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Abstract: A systematic study of cation—z interactions between alkali metal ions and the cyclopentadienyl
ring of ferrocene is presented. The alkali metal (Li*, Na*, K*, Rb*, Cs™) salts of the ditopic mono(pyrazol-
1-yhborate ligand [1,1'-fc(BMe2pz),]>~ crystallize from dimethoxyethane as multiple-decker sandwich
complexes with the M* ions bound to the x faces of the ferrocene cyclopentadienyl rings in an #° manner
(fc = (CsHa)2Fe; pz = pyrazolyl). X-ray crystallography of the lithium complex reveals discrete trimetallic
entities with each lithium ion being coordinated by only one cyclopentadienyl ring. The sodium salt forms
polyanionic zigzag chains where each Na™ ion bridges the cyclopentadienyl rings of two ferrocene moieties.
Linear columns [-CpR—Fe—CpR—M*™—CpR—Fe—CpR—M*—]., (R = [-BMe,pz]~) are established by the
K*, Rb*, and Cs* derivatives in the solid state. According to DFT calculations, the binding enthalpies of
M*—n5(ferrocene) model complexes are about 20% higher as compared to the corresponding M*—5-
(benzene) aggregates when M* = Li* or Na*. For Kt and Rb", the degree of cation— interaction with
both aromatics is about the same. The binding sequence along the M*—x>(ferrocene) series follows a
classical electrostatic trend with the smaller ions being more tightly bound.

Introduction little is known about the degree of cation binding to organo-
metallic structures such as the cyclopentadienyl ring of sandwich

. complexes. In this context, ferrocene, being the prototypical
are attracted to the face of aromatic structures through a strong san dF\)/vich complex and said to be even m%re ar?)mati)c/pthan

noncqvalent binding forge. Durllng the past 20 years, both Penzené, is of particular interest for further studi@sthis is
experimental and theoretical evidence has been gathered tha; S
more so as ferrocene-based planar-chiral ligands and ferrocenyl-

\S;Zﬁgsztsatrgzsse g?tglvggiﬁscg?%s E:g?’o&?prg;m:;;;o;ﬁam substitute_d crown ethers are important i_n homogeneous caFaIysis

cation—u interactions appear to contribute té) the ion selecti;/ity and alkall_metal c_omplexatlon, respectivéin .bOth cases, it

in potassium channefsthey are important for the binding of may b? |nt§arest|r.lg to explore the potential .Of cqﬂm
interactions involving the ferrocene cyclopentadienyl rings for

acetylcholine to the active site of the enzyme acetylcholine he desi fi d livand d red itchabl
esterasé, and they guide the stereoselective cyclization of the lesign of improved figan systems and redox-switchable
’ alkali metal receptors.

squalene epoxide in the enzymatically catalyzed process of The main focus of this paper is on the role of cation

§ter0|d biosynthesfSEven though cat|o1_=m |nteract|p ns involv- interactions for the development of ferrocene-containing multiple-
ing arene molecules have been studied extensively, only VerY yecker sandwich complexes. Even thougho(EeHs)g* and
T JW. Goethe-Universiteerankfurt clusters of the general formula,fFe(GHs)z]n+1 (N = 1-3)
+Euskal Herriko Unibertsitatea, and Donostia International Physics have been detected in the gas pheiséjt was for a long time
Center DIPC. not possible to stabilize any of these aggregates in the condensed
1) %Q_‘"de' C. Schleyer, P.v. Rdv. Organomet. Chemi987 27, 169~ phase. In 1998, Laguna et al. reported on a double sandwich

Alkali metal cations, as well as tetraalkylammonium groups,
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2967-2978. 2001, 691-692.
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Rev. 2001, 222, 127-154. 2001, 123 5040-5043.
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35, 878—-886. (11) Schildcrout, S. MJ. Am. Chem. S0d.973 95, 3846-3849.
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Figure 1. A Ga'-ferrocene multiple-decker sandwich complex

4

silver(l) complex with 1,kbis(diethyldithiocarbamate)ferrocene.
This ligand-supported polymer represented the first isolable
compound where apP-cyclopentadienyl ring of ferrocene was
shared with another metal atom via the system'® More
recently, Enders et al. synthesized the Zn&@implex ofy5-1-
(8-quinolyl)-2,3,4,5-tetramethylcyclopentadiemypcyclopen-
tadienyliron in which the zinc ion is surrounded tetrahedrally
by two chlorine atoms, the nitrogen atom of the 8-quinolyl
sidearm, and one carbon atom of the tetramethylcyclopentadi-
enyl ring* Our group published the synthesis and X-ray crystal
structure analysis of compourd(Figure 1) consisting of a
ligand-unsupported array of alternating Ga(l) and Fe(ll) ions
connected by;®u-[CsHs]~ moietiest®

According to density functional (DFT) calculations, the
binding energy of two ferrocenes to G about 20 kcal molt
higher than that for the formation of [Gadds)2] ™ from Ga
and two benzene molecules. Fragment analysigFa(GHs)] -
Ga* indicated a transfer of 0.4 electrons into the gallium 4p
orbitals as compared to a zero occupancy for the isolated ion.

These encouraging results prompted us to start a systematic

search for more one-dimensional solids exhibiting the structural
motif of ferrocene-containing multiple-decker sandwich com-
plexes. It is important to note in this context that the synthesis
protocol developed for the ligand-unsupported polyiiéris
unique in that it starts from the covalent molecule Ga®hich
readily dissolves in noncoordinating solvents. For a more general

llb: R=Bpzz, n=2

Figure 2. Ferrocene- and cymantrene-based tris(pyrazol-1-yl)borate deriva-
tives Il andlll .

Scheme 1. Synthesis of 2M, (M™ = Li*, Na*, K*, Rb™, Cs™); (i)
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M =Li*, Na*, K", Rb*, Cs™

Cyclic voltammetric measurements dla()ML,, and (la )M
revealed the oxidation state of the ferrocenyl substituent(s) to
have a significant influence on the redox potential of M and
vice versa. Notably, the heterotrinuclear compléba ,Cu
exhibits two well-resolved Fe(ll)/Fe(lll) redox waves, thereby

approach, it will become necessary to use ionic metal salts thatindicating an electronic communication between the two fer-
usually require strongly coordinating solvents as reaction media. rocenyl substituents. Starting from the ditopic scorpionate ligand
We therefore decided to follow Laguna’s approach and employ |1, and divalent transition metal ions, polymers of the general
ferrgcene derivat_iyes equipped with Lewis-.basic s.ubstituents formula [(lb)M], are accessible. In an attempt to further
designed to stabilize the aimed-for meteCp interactions. increase the degree of metahetal interaction along the chain

Ferrocene- and cymantrene-based tris(pyrazol-1-yl)borate gnq to promote direct bonding between the ferrocenyl Cp rings
(scorpionate) ligandsl *>17 and Il 1 (Figure 2) are readily ~ and the coordinated metal atGthe tris(pyrazol-1-yl)borate
available and have been used for the preparation of heterooli-g,pstituents ofib (Figure 2) are now replaced lyondpyrazol-
gonuclear transition metal complexés?* 1-yl)borate fragments, thereby creating the novel liga2jd|
(Scheme 1).

In the following, we report on the synthesis and structural
characterization of the complete seriis,, 2Nay, 2K,, 2Rby,
2Cs and give some insight into the different structural effects

(13) Crespo, O.; Gimeno, M. C.; Jones, P. G.; Laguna, A.; Sarroc&h€ém.
Commun.l1998 1481-1482.

(14) Enders, M.; Ludwig, G.; Pritzkow, HOrganometallics2002 21, 3856—
3859

(15) Scholz, S.; Green, J. C.; Lerner, H.-W.; Bolte, M.; Wagner,®hem.
Commun2002 36—37.

(16) Jkle, F.; Polborn, K.; Wagner, MChem. Ber1996 129, 603-606.

(17) Herdtweck, E.; Peters, F.; Scherer, W.; WagnerPhlyhedron1998 17,
1149-1157.

(18) Guo, S. L.; Bats, J. W.; Bolte, M.; Wagner, M. Chem. Soc., Dalton
Trans.2001, 3572-3576.

(19) Fabrizi de Biani, F.; Jde, F.; Spiegler, M.; Wagner, M.; Zanello, Porg.
Chem.1997 36, 2103-2111.

(20) Guo, S. L.; Peters, F.; Fabrizi de Biani, F.; Bats, J. W.; Herdtweck, E.;
Zanello, P.; Wagner, Minorg. Chem.2001, 40, 4928-4936.

(21) Haghiri llkhechi, A.; Guo, S. L.; Bolte, M.; Wagner, Mdalton Trans.
2003 2303-2307.

(22) Haghiri llkhechi, A.; Scheibitz, M.; Bolte, M.; Lerner, H.-W.; Wagner, M.
Polyhedron2004 23, 2597-2604.
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exerted by coordinated dimethoxyethane (DME) and tetrahy- room temperature with scan rates varying from 0.05 to 1.00 V
drofurane (THF) molecules. The experimental investigations are s™* not only confirms the chemical reversibility of the one-
augmented with density functional (DFT) calculations on model electron oxidationifdipaconstantly equal to 1), but also proves

complexes between ferrocene and alkali metal ions €\Lit,
Na", K*, Rb") to get deeper insight into the nature of the
interaction between these two components.

Results and Discussion

Syntheses and NMR-Spectroscopic CharacterizatiotJpon
treatment of 1,tbis(dimethylboryl)ferrocené with 2 equiv of
the appropriate alkali metal pyrazolide (Mpz) in diethyl ether,
the respective complexedM,-(Et,O)x (M* = Li*, Na, K,
Rb", Cs) readily precipitate from the reaction mixtures
(Scheme 1). X-ray quality crystals @M (THF), (M* = Na,

K*, Rb") were obtained from THF at-30 °C, room temper-
ature, and 5C, respectively. Recrystallization 8Li,+(Et;0)a,
2M2+(THF), (Mt = Nat, K*, Rb"), and crude2Cs*(Et,0)x
from DME gave single-crystalline materials of the composition
2Li»*(DME), and 2M,+(DME); (Mt = Na', K*, Rb*, Cs).
The complexe®Ky(THF)4, 2Rby+(THF)4, and 2Cs+(Et,O)x

are only poorly soluble in DME. Elevated temperatures and the

its electrochemical reversibility\E, constantly close to 60 mV),
thereby suggesting that no significant structural reorganization
occurs upon electron removal. It is revealing to compare the
redox potential oPLi,(DME), with the electrochemical data
of the dianionic [1.1]diborataferrocenophand¢(GHa)2} -
(BMey),]?~ (B> = —1.02 V, —1.33 V}* and of the neutral
boron—nitrogen adduct Fe(Ei,BMe,"DMAP), (E*' = —0.64
V; DMAP: 4-(dimethylamino)pyridine¥® In all three cases, the
introduction of tetracoordinated substituents into the ferrocene
core leads to a substantial cathodic shift of the Fe(ll)/Fe(lll)
transition. As to be expected for electrostatic reasons, this effect
is more pronounced for negatively charged borate groups than
for neutral side chains. Moreover, the borate substituentof [
are obviously weaker electron donors than thos¢re(GHa)2} o-
(BMey);]%~, which is most likely due to the high group
electronegativity of the pyrazolyl ring [cf. Fe§B4B(pz)sTl)2:
E° = —0.02 V]21°

X-ray Crystal Structure Determinations. 2Li,*(DME),

use of an ultrasonic bath were thus required to prepare saturated'ystallizes in the triclinic space group-1. The asymmetric

solutions.

All NMR spectra were run at ambient temperaturegdrHF.
ThellB NMR resonances dfM, lie in the range betweern9.4
ppm Ky) and—7.6 ppm @Rby,, 2Cs), thereby testifying to
the presence of tetracoordinated boron nii&oth in thelH
and in the’*C NMR spectra, the two fragments {&,B(Mey)-
pz] of 2M; give rise to six signals only #Hs—Cipso is
generally not observed as a result of quadrupolar broacd®hing

This leads to the conclusion that there are no restrictions to

intramolecular motion on the NMR time scale as was also
observed for the quinolylferrocer@nCl* complex mentioned
above. Moreover, no systematic changes of thd.Chemical
shift values, which might indicate metalCp coordination in
solution, are evident from a comparison of the NMR spectra of
2Liy, 2Na, 2Ky, 2Rb,, and2Cs,. At room temperature, the
’Li NMR spectrum of2Li, reveals one broad resonancedat
("Li) = —1.30 (2 = 37 Hz). A comparison with the chemical
shift values of LiCl indg-THF before 6("Li) = —1.54;hy;, =

0.6 Hz) and afterd("Li) = —1.26;hy2 = 0.6 Hz) the addition

of 1 equiv of pyrazole suggests that the ion of 2Li, is mainly
coordinated by solvent molecules in THF solution but that some
interaction with the pyrazolyl substituent still remains. The large
width at half-height of théLi NMR resonance ofLi; indicates

a dynamic process to go on which possesses a significantl
different rate constant or is even absent in the case of the Li
pyrazole complex. Upon cooling t6 78 °C, the resonance is
gradually shifted from—1.30 to —0.83 ppm and the signal
becomes narrowerh{, = 26 Hz). Moreover, two minor
additional species are now detectéI(i) = 0.68, 1.38), which

disappear again when the sample is allowed to approach room

temperature.

Electrochemical Investigations. In THF solution, 2Li*
(DME), gives rise to one ferrocenylene-centered oxidation with
an Fe(Il)/Fe(lll) redox potential oE* = —0.99 V (vs FcH/
FcH'). An analysis of the cyclic voltammogram measured at

(23) N&th, H.; Wrackmeyer, B. Nuclear Magnetic Resonance Spectroscopy of
Boron Compounds. INMR Basic Principles and Progresiehl, P., Fluck,
E., Kosfeld, R., Eds.; Springer: Berlin, Heidelberg, New York, 1978.
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unit contains two complete and two half-molecules, which are
both located on a center of inversion. As a result, there are six
molecules in the unit cell. Because the structural parameters of
all of the molecules are rather similar, only one of them is plotted
in Figure 3.

2Li,*(DME), forms heterotrimetallic aggregates in the solid
state (Figure 3). Each tiion is bonded to one chelating DME
molecule and to the nitrogen lone-pair of one pyrazolyl sidearm,
which places it on-top of the cyclopentadienyl ring. As a
consequence, short distances are established between'the Li
cations and the geometric centers (COG) of the cyclopentadienyl
rings (Li(1)y+-COG(1)= 2.26 A, Li(2)---COG(2) = 2.32 A,
the corresponding distances in the other three molecules are
2.26, 2.44, 2.30, and 2.51 A; mean value: 2.35 A). As the
internal angles of the C(CpB—N—N—Li chains do not depart
appreciably from the ideal values of 10@%nd 120, the
molecular framework is apparently not suffering from internal
strain.

The crystal lattice of the sodium derivati&@\ay*(DME)3
(orthorhombic space groubcg consists of polyanionic zigzag
chains PNa],"~ and distorted octahedral [Na(DMd) coun-
terions (Figure 4). A major difference in the overall conforma-
tion of the ferrocene ligand2[?~ in 2Nay*(DME)3z and 2Li

y(DME)Z lies in the torsion angle C(11)COG(1)-COG(2)-

C(21), which possesses values of135.4 and 178.8,
respectively. Within the zigzag chains, each™Naen binds to
two pyrazolyl substituents of adjacenf]$~ ligands and
establishes short contacts to two cyclopentadienyl rings (Na-
(1)---COG(¥) = 2.561 A, Na(1)--COG(2)= 2.590 A). Thus,
the polymeric subunitZNa],"~ can be regarded as a bent
multiple-decker sandwich complex of ferrocene with sodium
ions (dihedral angle C(#JC(12%)C(13%)C(14%)C(15%//C(21)C-
(22)C(23)C(24)C(25)F 48.0).

The complexes of the heavier alkali metal i0BK,:(DME)3
(triclinic, P-1), 2Rby*(DME)s (triclinic, P-1), and2Cs(DME)3

(24) Scheibitz, M.; Winter, R. F.; Bolte, M.; Lerner, H.-W.; Wagner, Mhgew.
Chem., Int. Ed2003 42, 924-927.

(25) Fontani, M.; Peters, F.; Scherer, W.; Wachter, W.; Wagner, M.; Zanello,
P. Eur. J. Inorg. Chem1998 1453-1465.
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Figure 3. Molecular structure o2Li»*(DME), (hydrogen atoms omitted
for clarity); selected bond lengths [A] and angles [deg]: Li(AGOG(1)
= 2.26, Li(2y:-COG(2)= 2.32, Li(1}-N(12) = 2.04(3), Li(2)-N(22) =
1.98(3); C(11)B(1)—N(11) = 100.4(15), C(21yB(2)—N(21) = 108.2-
(16), B(1)-N(11)—N(12) = 123.6(13), N(11}N(12)-Li(1) = 124.2(11),
B(2)—N(21)—N(22) = 122.3(14), N(21yN(22)—Li(2) = 123.0(13); C(12y
C(11y-B(1)—N(11) = 98(2), C(22)-C(21)-B(2)—N(21) = 81.3(19),
B(1)—N(11)-N(12)-Li(1) = —6(2), B(2)-N(21)—N(22)—Li(2) = 2(2).

Figure 4. Molecular structure o2Nay*(DME); (hydrogen atoms omitted
for clarity); selected bond lengths [A] and angles [deg]: NafQOG(¥)
= 2.561, Na(1)-COG(2) = 2.590, Na(1)-N(12¥) = 2.382(5), Na(1)
N(22) = 2.405(6); N(12)—Na(1)-N(22) = 122.2(2). Symmetry transfor-
mation used to generate equivalent atoms: Yy, y, —z + 1, (#).

(monoclinic,C2/c), are largely isostructural. Representative for
these three compounds, the molecular structug@kef(DME)3
is depicted in Figure 5. In contrast to the bent polyrBisia,-

-
&
P
W
o ‘

Figure 5. Molecular structure o2K*(DME); (hydrogen atoms omitted
for clarity); selected bond lengths [A] and angles [deg]: K{BOG(1)=
3.228, K(1)-*COG(Z) = 3.298; B(1)-N(11)—-N(12)-K(1) = —66.0(4),
B(1)—N(11)-N(12)-K(2) = 47.3(4), B(2y-N(21)-N(22)—-K(1*) = —86.3-
(3), B(2)-N(21)—-N(22)—K(2*) = 10.1(6). Symmetry transformation used
to generate equivalent atoms:— 1,y, z (#), x + 1, , z (*). Molecular
structure of2Rby(DME)s: Rb(1)--COG(1) = 3.285, Rb(1)--COG(2*)

= 3.265; B(1)-N(11)-N(12)—-Rb(1) = 68.3(13), B(1}N(11)-N(12)—
Rb(2)= —43.9(15), B(2)-N(21)—N(22)—Rb(¥) = 86.2(11), B(2)-N(21)—
N(22)—-Rb(Z) = —11.4(18). Symmetry transformation used to generate
equivalent atomsx — 1,y, z (#), X + 1, y, z (*). Molecular structure of
2Cs(DME)s: Cs(1)+-COG(1) = 3.283; B(1)-N(11)—-N(12)-Cs(1) =
—90.3(3), B(1)yN(11)—N(12)—Cs(2)= 12.0(7).

metal ions are established by the complexes of the higher
homologues in the solid state (dihedral angle between the
cyclopentadienyl rings of adjacent ferrocenylene fragments: 2.7
(2K2(DME)3), 2.5’ (2Rby(DME)3), 1.7° (2C%*(DME)s3)). The
conformation of the ferrocenylene fragments2i{,:(DME);
(C(11)-COG(1y-COG(2)-C(21)= 92.7°; corresponding value

in 2Rby*(DME)3, —93.2, 2Cs+(DME)3, 86.7) leads to a closer
approach of its boryl substituents as compare2Ney:(DME)3
(C(11)-COG(1)-COG(2)-C(21) = —135.4) and 2Li,*
(DME); (C(11)-COG(1-COG(2)-C(21) = 178.8). More-
over, the pyrazolyl substituents now adopt bridging positions
between two alkali metal ions M(1) and M(2). In the case of
2K, (DME)3 and2Rby*(DME)3, one pyrazolyl bridge is roughly
symmetric, while the other pyrazolyl ring binds intar-fashion

to the two alkali metal ions. The latter coordination mode is
also apparent i2Cs+(DME)s. In addition to the pyrazolyl
moieties, M(1) is bonded to one DME molecule and two

(DME)3, linear columns of alternating ferrocene units and alkali cyclopentadienyl rings, whereas the coordination sphere of M(2)

J. AM. CHEM. SOC. = VOL. 127, NO. 30, 2005 10659
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is completed by two DME ligands. The distances between M(1)
and the geometric centers of the neighboringi{igands are
3.228 A/3.298 A (K(1)), 3.265 A/3.285 A (Rb(1)), and 3.283
A/3.283 A (Cs(1)). Apart fron2K,*(DME)s there is only one
example of an>-ferrocene-K* complex known in the litera-
ture, [K(ferrocene)toluene)] "[Mg(HMDS)3]~ (HMDS = hex-
amethyldisilazide¥® Here, the cationic moiety consists of a
potassium ion coordinated by the centroids of two tolugene
systems and two ferrocenyl cyclopentadienyl rings in a distorted-
tetrahedral geometry with a bond angle COG(FcH{K))—
COG(FcH(2)) of 106.1(FcH = ferrocene; cf. COG(FcH(1))
Na"—COG(FcH(2))= 132.0 in the bent polyme2Na*(DME)s).

The average distance 'K:-COG(FcH) in [K(ferrocene}
(toluene)] ™ equals 2.964 A, 0.3 A (about 10%) shorter than
the corresponding value BK,*(DME)s (3.263 A), which more
closely approaches the'k:-:COG(GHs) distance of [K(ferro-
cene)(toluene)]t (3.143 A). Several reasons can be suggested
for the difference in the K---ferrocene bond lengths of
[K(ferrocene)(toluene)] ™ and2K,(DME)z: (i) the B(Me)pz
sidearm may not be perfectly adjusted to the geometric
requirements of the aggregate, (ii) the bulky DME molecule at
K(1) can be expected to push the ferrocenylene moieties away
from the alkali metal ion, (iii) the oxygen and nitrogen donors
may lower the net positive charge offKo such an extent that
the K*+--ferrocener interaction is weakened, and (iv) in contrast
to [K(ferrocene)(toluene)] ™, which features only one Kion
bonded to the ferrocene molecule, two potassium ions have to
share the electron density provided by the ferroceny|ene Figure 6. Molecular structure OENGQ'(THF)4 (hydrogen atoms omitted

. . for clarity): Na(1-C(15%) = 2.848(3) A; symmetry transformation used
fragm.ent in2K2:(DME)s. to generate equivalent atoms:x + 1, —y + 1, —z + 1 (#). Molecular
As in the case 02M,*(DME); (M* = Naf, K*, Rb", Cs"), structure of2K,+(THF)s: K(1)—C(12)= 2.953(4) A. Molecular structure
polymeric aggregates are observed 2ay*(THF), (orthor- of 2Rb,(THF)s: Rb(1)-C(12) = 3.156(12) A.

hombic, Pbcr), 2K, (THF)4 (monoclinic, P2;/n), and 2Rby,-
(THF)s (monoclinic, P2y/n) in the solid state. Because of the 2N&(DME)s (2.84(9) A),2K5(DME)s3 (3.48(9) A), and2Rby:

similarity of all three structures, onlgNay+(THF), is plotted (DME)s (3-50(4)_ A). )
in Figure 6. In contrast t8M.+(DME); (M* = K+, Rb*, Cs") DFT Calculations. So far, we have gathered evidence that
with their columnar structure@Nay-(THF)s, 2K+ (THF),, and ~ the ligand PJ*” is well-suited for the generation of low-
2Rb,(THF), are arranged in a stepped formation. Much like dimensional solids featuring stacks of alternating Fe(ll)- and
2M»+(DME);s (M* = K+, Rb*, Cs"), each pyrazolyl substituent alkali metal cations sandwiched between cyclopentadienyl rings.
bridges two alkali meta,ll ioné. Unl}'@Mz'(DME);g (M+ =K+ In the next step, it has to be investigated whether this structural
Rb*, Cs'), these ions are now symmetry-related and coordinated MOtif is merely due to crystal packing effects or whether alkali
to two THF molecules. The most important difference in the Metal catior-ferrocener interactions do play a major role. We
crystal structures aM.+(DME); (M* = Nat, K+, Rb*, Cs") therefore performed DFT calculations on the model complexes
on one hand an@M,+(THF), (M = Na*, K*, Rb") on the 5M, 6M, (M™ = Li*, Na', K*, Rb"; Chart 1), andM (M™ =

i+ + K+ inei ;
other arises from the way in which the'Nons are coordinated Ui+ Na’, K Chart 1) to get insight into the gas-phase
to the ferrocene fragments. geometries and binding enthalpies of alkali metal cation
n>(ferrocene) complexes not perturbed by negatively charged
one cyclopentadienyl ring only, which is reminiscent of the substituents or the presence of adjutant sidearms. However,
structural motif exhibited by the trimetallic aggrega2ei before elaborating further our effort to obtain theoretical data
(DME), (Figure 3). In the DME complexes of the higher on cation-ferrocener interactions, some discussion is in order

homologues, however, all Mions are located in close proximity for the corresponding catierbenzener complexes, which have

to two cyclopentadienyl rings. Moreover, the alkali metal ions been _StUd'ed n deta_|l both by theoretlcal_ mééi% and
in 2Na+(THF)s, 2K+(THF),, and2Rby+(THF), are shifted away ~ ©XPerimentally by various gas-phase technictié8.*! Let

from the center of the §,4 ring toward the boryl substituent, us first consider t+he epgrgy fpt|r+n|zed+ structures of(bén-
which results in large differences between the individual zene) BM, Ce,, M™ = Li", Na', K, Rb", Cs'; Chart 1) and
M---Cp(carbon) distances. The shortest contacts observed, Naqa7) amicangelo, J. C.; Armentrout, P. B. Phys. Chem. 2000 104, 11420~

(1)—-C(15) = 2.848(3) A, K(1}-C(12)= 2.953(4) A, and Rb- 11432. _ _

(1)-C(12) = 3.156(12) A, tend to be closer than the average (?® [l D Dixon, D. A Nicholas, J. B). Phys. Chem. /2000 104

M™*---Cp(carbon) distances in the corresponding complexes (29) Woodin, R. L.; Beauchamp, J. Il. Am. Chem. S0d.978 100, 501-508.
(30) Sunner, J.; Nishizawa, K.; Kebarle, .Phys. Chem1981, 85, 1814
1820.
(26) Honeyman, G. W.; Kennedy, A. R.; Mulvey, R. E.; Sherrington, D. C.  (31) Armentrout, P. B.; Rodgers, M. T. Phys. Chem. £00Q 104 2238-
Organometallics2004 23, 1197-1199. 2247.

The THF complexes have each alkali metal ion bonded to
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Chart 1. Schematic Representations of the Alkali Metal
lon—Benzene Complexes 3M, 4M, and of the Alkali Metal
lon—Ferrocene Complexes 5M, 6M,, 7M, 8Li, and 9Li
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<!> l—’£|L>_B\\H
Fe Fe H
> >
8Li oLi

MT(benzene)(4M, Dey, MT = LiT, Na', K+, Rb", Cs'; Chart

1) and compare them with the geometries obtained by X-ray
crystal structure analysis @M (DME)x (M™ = Li*, Na", K*,
Rb*, Cst; x = 2, 3) as well as by our DFT calculations on the
respective model complexes (Chart 1).

The most revealing structural feature, the™MCOG-
(benzene) and Nt--COG(cyclopentadienyl) distances, are
compiled in Table 1.

The M*---COG(benzene) contacts BM, as calculated by
Felle® and Armentrod¥ (Table 1), are consistently smaller
than the sum of the half-thickness of benzene (1.¥akd the
ionic radif of Li* (0.60 A+ 1.7 A=2.30 A), Na (0.95 A+
1.7A=265A), Kt (1.33A+1.7A=3.03A), Rb" (1.48 A
+1.7A=3.18A), and Cs (1.66 A+ 1.7 A= 3.36 A; note

show a 4% increase of the Wt-COG(benzene) distance upon
complexation of the second benzene ring, 8/l (3.165 A)/

4Rb (3.105 A), where a 2% decrease is observed. In the case
of 4Li—4K, the somewhat larger M--COG(benzene) contacts
may be due to intramolecular steric repulsion of the two benzene
rings, which becomes smaller with increasing size of the central
metal ion. Michl et al. recently determined the crystal structures
of [M(benzeng)] F[CB11Me]~ (MT = Na', K*, Rb", Cs").33

The crystals containing K Rb*, and C& are isomorphous with

the metal cations being apicallf-coordinated to two disor-
dered, symmetry equivalent, nearly parallel benzene molecules
in an essentially linear arrangement (COR@™—COG = 180

+ 3°) with M+---COG(benzene) distances of 3.14 AHK3.19

A (Rb™), and 3.28 A (C%). Even though the structures of
[M(benzene)]t in the condensed phase are influenced by the
presence of the counterions as well as by crystal packing forces,
the measured data are in reasonably good agreement with the
M*---COG(benzene) distances calculated 4 (K™, 2.832/
2.917 A, Rb, 3.105 A, C$, 3.392 A; Table 1). Interestingly,
compound [Na(benzengj[CBi;Mei1J]~ adopts a different
geometry in the solid state because it is coordinated to two
benzene molecules in a tilted-sandwich arrangement (di-
hedral angle between the benzene rings: §5ath distances
Na'---COG(benzene) of 2.69 A and 2.71 A (efNa: 2.421

A). A similar structural motif as in [Na(benzenE)[CB1:Me1]~

has also been observed in the compound [Na(tolyghe)
[Al(SiMe3)4]~ (dihedral angle between the toluene ligands:
61.6°).34 Other useful data for comparison are provided by the
X-ray crystal structure analyses of the salts K[gg)4]3> and
Rb[B(CsHs)4],%6 because they give insight into interactions
between alkali metal cations and an arene equipped with an
anionic borate substituent reminiscent of the borate sidearm of
[2]2". In both crystal structures, the respective alkali metal ion
is embedded between two phenyl rings of the tetraphenyl borate
anion at a distance of M--COG(GHs) = 2.986 A (average
value K) and 3.060 A (average value Rb

Turning to the alkali metal catiory®(ferrocene) compounds
5M (Cs,), we find that ther contacts calculated on the B3LYP//
DZ level of theory tend to be slightly larger than the values
obtained with the same hybrid functional and a basis set of
triple-¢ quality (cf. Table 1). Moreover, the M--COG(benzene)
distances irBM and the M---COG(cyclopentadienyl) distances
in 5M are pretty much alike. In this context, it is important to
compare the theoretically obtained data 8 and5M with
the experimentally determined values in Honeyman'’s cétion
[K(ferrocene)(toluene)] ™, featuring K-z interactions to
ferrocene (M++-COG(cyclopentadienyl): mean valee2.964

that the values employed for these calculations are at the lowerA) and toluene (M++*COG(GHs): mean value= 3.143 A) in

limit of the alkali metal ion radii given by Shann& The
difference between the M:-COG(benzene) distances (cf. the
first two columns of Table 1) and the van der Waals contacts

the same molecule. For the fkferrocene fragment, the
difference between the theoretical and experimental results is
only 0.131 A (ca. 5%; DZ basis set) and 0.161 A (ca. 6%; TZ

of M* and benzene (cf. the third column of Table 1) decreases basis set). Larger discrepancies are observed for thed{uene

monotonically from3Li to 3Cs This structural feature indicates
the M*—z interaction to be disproportionately larger for the
smaller alkali metal cations. The \k-COG(benzene) distances
in the monobenzene complex@&\ and in the dibenzene
sandwich compoundgtM are very simila?’ The largest
deviations are found foBLi (1.842 A)4Li (1.917 A), which

(32) Shannon, R. DActa Crystallogr., Sect. A976 32, 751-767.

fragment (between 0.247 A (ca. 9%) and 0.357 A (ca. 13%)
depending on the level of theory applied). Given the fact that

(33) King, B. T.; Noll, B. C.; Michl, J.Collect. Czech. Chem. Commur299
64, 1001-1012.

(34) Rtsch, L.; Altnau, G.; Kiger, C.; Tsay, Y. HZ. Naturforsch., B: Chem.
Sci. 1983 38, 34—41.

35) Hoffmann, K.; Weiss, EJ. Organomet. Chen1974 67, 221—-228.
(36) Pajzderska, A.; Maiuszynska, H.; WasickiZJ.Naturforsch.2002 57a,
847—-853.
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Table 1. Distances M*+--COG [A] between the Alkali Metal lons M* and the Centroid (COG) of the Coordinated Benzene or
Cyclopentadienyl Ring [B3LYP Hybrid Functional, Double-¢ (DZ) and Triple-¢ (TZ) Basis Sets]

M*) 5M 5M 6M, 6M, ™ 2M;

M 3mea 3md +1.7 Ao 4md Dz TZ Dz TZ Dz exptl.!

Li 1.879 1.84Z2 2.30 1.917 1.870 1.837 2.018 1.971 1.995 2.35
Na 2.390 2.394 2.65 2.42% 2.350 2.350 2.506 2.518 2.427 2.576
K 2.780 2.81¢ 3.03 2.832 2.833 2.803 3.060 3.030 2.903 3.263

2.786 2.896f 2.917f

Rb 3.100 3.165f 3.18 3.105f 3.147 3.478 3.275
Cs 3.313 3.41Ff 3.36 3.399f 3.283

aReference 282 MP2/CBS.c MP2/aVQZ.4 Reference 27¢ MP2(full)/6-311+G*. f The Hay-Wadt ECP/valence basis set was used for the metal atom.
9 Sum of the ionic radius of Mand the half-thickness of benzerfeMean experimental value.

Figure 7. Optimized gas-phase structures8tfi (left) and9Li (right); B3LYP/TZ level of theory.

any cation-s interaction in [K(ferroceneftoluene)] ™ is cer- distance of 2.35 A (Table 1) is significantly longer than the
tainly hampered by steric crowding absent in the model corresponding value calculated 8iri» (2.018 A, DZ basis set;
complexes3M and5M, the larger experimental distances are 1.971 A, TZ basis set). I2Nay(DME)s, the experimentally
not surprising (note that the toluene ligands coordinate to K obtained Na::--COG(cyclopentadienyl) contact of 2.576 A
in a limited #° manner, which leads to a larger‘™M-COG- (Table 1) fits nicely to the corresponding distancessMa,
(CsHs) distance even though the potassium ion approaches C  (2.506 A, DZ basis set; 2.518 A, TZ basis set) &if\h (2.427
(average distance: 3.331 A) ang,G(average distance: 3.247 A; note that the dihedral angle Cp@#Cp(F@) is 0° in the
A) of the toluene ring rather closely). All in all, we note a case of7Na, but 48.0 in 2Nay(DME)s, which is, however,
pleasingly good agreement between theory and experimentnot likely to have a large impact on the Na-COG-
which leads to the conclusion that the level of theory applied (cyclopentadienyl) distances because alkali metal ions are
for the description of our alkali metal iem>(ferrocene) essentially featureless spheres). The potassium ior&Kin
interactions is adequate and leads to reliable structure predic-(DME); (K*---COG(cyclopentadienyfr 3.263 A; Table 1) are
tions. slightly further apart from the ferrocene cyclopentadienyl rings
As in 3M, the Mt---COG(cyclopentadienyl) distances5M (7—9% deviation) than in the model complexék, (3.060
are smaller than the calculated van der Waals contacts, and thish/3.030 A) and7K (2.903 A). In contrast, somewhat shorter
feature is most pronounced for the smaller alkali metal ions Rb™--COG(cyclopentadienyl) contacts are found 2iRb,-
(we assume that the half thickness of benzene equals the hal{DME); (3.275 A) as compared ®Rb, (3.478 A). Apart from
thickness of the Cp ring in ferrocene). Coordination of a second these subtle differences, both the absolute experimental values
ferrocene molecule to the same alkali metal ioll ( Ds,) causes and the general trends upon variation of the alkali metal cation
a small increase in the M--COG(cyclopentadienyl) contacts are very well reproduced by density functional theory, especially
of about 7% TLi), 3% (7/Na), and 2% {K; Table 1) as has if one takes into account that gas-phase structures are compared
already been observed upon going fr8ii —3K to 4Li—4K. with condensed-phase structures.
M™*---COG(cyclopentadienyl) distances do also increase upon To get insight into the effects of Lewis-base coordination on
addition of a second metal ion to the same ferrocene moiety the structural properties of M--y5(ferrocene) complexes, we
(cf. 6Mg2; Dsp). In this case, however, the degree of bond have calculated the systerBki and9Li (Chart 1, Figure 7).
stretching is rather independent from the nature of the alkali As to be expected, the Li-:COG(cyclopentadienyl) distance
metal ion (i.e., 810% upon going fron5M to 6M5). increases substantially upon going fréi (1.870 A, DZ basis
The molecular structure of the experimentally accessible set; 1.837 A, TZ basis set) 8Li (2.915 A, DZ basis set) and
systen?Li,(DME); is best compared with the hypothetical gas- 9Li (2.715 A, DZ basis set). Thus, these calculated distances
phase aggregat.i,. The measured I't--COG(cyclopentadienyl) reproduce the qualitative trend very well even though the
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Table 2. M*(benzene) and M*(ferrocene) Binding Enthalpies [kcal/mol]
3M 3M am 5M 5M 6M, 6M, ™

M AHy AHyP AHy® AHy? AHy? AHyf AHy AHy"

Li —36.1 —38.5+3.2 —249+16 —44.0 —45.3 26.4 25.6 —27.7

Na —24.2 —22.1+14 —-19.1+14 -30.0 —29.5 27.9 28.0 -21.8

K —20.0 —17.5+0.9 —-16.1+ 1.6 —20.1 —20.3 28.6 29.0 —15.9

Rb -16.3 —16.4+ 0.9 —15.0+ 1.8 -14.8 24.7

Cs -12.4 —-154+1.1 —14.0+ 1.8

aTheoretical value according to ref 28, CCSD(T)/est. CBBxperimental value obtained from CID measurements according to réfEXperimental
value for the reactioBM + CgHg — 4M.27 4 B3LYP hybrid functional, doublé-(DZ) basis set® B3LYP hybrid functional, triplez (TZ) basis setf Theoretical
value for the reactioBM + M* — 6M,, B3LYP hybrid functional, doublé-(DZ) basis set? Theoretical value for the reacti@M + M+ — 6M,, B3LYP
hybrid functional, triple¢ (TZ) basis set” Theoretical value for the reactidM + (CsHs).Fe — 7M, B3LYP hybrid functional, doublé-(DZ) basis set.

absolute values of the calculated ti-COG(cyclopentadienyl)
distances are considerably larger than those observadin
(DME); (2.255-2.505 A; mean value: 2.35 A). Moreover, the
lithium ion is shifted away from the center of the cyclopenta-
dienyl ring @Li, Li—COG—Fe = 149.7; 9Li, Li—COG—Fe
= 147.3). These shifts are most likely not associated with
significant energy changes given the fact that the COG—
Fe angles in the four crystallographically independent molecules
of 2Li,*(DME), cover a range from 1752Go 155.8.

Binding enthalpies 08M (M* = Li*, Na*, K*, Rb*, Cs")
at 0 K (AHo) in the complete basis set lirfitare compiled in
Table 2. These values agree well with experimental data
determined by collision-induced dissociation (CID)3 with
Xe in a guided ion beam mass spectronfétérable 2, second
column). Experimental bond dissociation enthalpies for the
respective bisbenzene complexXds are also availabfé (Table
2, third column). The investigations on alkali metélenzene
complexes can be summarized as follows: (i) Bond dissociation
enthalpies M—benzene as well as (benzené)}vbenzene
decrease monotonically with increasing size of.Mii) CID
experiments oM indicate that the benzene rings are lost

40 . | . I . . I
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—a K-Fe

+— Ab-Fc
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Figure 8. Potential energy curves of the Mferrocene §M) and Lit/
Rb*—benzene 3Li/3Rb) complexes over the M-COG coordinate at the
B3LYP/TZ level of theory (DZ basis and pseudopotentials for Rb
complexes).

tion of the additional positive charge leads to Coulomb repulsion
within the molecule. Because the ferrocene-based ligajtd [

sequentially. The second benzene ring is generally less tightly 'S €duipped with two anionic substituents, destabilization of the
bound to the metal ion than the first benzene ligand (Table 2); aggregate2M, due to unfavorable electrostatic interactions is

however, the difference between the first and the second
dissociation enthalpy decreases along the sequéln¢aLi to
4Cd3Cs (iii) Comparisons drawn between the bond dissociation
enthalpies of3M/4M on one hand and alkali metalvater
complexes M(H,O)x (x =1, 2) on the other reveal comparable
AHgo values when M = Li*, Na", KT and larger bond
dissociation enthalpies f@M/4M when M™ = Rb'", Cs'.

Bond dissociation enthalpies for the alkali metédrrocene
aggregate$M follow the same general trend as described for
the alkali metat-benzene complexe&dM (Table 2). By far, the
most pronounced interaction is thus predictedSbr (AHy =
—44.0 kcal/mol, DZ basis se5Hy = —45.3 kcal/mol, TZ basis
set), while R bonding to ferrocene is considerably weaker
(AHo = —14.8 kcal/mol, DZ basis set). In the casebbfi and
5Na, the bond dissociation enthalpies are significantly higher
than in the corresponding benzene comple3ks and 3Na,

which indicates ferrocene to be superior over benzene as ligand

to these alkali metal ions. Addition of a second ferrocene
molecule to5M is exothermic by—27.7,—21.8, and—15.9
kcal/mol for Lit, Na*, and K", respectively. As in the case of

probably not a major issue.

So far, it became evident that both the structural char-
acteristics (e.g., M---COG distances) and the thermody-
namic features (i.e.AHo values) of M---(benzene) and
M™--+(ferrocene) complexes resemble each other. The question
thus arises, whether the nature of the interaction of an alkali
metal ion with benzene and the ferrocene cyclopentadienyl ring
is also similar. The potential energy curve$bf —5Rb together
with those of3Li and3Rb calculated at the same level of theory
are plotted in Figure 8. The largest differences between the shape
of the potential energy surfaces of @Li/5Li and (ii) 3Rb/
5Rb are apparent at longer W-COG distances, where the
MT---p8(benzene) potential appears to be softer (cf. to stretch
the optimal Li---COG(cyclopentadienyl) contact by 0.5 A, an
energy input of 9 kcal/mol is required, 3.8 kcal/mol more than
in the case of Li--:COG(benzene)).

It is widely accepted that, to first order, the binding sequence
of Lit—Cs" to benzene represents a classical electrostatic trend
and that the cation interacts with the large permanent quadrupole
moment of the aromati€As a rough estimate f@Na, 60% of

the benzene aggregates, the second ferrocene ligand generallff’® Pinding is due to electrostaties.

appears to be less strongly bound to the alkali metal ion than
the first one. The reaction of a second alkali metal iohWith
5M to give 6M; is strongly endothermicAH, = 26.4, 27.9,
28.6, and 24.7 kcal/mol fo6Li,, 6Na, 6K, and 6Rby,
respectively; DZ basis set). One obvious reason is that introduc-

Even though a purely electrostatic model is thus not valid to
explain the absolute values of catiom interactions, variations
in ion-binding energies across a series of differentdonor

(37) Mecozzi, S.; West, A. P., Jr.; Dougherty, D. A.Am. Chem. So0d.996
118 23072308.
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infinite zigzag chains are formed @Nay-(DME); in the solid
state. Here, each sodium ion bridges the cyclopentadienyl rings
of two different ferrocene moieties, whereas each cyclopenta-
dienyl ring is coordinated by Fe(ll) at oneface and by Na
at the other. The polyanionic charge of the macromolecular
backbone is counterbalanced by [Na(DME)complexes2K -
(DME)3, 2Rby*(DME)3, and2Cs+(DME); establish very similar
crystal structures consisting of linear columnsgpR—Fe—
CpR—MT—CpR-Fe—CpR—M"—], (R = [-BMezpz]"). We
Figure 9. Electrostatic potential surface (EPS) of ferrocene (left) and speculate that one reason for the different solid-state structures
be_nzene (right). The surfaces are calculated at the B3LYP/TZ level of t_heory, established b)ZLi 2-(DME)2, 2N6;3‘(DME)3, and 2K2'(DME)3
‘é\':gr;ecso(r;;oﬁcra\l'fr#uoel):otgéozfgﬁameof c;,'glrksw;e:pr_e; ekzglt,?:of?gfxgg !ies ir} the ionic radii of the constituent alkali metal ions. When
= 0.0 kcal/mol, light-blue= +9 kcal/mol, blue> 19 kcal/mol. in a linear aggregate of the form CpFeGK*---CpFeCp the

) ) ) potassium ion is replaced by a sodium ion, the distance between
molecules are faithfully mirrored by the electrostatic térm. i cyclopentadienyl rings of the two coplanar coordinating
Interestingly, the well-known aromatic substituent effects ¢qrrgcene fragments is reduced by about 0.95 A (cf. Table 1:
derived from studies of electrophilic aromatic substitution .giculated M---COG distances iiiK (2.903 A) and7Na (2.427
reactions (Hammett parameters) fail to provide a reliable tool R); COG, centroid of the cyclopentadienyl ring). Due to the

for the prediction of trends il_n catienr interactions. For presence of the-{BMepz]~ substituents in the real system
example, even though phenol is much more prone to eIeCtro'ZMz-(DME)g, a substitution of Na for K+ would thus lead to

philic attack than benzene, it turns out not to be superior when ¢oyare steric congestion between adjacalft [ligands. This

it comes to alkali metal ion bindingDougherty managed to ) 3hlem can be overcome when the coordination polymer is
rationalize differences in the degree of cationbinding among ot \yhich allows more space for the pyrazolyl rings but stil
selected aromatics by an inspection of their electrostatic potential \ Jintains two energetically favorable catiem bonds per
surfaces (EPS): The more negative was the maximum electro-sOdium ion. In the case @Li,(DME),, the yet smaller radius

static hpotl\e;ptlal abov_e the cgnﬁt(i/rvof ';]he ?romaui:, tlhe ztrcr)]ngerof the lithium ion is no longer compatible with the simultaneous
was the arene interaction.We therefore calculated the . qination of two ligands 2%~ so that only a trinuclear

EPS of ferrocene and benzene (B3LYP, TZ basis set) to Seeaggregate is formed (cf. Table 1: calculated™MCOG

whether t(;‘eth'e‘:‘,{/‘le“”‘) V%'“es Ot?ta'”gdtfor g_?fmpo“”w_ @ distances ibLi (1.837/1.870 A) andLi (1995 A). Thus, the
clomtpar(ta i 0 i t?aln ftr? ?SS'IQne q OThI g;esnce?f N e gtructural characteristics @fLi, (DME),, 2N&:(DME)s, and
electrostatic potential ot the two ligands. The s otlerrocene 2K,+(DME)3 provide some experimental evidence that catian

gnngenz?rr:e ?re shg) v;/nfln Figure ?1 There is a cle;:l_r SIm't:amyinteractions are operative in these compounds because otherwise
etween ne two, but ferrocene has more negative charg, wt radii and the M--+COG distances would not be

localized at the center of the ring. The largest density at the o

. structure-determining factors.
given contour value, calculated at the B3LYP/TZ level of theory, . 5 )
corresponds to-17.3 kcal/mol for ferrocene anet14.6 kcal/ DFT calculations on M---*(ferrocene) complexeSM in
mol for benzene. the gas phase give binding enthalpies\¢fo = —44.0,—30.0,

For the fragment{[Fe(CsHs),].Ga *, our previous DFT —20.1, _and—14.8 kcal/mol for5Li, 5Na, 5K, and 5Rb,
calculation®® indicated a transfer of 0.4 electrons into the respectively (B3LYP, doublé-basis set; Chart 1, Table 2). In
gallium 4p orbitals. In contrast, the natural cha@§éof the the case 0bLi and5Na, these enthalpies are S|gn|f|(_:antly Ifglrger
alkali metal ions irbM and7M are uniformly close tet-1 with than the values calculated for the corresponding-v°-

the largest deviations being found it (0.97) and7Li (0.93). (benzene) complexeBLi (AHo = —36.1 kcal/mol) and3Na
This population analysis thus adds further support to the (AHo= —24.2 kcal/mol; Chart 1, Table 2j.A comparison of
proposition that the interaction betweeriMnd ferrocene is 2K (AHo = —20.1 kcal/mol)8K (AHo = —20.0 kcal/molj®
mainly electrostatic. However, the nature of the bonding will @nd5Rb (AHo = —14.8 kcal/mol)BRb (AH, = —16.3 kcall
most likely change when the alkali metal ions are replaced by Mol).?® however, reveals cationr interactions of similar
transition metal ions, because now d orbital contributions may Strength in the ferrocene and benzene aggregates (note that the

lead to a more covalent interaction. calculated binding enthalpies 8Ei —3Rb are in nice agreement
_ with experimentally determinedH, valueg’ for these com-
Conclusions plexes). We therefore conclude that ferrocene is not only able
The alkali metal salt@M, (M* = Li*, Na*, K*, Rb*, Cs") to establish strong Nt--n3(cyclopentadienyl) interactions to
of the ditopic mono(pyrazol-1-yl)borate ligand [EfE(BMe;- alkali metal ions but that to tfiand N& it presents an even

pz)]?-, [2]>, crystallize from dimethoxyethane as multiple- more attractiver face than benzene. This view is supported by
decker sandwich complex&#l,:(DME)y with alkali metal ions an inspection of the electrostatic potential surfaces of ferrocene
bound to ther faces of the ferrocene cyclopentadienyl rings in and benzene, because the strongest attraction of a poittlike
ann® manner. X-ray crystallographic analysis2ifi,*(DME); probe charge at the given contour value-i$7.3 kcal/mol for
revealed discrete trinuclear complexes in which each lithium ferrocene and-14.6 kcal/mol for benzene (B3LYP, tripig-
ion interacts with only one cyclopentadienyl ring. In contrast, basis set, Figure 9). For a full understanding as to why the lighter
. : alkali metal ions show a stronger preference for ferrocene than
833 gﬁs?%eAnin%,;/S.uErTI;SFSeéIéd,A/Si.ng Igi;?;la%'n?e?? T Eﬁ%ﬁ?ﬁﬁoﬁﬁafﬁgh their heavier homologues, further investigations will be required.
3.1 Looking at the mean experimental™-COG distances i@M-
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(DME)y (Li, 2.35 A; Nat, 2.576 A; K*, 3.263 A; R, 3.275 H3,5).13C NMR (100.6 MHz,dg-THF): 6 13.2 (br, CH), 69.3, 72.0
A; Cs*, 3.283 A) and the corresponding calculated distances (CsHa), 101.9 (pz-C4), 131.7, 136.2 (pz-C3,5), n.osHe-Cipso). Anal.

in the model complexesM (Li*, 1.870 A; Na, 2.350 A; K, Calcd for2Na*(DME)s, CszHseB2FeNiNaOs (716.26): C, 53.66; H,
2.833 A; R, 3.147 A), we find the M+--COG contacts in  /-88 N, 7.82. Found: C, 53.38; H, 7.72; N, 7.49.

the real compounds to be longer. However, these bond stretche? Prioarazgogoof 2525;% colr;wpo;rg \(,ngs syén;réesizetnll)simillizgzt:h:(g)
do not correspond to large energies. For example, even in the 0™ Pz (L.8V g, /.54 mmol) anti{~.b g, 3.75 mmof) in
P g g Pi€, mL). Yield of 2K,(THF)s: 2.65 g (92%). Recrystallization &K+

?OT} stlio_ngly bpur(;d cc_)mpIeE(Ll ?]n ingg)g%pm of Orflly 9 (THF), from hot THF afforded orange blocks suitable for single-crystal
cal/mol is required to increase the'ks Istance from X-ray diffraction. To obtain X-ray quality crystals @K,:(DME)3, 2K,

the optimal (1.870 A) to the experimentally determined value (THF), was dissolved in DME at 46C in an ultrasonic bath and the
(2.35 A). Itis thus apparent that the ligand syst@i{ is well- resulting clear yellow-orange solution was slowly concentrated in vacuo.
suited for the promotion ot interactions between metal atoms 1B NMR (128.4 MHz,ds-THF): 6 —9.4 (hy, = 250 Hz).'H NMR
and the ferrocene cyclopentadienyl ring. Work is currently in (400.1 MHz,dg-THF): 6 0.11 (s, 12H, Ch), 3.96, 4.00 (2x vtr, 2 x
progress to employ2]?~ for the synthesis of multiple-decker ~ 4H, *Juy = “Jun = 1.5 Hz, GHy), 5.85 (vtr, 2H,%Jwy = 1.4 Hz, pz-
sandwich complexes consisting of ferrocene and transition metalH4), 7.06, 7.48 (n.r.,, d, X 2H, *Juy = 1.9 Hz, pz-H3,5)°C NMR
atoms, where a more pronounced metedn interaction along ~ (62.9 MHz,ds-THF): 0 13.2 (br, CH), 69.2, 73.2 (€H,), 101.5 (pz-
the polymer backbone may be envisaged. C4), 131.2, 136.1 (pz-C3,5), n.o.4ds—Cipso). Anal. Calcd for2K,:
(DME)s, CaHseB2FeKaN4Os (748.48): C, 51.35; H, 7.54; N, 7.49.
Experimental Section Found: C, 51.26; H, 7.51; N, 7.19.
Preparation of 2Rb,. The compound was synthesized similar to
dZNaQ from Rbpz (1.00 g, 6.56 mmol) antl (0.87 g, 3.28 mmol) in
Et,O (50 mL). Yield of 2Rb,:(THF)s: 2.64 g (94%). X-ray quality
crystals of2Rb,-(THF), formed from a saturated THF solution atG
over a period of several day8Rb,:(THF), was dissolved in DME at
70 °C in an ultrasonic bath. After being cooled to room temperature,
the clear yellow-orange solution was slowly concentrated in vacuo,
whereupon orange platelets Rb,*(DME); formed.

General Remarks.All reactions and manipulations of air-sensitive
compounds were carried out in dry, oxygen-free nitrogen using standar
Schlenk ware. Solvents were freshly distilled under argon from Na
benzophenone (diethyl ether, THF, DME) prior to use. NMR: Bruker
Avance 400, Bruker DPX 250!B NMR spectra are reported relative
to external BE-Et,O; Li NMR spectra are reported relative to external
LiCl in D2O. Unless stated otherwise, all NMR spectra were run at
ambient temperature; abbreviations=ssinglet, d= doublet, vtr=

virtual triplet, br = broad, n.r.= multiplet expected in the NMR "B NMR (128.4 MHz,dg-THF): 6 ~7.6 (w2 = 370 Hz).*H NMR
spectrum but not resolved, ne.signal not observed. Compoun? (400.1 MHz,dg-THF): 9 0.14 (s, 12H, Cl), 3.95 (n.r,, 8H, GH,),
was synthesized according to a literature procedure. 5.87 (vtr, 2H,%)uy = 1.6 Hz, pz-H4), 7.15, 7.49 (n.r., d,2 2H, *Juy
Preparation of 2Li,. A slurry of Lipz (0.34 g, 4.60 mmol) in EO = 1.6 Hz, pz-H3,5):*C NMR (100.6 MHz dg-THF): 6 12.9 (br, CH),
(15 mL) was added with stirring at78 °C via a dropping funnel td 69.4, 73.1 (@Ha), 99.7 (br, GHa—Cipso), 101.0 (pz-C4), 130.5, 135.7
(0.61 g, 2.30 mmol) in O (15 mL). The mixture was slowly warmed ~ (PZ-C3.5). Anal. Calcd fo2Rb,: (DME)s, CaHseB2FeNOeRb, (841.22):
to room temperature, whereupon a yellow-orange precipitat iof C, 45.69; H, 6.71; N, 6.66. Found: C, 45.45; H, 6.59; N, 6.30.
(Et;0), formed (the number of ether solvate molecules was determined ~ Preparation of 2Cs. The compound was synthesized simila2ide,
by integration of theH NMR spectrum inds-THF). After filtration, from Cspz (0.78 g, 3.90 mmol) arid(0.52 g, 1.95 mmol) in EO (45
the mother liquor was stored at’& overnight to yield a second crop. ~ ML). Because the crude product is only poorly soluble in THF, it was
Yield of 2Li,*(Et;0)s 1.52 g (93%). X-ray quality crystals GfLio* recrystallized from DME at 40C in an ultrasonic bath. Yield &fCs+
(DME), were obtained after a saturated solutio2bf,+(Et;0)s in DME (DME)s: 1.75 g (96%)MB NMR (128.4 MHz,dg-THF): 0 —7.6 (2
had been stored at’& over a period of several day4B NMR (128.4 = 210 Hz).'"H NMR (400.1 MHz,de-THF): ¢ 0.17 (s, 12H, Ch),
MHz, dg-THF): 6 —9.0 (hy2 = 300 Hz).'H NMR (400.1 MHz,ds- 3.94, 3.99 (2x vir, 2 x 4H, 33w = “Junw = 1.6 Hz, GH,), 5.85 (vtr,
THF): 6 0.11 (s, 12H, Ch), 4.05, 4.19 (2 vtr, 2 x 4H, 3y = 4y 2H,%Jun = 1.5 Hz, pz-H4), 7.13,7.48 (n.r., d,2 2H,3Jun = 1.9 Hz,

= 1.6 Hz, GHa), 5.95 (vtr, 2H.3Jus = 1.9 Hz, pz-H4), 7.01, 7.48 (2 P2-H3,5).1C NMR (100.6 MHz,ds- THF): 4 11.5 (br, CH), 70.1,
x d, 2 x 2H, 3Juy = 1.7, 2.0 Hz, pz-H3,5)*C NMR (100.6 MHz, 72.5 (GHa), 100.9 (pz-C4), 130.1, 135.3 (pz-C3,5), n.osHie-Cipsg).
ds-THF): ¢ 12.8 (n.r., CH), 71.0, 72.2 (gH4), 102.8 (pz-C4), 131.9, Anal. Calcd for2Cs*(DME)s, Cs2Hs6B2CFeNiOs (936.10): C, 41.06;

135.4 (pz-C3,5), n.0. (@la—Cipso). Li NMR (155.5 MHz, dg-THF): H, 6.03; N, 5.99. Found: C, 40.88; H, 6.10; N, 5.71.

0 —1.30 (ue = 37 Hz). Anal. Calcd for2Li,(DME),, CagHaeBo- X-ray Crystal Structure Analyses. The data collections for all

FeLi,N4O4 (594.04): C, 56.61; H, 7.81; N, 9.43. Found: C, 56.33; H, structures were performed on a STOE IPDS-II two-circle diffractometer

7.72; N, 9.09. with graphite-monochromated ModKradiation ¢ = 0.71073). The
Preparation of 2N&. A slurry of Napz (0.24 g, 2.70 mmol) in ED structures were solved by direct methods using the program SHELXS

(20 mL) was added with stirring via a dropping funnetat8 °C to 1 and refined by full-matrix least-squares calculationsF3rusing the

(0.36 g, 1.35 mmol) in EO (20 mL). The mixture was slowly warmed  program SHELXL97? All absorption corrections were performed with

to room temperature, whereupon a yellow-orange precipitate formed the MULABS™ option in PLATON?* All non-H atoms (with the
which was isolated by filtration. The microcrystalline solid was exception ofLi, (DME),; see below) have been refined anisotropically,
dissolved in THF (20 mL), and the solution was stirred for 24 h and whereas the H atoms have been treated as riding atoms with their
evaporated to dryness in vacuo to substitute THF faOED the displacement parameters fixed to 1.2 or 1.5 (for methyl groups) of the
coordination sphere of the Ndons. Yield of 2Na:(THF),: 0.94 g value of their parent atom. The C atom2bi ,:(DME), were restrained
(95%). X-ray quality crystals a2Nay*(THF), formed from a saturated in a way that theitJ; components approximate to isotropic behavior.
THF solution at—30 °C over a period of several days. X-ray quality B and Li atoms were refined isotropically. The THF rings2itb,:

crystals of2Na+(DME); formed from a saturated solution @Nay- (THF), were restrained to have equal bond lengths and angles. CCDC
(THF), in DME at —30 °C over a period of several days. reference numbers: 246210L(,:(DME),), 246213 2Na(DME)s),
1B NMR (128.4 MHz,dg-THF): 6 —9.1 (hy2 = 250 Hz).!H NMR
(400.1 MHz,dg-THF): 6 0.03 (s, 12H, CH), 3.86, 3.98 (2< n.r., 2x (41) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467—473.
4H, GHy), 5.84 (n.r., 2H, pz-H4), 6.99, 7.44  n.r.,, 2 x 2H, pz- (42) Sheldrick, G. M.SHELXL-97. A Program for the Refinement of Crystal

Structures Universita Géttingen, 1997.
(43) Blessing, R. HActa Crystallogr., Sect. A995 51, 33—38.
(40) Ruf, W.; Renk, T.; Siebert, WZ. Naturforsch.1976 31b, 1028-1034. (44) Spek, A. L.Acta Crystallogr., Sect. A99Q 46, C34.
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246212 RKy(DME)s), 246211 RRb,(DME)s), 246208 RCs* manuscript) guarantee the BSSE to be negligibldlevertheless,
(DME)3), 246207 2Nap*(THF)s), 246206 2K+ (THF),), 246209 2Rb,: because a DZ basis set is used in the largest molecules, the BSSE was
(THF)a). evaluated for7Na (7M column of Table 2), and, as expected, the

Electrochemistry. Cyclic voltammetry was performed in THF solu-  calculated value was very small (1.12 kcal/mol). All structures were
tions containing [NBL[PFg] (0.1 mol ') as the supporting electrolyte.  verified to represent minima of the potential energy surface by
All potential values are reported relative to the FcH/Fakldox couple. vibrational frequency analysis. The zero-point vibrational energies
The cell for voltammetric studies was designed as detailed in ref 45. ZPVEs were calculated in the rigid rotor-harmonic oscillator ap-
Voltammetric scans were referenced by addition of a small amount of proximation. The rotational and translational energies were treated
ferrocene as internal standard at an appropriate time of the experimentclassically as/,RT per degree of freedom.

Computational Details. Calculations were performed using Gaussian The electrostatic potentials (ESP, Figure 9) have been calculated on
98' and Gaussian @3program packages. On the basis of our previous selected points= belonging to the isodensity surface with constant
experience with similar systemiswe chose the B3LYP hybrid electron density(F) = 0.02 bohr? as
functionaf®° together with basis sets of doubieguality (the DZVP L,
basis set given by Salahub et®&P?for iron and Pople’s 6-3t+G** V(T) = _'O(rz ar
for the rest of the atoms; this basis set combination will be denoted as [r—r]

DZ) to generate educated guesses for starting stationary points andyhere the electron density has been written in terms ofBdowest
reoptimization with tripleZ quality basis sets. For iron, the TZVP basis  energy Kohn-Sham orbitals as

given by Scfiter et al®® was employed, supplemented with a diffuse
s function (with an exponent 0.33 times that of the most diffuse s . e
function on the original set), two sets of p functions (optimized by p(f) =2 ) ¢i(N$"(7)

WachtersY for the excited states, one set of diffuse pure angular =

momentum d functions (optimized by Ha¥),and three sets of with N being the number of electrons of the system.

uncontracted pure angular momentum f functions, including both tight .

and diffuse exponents, as recommended by Ragavachari and Ffucks; Acknowledgment. M.W. is grateful to the Deutsche Fors-
Pople’s 6-31%+G(2df,2p) basis was used for the rest of the atoms. chungsgemeinschaft (DFG) for financial support and to Che-
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