/
PTol) determined by eq 3 was plotted as a function of molar
ratios (xBz/xTol) of the prepared liquid mixture, as shown in
Figure 6. The plots can be fitted by a straight line having a
slope of 3.7( 0.2.
When this relation was reasonably understood by Raoult’s

law that the vapor pressure of a component is proportional to
its mole fraction in the liquid for an ideal solution,40 a ratio of
benzene vapor pressure to toluene (PBz/PTol) obtained from the
liquid mixture can be written as

wherexBz andxTol are the mole fractions of benzene and toluene
in the liquid mixture, respectively. Raoult’s law indicates that

Figure 5. Time-of-flight mass spectra of Vn(C6H6)m(C6H5CH3)l clusters
under almost equal partial pressures of benzene and toluene. Peaks of
the clusters are labeled according to the notation (n, m, l) donating the
number of vanadium atomsn, benzenem, and toluene moleculesl.
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the slope in Figure 6 should be equal toPBz*/PTol* if the
expression forPBz/PTol in eq 3 is valid. Actually, the slope of
3.7 ( 0.2 is nearly equal to 3.50 ofPBz*/PTol* at 293 K.31

Therefore, it is safe to say that the vertical axis in Figure 6
represents the partial pressure ratios of benzene to toluene.
Next we measured the relative reactivity of benzene to toluene

toward V atoms in the formation of V1(C6H6)1 and V1(C6H5-
CH3)1. The reaction proceeds as follows:

and

Because the formation of V1(arene)1 is described as (d[V1-
(arene)1])/dt ) kA[V][arene] (A) Bz and Tol), the concentration
ratio of [V1(C6H5CH3)1] to [V1(C6H6)1] is written as follows:

The Vn (arene)m clusters were ionized through a one-photon
process by an ArF excimer laser. The ion intensity of V1(arene)1
(IVA; VA ) VBz or VTol) is expressed as a product of an
ionization cross section (ΦVA), the ionization laser fluence (LVA),
and a concentration of V1(arene)1 ([V1(arene)1]); IVA) ΦVALVA-
[V1(arene)1]. We can reasonably assume that the ionization
cross sections for V1(C6H5CH3)1 and V1(C6H6)1 are equal
because (i) as mentioned above, ionization of the sandwich
compounds occurs from nonbonding orbitals that come from
metal 3d orbitals and their ionization energies are almost the
same and (ii) the total absolute ionization cross sections for
benzene and toluene by electron impact are almost the same at
an impact energy from 20 to 250 eV; 5.704× 10-16 cm2 and
4.952× 10-16 cm2 at 30 eV, 10.799× 10-16 cm2 and 12.744
× 10-16 cm2 at 50 eV, and so on.41 Almost the same ionization
cross section by electron impact means that the probability of
direct ionization of benzene and toluene molecules differs little,
although the absolute photoionization cross section for toluene
has never been reported to our knowledge. Then it implies that

the cross sections for ionization of V1(C6H6)1 and V1(C6H5-
CH3)1 are expected to be almost the same.
Accordingly, ion intensity ratios between V1(C6H6)1 and

V1(C6H5CH3) normalized with the laser fluence mean the
concentration ratios between V1(C6H6)1 and V1(C6H5CH3)1 in
the beam. In Figure 7, ion intensity ratios of V1(C6H6)1 to
V1(C6H5CH3)1 normalized with the laser fluence are plotted
against partial pressure ratios [Tol]/[Bz] in the molecular beam
determined from eq 3. The plot gives a straight line, and the
slope of 4.1( 0.2 in Figure 7 corresponds tokTol/kBz as
expressed by eq 7. Namely, the reactivity of toluene toward a
vanadium atom is 4 times larger than that of benzene.
Finally, relative reactivity of toluene and benzene for

V1(C6H5CH3)2 and V1(C6H6)2 production has been determined
by a similar method. The production reaction is expressed as
follows:

and

The concentration ratios of the complexes in the beam, [V1-
(Tol)2]/[V 1(Bz)2], can be expressed in the following, assuming
both clusters have the same ionization efficiency:

In Figure 8, the ion intensity ratios of V1(C6H5CH3)2 to V1-
(C6H6)2 normalized to the laser fluence were plotted as a
function of the square of partial pressure ratios of [Tol]2/[Bz]2

in the beam. The slope of the fitted straight line is 8.6( 0.3,
corresponding to (kVT-T/kVB-B)(kTol/kBz) as described in eq 10.
Hence,kVT-T/kVB-B becomes 2.1( 0.4 and the second toluene
toward V1(C6H5CH3)1 is about twice as reactive as the second
benzene toward V1(C6H6)1.
Similarly, we measured the relative reactivity toward the V

atoms between fluorobenzene and benzene to know effects of

Figure 6. Plot of the partial pressure ratios of benzene to toluene vs
molar ratios of prepared liquid mixtures. Partial pressure ratios were
determined by ion intensity ratios via the two-photon process and eq 3
(see text). This straight line corresponds to Raoult’s law, and indeed,
the slope of 3.7( 0.2 is nearly equal to 3.5 of the ratio of vapor pressure
of pure benzene to that of pure toluene,PBz*/PTol*, at 293 K (see text).
It is safe to say that the vertical axis represents the partial pressure
ratios of benzene to toluene.
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)
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Figure 7. Plot of ion intensity ratios of V1(C6H5CH3)1 to V1(C6H6)1
normalized to the laser fluence vs partial pressure ratios [Tol]/[Bz] in
the molecular beam determined from eq 2. This straight line corresponds
to eq 7 (see text). Assuming that ionization cross sections for both
compounds were equal, the fitted slope of 4.1( 0.2 meanskT/kB; that
is, the reactivity of toluene toward a vanadium atom is 4 times larger
than that of benzene.
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kT
kB

[Tol] 2
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electron-withdrawing ring substituents. The result was that
fluorobenzene has a reactivity about 102 times as low as that of
benzene in the production of V1(C6H5F)2. This corresponds to
a very low yield in the synthesis of Vn(C6H5F)m compounds, as
shown in the ArF mass spectra of Vn(C6H5F)m (Figure 1c).
As discussed above, it is concluded that an electron-donating

ring substituent of toluene is more reactive than benzene,
whereas an electron-withdrawing ring substituent of fluoroben-
zene has much less reactivity. To explain the higher reactivity
of the toluene molecule, we make use of a molecular orbital
(MO) diagram. The construction of the valence molecular
orbitals in V1(arene)1 is shown in Figure 9. Here, to compare
V1(C6H6)1 with V1(C6H5CH3)1, both orbitals of these complexes
are considered under theC6V point group symmetry. As shown
in Figure 9, a metal 3dz2 orbital of a1 symmetry remains
nonbonding. One of the benzeneπ sets of a1 is stabilized by a
metal 4s orbital, and the other benzeneπ sets of e1 are stabilized

by metal 3d orbitals (xz, yz) of e1. The benzeneπ* sets in e2
symmetry are stabilized by metalx2 - y2 andxy of 3d orbitals
(e2). Thus, there are five strong bonding interactions between
a vanadium atom and a benzene molecule. Among them, the
main interaction is the overlap of e1 symmetry orbitals. With
methylation from benzene to toluene,Ei becomes lower (Ei )
9.25 eV for benzene and 8.82 eV for toluene, respectively31),
and then the energy level of e1 (π) orbitals becomes higher.
Consequently, interaction between a toluene molecule and a
vanadium atom becomes stronger, resulting in toluene having
a higher reactivity than benzene toward vanadium. It is
qualitatively reasonable that the reactivity of the first toluene
molecule comes to be 4 times as high as that of benzene, and
the second toluene has a reactivity twice as high as that of
benzene, although the difference in reactivity of the second arene
is a little smaller than that of the first arene. By use of this
MO diagram, the reason why electron-donating ring substituents
such as mesitylene (Ei ) 8.41 eV31) exhibit high reactivity
toward transition metal atom(s) can be figured out. It is the
widespread view that alkyl substituted benzene stabilizes the
metal-arene bonds42 because the interaction between e1 orbitals
is expected to become stronger. For example, triple-decker
sandwich compounds of Cr2(1,3,5-R3-benzene)3 (R ) methyl
and tert-butyl) have been prepared,43 whereas Cr2(C6H6)3 has
been not synthesized.19

The reason for the much lower reactivity of fluorobenzene
molecules toward a vanadium atom cannot be explained by this
qualitative MO diagram because theEi of the fluorobenzene
molecule is almost equal to that of benzene (9.25 and 9.21 eV
for benzene and fluorobenzene, respectively31). Nevertheless,
it is clear that the substitution of the hydrogen of benzene for
an electron-withdrawing group decreases the reactivity for
multiple-decker sandwich complex formation, and further
theoretical investigation is necessary.

4. Conclusion

Organometallic clusters of Vn(C6H5CH3)m and Vn(C6H5F)m
were synthesized from the reaction between laser-vaporized
metal atoms and arene molecules. Vn(C6H5CH3)m clusters
exhibited results similar to results of Vn(C6H6)m clusters in both
mass distributions in the mass spectra and ionization energies,
which leads us to conclude that Vn(C6H5CH3)m takes the same
sandwich structure as Vn(C6H6)m. The relative reactivity
between benzene and toluene toward vanadium atoms was also
determined; electron-donating ring substitution of toluene
enhances reactivity, in which toluene is about 4 and 2 times as
reactive as benzene for the production of V1(arene)1 and V1-
(arene)2, respectively. On the other hand, the electron deficient
arene of fluorobenzene has a much lower reactivity. We
propose that the high reactivity of alkyl substituted benzene
molecules depends on their lower ionization energy because the
interaction between the e1 orbitals of arene and vanadium atom
becomes stronger.
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