5040

J. Am. Chem. So@001,123,5040-5043

The FerroceneLithium Cation Complex in the Gas Phase

Arantxa Irigoras, Jose M. Mercero, IfAaki Silanes, and Jesus M. Ugalde*

Contribution from the Kimika Fakultatea, Euskal Herriko Unibertsitatea, P. K. 1072,

20080 Donostia, Euskadi, Spain

Receied August 21, 2000. Rised Manuscript Recegéd January 29, 2001

Abstract: The stable isomers of the ferroceflghium cation gas-phase ion complex have been studied with
the hybrid density functional theory. The method of calculation chosen has been tested checking its performance

for the more studied protonated ferrocene species.

Our calculations demonstrate that the procedure used is

reliable. We have found two isomers of the ferrocelighium cation complex separated by a barrier of 25.6
kcal/mol. The most stable isomer of this complex has dm-top of one of the cyclopentadienyls, while in the
least stable isomer Libinds the central iron metal. The latter isomer has been characterized as a planetary
system in the sense that'Lhas one thermally accessible planar orbit around the central ferrocene moiety.
Our calculations lead to a value of ferrocene’s gas-phase lithium cation basicity of 37.4 kcal/mol for the
on-top complex and 29.4 kcal/mol for the metal-bound complex.

|. Introduction

Gas-phase [Liwas long ago known to be a ubiquitous cation
that yields strong, mostly electrostatic interactions with neutral
species.

Recently, it has regained interest due to its ability to form
planetary systemdhis term, coined by Abboud et &for Pye+-

Li*, refers to complexes between*Land a neutral species

ferrocene, since the latter is well-known to constitute an ideal
prototype for metallocenes.

Finally, given the importance of the interactions of acids and
bases in chemistry and in particular of the gas-phase proton
and alkali metal transfer equilibridthis work aims to contribute
to the building of a reliable data set concerned with the intrisic
basicity of the lithium catior®

where the cation has closed, thermally accessible paths resem-

bling orbits, revolving around the central neutral species.

Although planetary systemsvere described earlier in the

literature3—> the complex synthesized and characterized by

Abboud et al. has the peculiarity that thebiting of Li ™ around

the central Runit is 4-fold degenerate due to its high symmetry.
On the other hand, the reactivity of ferrocene toward

electrophiles is also a very active field of research. In particular,

[I. Computational Methods

All structures reported in this paper were first optimized and then
followed by a frequency calculation at the same level of theory to assess
whether each corresponds to a real minimum (all force constants
positive) or to a transition state (all but one positive force constant)
and to estimate the zero-point vibrational energy correction (ZPVE).
The whole set of completely optimized geometries and vibrational

the nucleophilic behavior of ferrocene has been studied in great"@duencies is available in the Supporting Information.

detail by Mayor-LUpez et aP following earlier experimental
work by Rosenblum et d.and Cunningharf;1° who found

that hard electrophiles, like proton and acetylene, are most likely

to bind to the central iron atom of the ferrocene éadoattack),
whereas soft electrophiles (mercury) prefer to bind to the
cyclopentadienyl ring of the ferrocene moiety (@xo attack).

In view of the interest shown by the experimentalists on the
electrophilic behavior of metallocenésit should be of some
interest to learn more on the interactions betweeh &nd
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Calculations have been carried out with the GAUSSIAN98/BFT
suite of programs. Also Natural Bonding Orbital (NB&¥f calculations
have been done to give additional insight into the bonding properties
of some of the structures.
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The experience of this grotip?? shows that Density Functional
Theory (B3LYP functionaP?~2° with the DZVP basis sets given by
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Table 1. Iron—Cyclopentadienyl Vertical Distance, in A, in the
Ferrocene Molecufe

Salahub et a%2” as a starting point and reoptimization with the

TZVP+G(3df,2p) quality basis set is a reasonable choice for optimiza-
tion and frequency calculations of systems containing first-row transition
metals. The triples quality basis set, TZVIPG(3df,2p), used for the
metal was that given by Stfea, Hubert, and Ahlrich& supplemented
with a diffuses function (with an exponent 0.33 times that of the most
diffusesfunction on the original set), two setspfunctions optimized

by Wachter® for the excited states, one set of diffuse pure angular
momentumd functions (optimized by Hay¥ and three sets of
uncontracted pure angular momenttifanctions, including both tight
and diffuse exponents, as recommended by Ragavachari and Ftucks.
For the carbon, hydrogen, and lithium atoms the 6-81G(2df,2p)
basis set of Pople et &.was used.

lll. Preliminary Calculations

The choice of the B3LYP functional is largely motivated by
its satisfactory performang&° for transition metal containing
systems. Other methods such as CASP&aad CCSD(T¥ have
also been considered. However, since they require very large
basis sets to yield accurate resdft#he computational require-
ments became prohibitive very rapidly, so they were discarded.

method distance
B3LYP/DZVP 1.672
B3LYP/TZVP+G(3df,2p) 1.689
experiment [51] 1.66
HF [43] 1.88
HF [52] 1.872
MP2/[16512p8d6f](58) [52] 1.489
MP2-R12/[16s12p8d6f](58) [52] 1.481
MP2/[16s12p8d6f](66) [52] 1.474
MP2-R12/[16s12p8d6f](66) [52] 1.468
MCPF/[4s4p3d1f](66) [44] 1.684
MP2 [44] 1.65-1.67
MCPF [44] 1.727
MCPF! [44] 1.865
CASSCF(10,10)/[6s5p4d2f] [53] 1.716
CASPT2(10,10)/[6s5p4d2f] (58) [53] 1.617
CASPT2(10,10)/[6s5p4d2f} BSSE (58) [53] 1.643
CCSD/DZP(66) [45] 1.675
CCSD/DZP(96) [45] 1.672
CCSD/TZV2P+H(66) [45] 1.672
CCSD/TZV2PH(96) [45] 1.664
CCSD(T)/DZP (66) [45] 1.665
CCSD(T)/TZV2P+{(66) [45] 1.660

Nevertheless, we would like to assess further the reliability
of our chosen B3LYP procedure by calculating a number of

2The number of correlated electrons is given in partentheses.

Reference numbers are given in squared brackatalues calculated

selected properties of both the ferrocene and the protonatedreplacing the iron atom by &2 point charge® Single excitations

ferrocene and comparing the obtained results with earlier
theoretical and experimental data.

A. Ferrocene.Although most theoretical procedures predict
results in agreement with the available experimental data, that
the eclipsed configuration of ferrocene is slightly more stable
than staggered, the prediction of the metaand equilibrium
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excluded.® Single excitations included.

distance in ferrocene has been reported as notoriously
difficult. 43-45

Park and Alni64 noted that the metalligand distance is a
problem in ferrocene because of the dynamic correlation. Later
Koch and co-workef$§ confirmed that claim and suggested that
both a size-extensive treatment of correlation effects beyond
MP2 and a basis set capable of reproducing the correct
equilibrium structure within 0.01 A are needed to yield accurate
results of the molecular structure of ferrocene.

All the values of the metal-to-ring distance of ferrocene found
in the literature are listed in Table 1, along with our completely
optimized B3LYP/DZVP and B3LYP/TZVRG(3df,2p) data.
From inspection of Table 1, we conclude that our procedure
yields metat-ligand distances that are in reasonable agreement
with experiment and highly accurate ab initio molecular orbital
methods.

The heterolytic dissociation energy of reaction 1 is another
difficult property to estimate theoreticalfy.

FeCp— F& (") + 2Cp,” 1)
Recently, several studies have been carried out at various levels
of theory to obtain a feasible prediction of this property. The
most recent values from the literature along with our ones are
collected in Table 2.

The calculations show that B3LYP with a large enough basis
set compares favorably to other ab initio procedures such as
CASPT2 and CCSD(T). Our best result of 656 kcal/mol for
the dissociation energy leads to a value of 648 kcal/mol for the
dissociation enthalpy at 298 K, which overestimates slightly
the experimental valdé of 6354 6 kcal/mol.

(43) Luthi, H. P.; Ammeter, J.; Alnilh J.; Korsell, K.Chem. Phys. Lett.
198Q 69, 540.

(44) Park, C.; AImld, J. J. Chem. Phys1991, 95, 1829-1833.

(45) Koch, H.; Jargensen, P.; Helgaker,JI.Chem. Phys1996 104,
9528-9530.

(46) Mayor-Lmpez, M. J.; Weber, Them. Phys. Letl997 281, 226—
232.

(47) Corliss, C.; Sugar, J. Phys. Chem. Ref. Datt982 11, 135.
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Table 2. Zero-Point Vibrational Energy CorrectionAZPVE), E (keal/mol)

Basis Set Superposition Error Corrections (BSSE), and Dissociation

Energies Do), in kcal/mol, for the Heterolytic Reactior? 1 R

method ZPVE BSSE Do ;1

B3LYP/DZVP —8.008 10.350 676 -
B3LYP/TZVP+G(3df,2p) -7.913  1.962 656 _I512
SCF [53] 9 570 25.06
SCF [45] 6 572
MP2(58) [53] 28 706 )
MP2(58) [45] 15 699 ot . BES A
MP2(66) [53] 45 732
MP2(66) [45] 20 724 ° - o
CCSD(66) [45] 706 - = TS22
CCSD(T)(66) [45] 728 - 2 —=
CASSCF [53] 650 s e
CASPT2 [53] 745
Theoretical Estimate(CASPT2) [52] —7 657 = v
Theoretical Estimate(CCSD(T)) [62] —7 653 1 1
LDA [46] -7 7 733 000
BPWO1 [46] -7 6 663 Figure 2. The stationary points of Gpe--Li* at the B3LYP/

TZVP+G(3df,p) level of theory. Energies given are in kcal/mol and
are relative to structuré. For the transition state§S12 and TS22,
arrows indicate the atomic displacements corresponding to the negative
E (keal/mol) force constant mode. Lithium is shown in black.

aThe number of correlated electrons is given in parentheses.
Reference numbers are given in squared brackets.

a/iam_o also been able to find the transition state associated with the
V7w migration of the proton from one carbon to an adjacent one on
g the same cyclopentadienyl. This structure is showl&k1in
,__e‘_,‘_%}%_“__, Figure 1. It lies 18.8 kcal/mol above the stable minimtim
Finally we have also calculated the B3LYP proton affinity
TS11 of ferrocene with our two basis sets, namely DZVP and
T s TZVP++G(3df,2p). The proton affinity is defined as the
negative of the change of enthalpy at room temperature for the
reaction

FeCp+H"—FeCp---H" )

For the most stable isomer of protonated ferrocene, both
calculations yield extremely good values for the proton affinity,

1 2 207.6 kcal/mol and 207.2 kcal/mol at the B3LYP/DZVP and
e 138 B3LYP/TZVP++ G(3df,2p) levels of the theory, respectively,
) as compared with the recent experimental measurement by

i i i et .
Figure 1. The stationary points of Gfe:-H"™ at the B3LYP/ ., \hi0r and g of 2071 keal/mol. Recall that Mayor-Lgez

TZVP+G(3df,p) level of theory. Energies given are in kcal/mol and 50 _ .
are relative to structuré. For the transition stat€S11, arrows show et al> have found a proton affinity of 217.7 kcal/mol for this

the atomic displacements corresponding to the negative force constanStructure at the CC_SD.(T) level of theory with a doufjlbasis
mode. set including polarization.

C. Ferrocene--Li*. Figure 2 shows the four stationary points

B. Protonated Ferrocene.Protonated ferrocene has been that we have been able to characterize on the B3LYP potential
studied experimentally by Curphey et*&and Meot-Ner® and energy surface of GEe--Li™. Notice that akin to the protonated
theoretically by Mayor-Lpez et af-%0 case, both the ring-bonded and the metal-bonded structures are

We have been able to characterize two stable structures,stable for the case of the lithium cation. Our best calculation
almost degenerate in energy on the potential energy surface ofsuggests that the ring-bonded form is more stable than the metal-
the protonated ferrocene. Our most stable structune Figure bonded form for the ferrocereLi™ complex.
1) is best characterized as a two electron-three center hydrogen We have also calculated the standard Gibbs energy of the
bonded species. Structi2ef Figure 1 corresponds to the metal-  dissociation reaction
protonated ferrocene and is only 1.38 kcal/mol higher in energy
at our best level of theory. Thesg results agree with the recent Fng---LiJ“ — FeCp + Li* 3)
very accurate CCSD(T) calculations of Mayorfer et ak°
and lend further support to our method. Additionally, we have . o .

for the two stable isomers of the ferrocerlghium cation. For

(48) Curphey, T. J.; Santer, J. O.; Rosenblum, M.; Richards, I.H. T = 298 K this quantity is known as the lithium cation basicity

A”};l%h&g‘ét_sﬁggfﬂq JE.SZA'nSf‘g’Hem. S04.989 111 2830. (LCB) of ferrocene. Our best LCB values are 37.4 and 29.4
(50) Mayor-Lez, M.; Lithi, H. P.; Koch, H.; Morgatini, P. Y.; Weber,  kcal/mol for the isomer4 and2 of Figure 2, respectively. Hence
J.J. Chem. Phys200Q 113, 8009. our calculations predict thatis 6 kcal/mol more stable thah
Egg E%a'agfive-_V&’,l-lTh‘i’pHCg”C-g:ﬁmF}r?f Egitlléga 262 546552 According to the recent compilation of LCB values of Burke
pper, V- ‘on B S i et al.13 ferrocene is predicted to be a moderately strong basis

(53) Pierloot, K.; Persson, B. J.; Roos, B. D.Phys. Cheml1995 99, - _
3465-3472. toward the lithium cation.
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Figure 3. The orbit of the lithium cation in terms of a tube following

the minimum energy path. The radius of the tube covers energy 30%

higher than the energy barrier associated with the transition E&22

Table 3. Distances, in A, from Iron to the Most Distant Carba,
and to the Closest Carboo, in Protonated Ferrocene (&g --H™)
and in the Ferrocenelithium Cation Complex (Cgre---Li™)

B3LYP/DZVP B3LYP/TZVP+G(3df,2p)

structure ¢ d c d
CpFe--H" 1 2.049 2.123 2.054 2.137
TS11 1.998 2.095 2.007 2.104
2 2.071 2.090 2.081 2.101
CpFe--Lit 1 2.049 2.049 2.069 2.069
2 2.073 2.095 2.087 2.098
TS12 2.046 2.091 2.054 2.107
TS22 2.074 2.096 2.090 2.103

J. Am. Chem. Soc., Vol. 123, No. 21, 2063

the metal, in both the protonated ferrocene and the ferrecene
lithium cation complex. Its inspection reveals that both basis
sets yield very similar optimum distances. This adds to the
mounting evidence that optimization at the B3LYP/DZVP level
is quite reliable®® even for large molecules.

One more interesting feature that stems from Table 3 is that
the ferrocene moiety distorts more appreciably upon complex-
ation with H" than with Li*. Recall that our best optimum iron
carbon distance in bare eclipsed ferrocene is 2.078 A. Protonated
ferrocene largest (2.137 A) and shortest (2.054 A) optimum iron
carbon distances of the stable structiref Figure 1 bracket
loosely the unperturbed iron carbon distance of ferrocene.
However, the largest (2.098 A) and shortest (2.089 A) optimum
iron carbon distances of the stable ferrocefiium cation
complex, structur@ of Figure 2, represent a tight upper bound
to the unperturbed iron carbon distance. This is supportive of
the weaker interaction of tiwith ferrocene relative to H

The minimum energy of the most stable ferrocetitium
cation complex isomer, structurke of Figure 2, has an iron
carbon distance of 2.069 A, only 0.01 A shorter than the
unperturbed ferrocene iron carbon optimum distance. Again,
this indicates that Li distorts very little the ferrocene moiety.

V. Conclusions

The interaction of ferrocene with both*Hand Li* has been
studied by using the B3LYP approximate hybrid density
functional and an extended basis set. Our calculations predict
that the most stable isomer of protonated ferrocene can be best
viewed as a two electron-three center hydrogen bonded species,
where the hydrogen binds the central iron atom with a carbon
atom of one of the cyclopentadienyls. However, this species
has been found to be fluxional for the metal protonated isomer
lies 1.4 kcal/mol higher in energy. Additionally we have also
been able to characterize the transition state for the hopping of
the hydrogen from one carbon atom to an adjacent one on the
same cyclopentadienyl. This structure lies 18.8 kcal/mol higher
in energy that the stable protonated ferrocene.

Nevertheless, it is worth noting that these two stable structures  \ye have predicted that the ferrocerighium cation complex

are separated by a transition state (strucit8&2in Figure 2)
with a barrier of 25.06 kcal/mol. This barrier seems to be high
enough to provide botlh and2 with substantial kinetic stability
toward interconversion. Indeed, since the barrier is only 5 kcal/
mol less than the dissociation energy 2f interconversion
betweenl and 2 will likely result in the fragmentation of the
complex.

The metal-bonded isomer of gfge---Li™ lies 8.52 kcal/mol
higher in energy than the ring-bonded isomer. The lithium cation
is at a distance of 2.4 A from the central iron atom in a staggered
arrangement with respect to both cyclopentadienyl rings.
Remarkably, this structure constitutes a pplanetary system
with the lithium cationorbiting around the ferrocene orpdanar
orbit. Observe from Figure 2 that the transition state connecting
any two adjacent equivalent forms ®fs separated by a barrier
of only 2.6 kcal/mol through structur&S22 in which the
lithium cation is at 2.53 A from the central iron atom and
eclipsed with respect to both cyclopentadienyl rings. To our
knowledge this is the firsplanetary systenfiound up to date
having one and only onglanar orbit. Figure 3 shows the orbit
in terms of tube following the minimum energy path with a
tube radius covering an energy 30%
barrier associated witlS22

Table 3 collects the distances from the central iron atom of
the ferrocene moiety to the most distant carbon atom and to

has at least two stable isomers, separated by a transition state
with an energy barrier of 25.06 kcal/mol. In both isomers Li
does not distort notably the ferrocene structure.

The most stable structure has the lithium cation borated
top one of the cyclopentadienyls, while in the other isomer
lithium binds to the central iron atom. This isomer is in fact a
planetary systenin the sense that i has one and only one
accessiblerbit around the central ferrocene moiety, for adjacent
equivalent structures of tiaround the ferrocene are separated
by a barrier of only 2.6 kcal/mol.

The lithium cation gas-phase basicity is 37.4 kcal/mol for
the most stable isomer and 29.4 kcal/mol for the next stable
isomer of the ferrocenelithium cation complex, respectively,
at the B3LYP/TZVP-G(3df,2p) level of theory. These predic-
tions await experimental verification.
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