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Synthesis, structure, reactivity, and theoretical studies of a
new type of Ni triple-decker complexes are reported. A
prominent feature of its molecular structure is the (n3:n?)-bis-
(enyl) coordination of two [(n°-Me4EtCs)Ni] fragments to the
central arene ring of the polycondensed n-perimeter decacy-
clene. The central arene ring of decacyclene displays a dis-
tinct chair conformation with significant tilt angles of 25.5
and 26.1°. The three naphthalene units are twisted in a pro-
peller-like fashion with torsion angles of 16°, 16.6°, and 19°,
which is twice the twisting observed for the free decacyclene
ligand. According to Extended Hickel Molecular Orbital
(EHMO) calculations, a qualitative measure for arene lability
in the title compound and a number of related arene-bridged
metal complexes can be attributed to a subsequent filling of

metal-arene antibonding orbitals. The experimentally ob-
served reactivities of m-arene exchange in these complexes
are reproduced nicely by the EHMO calculations. The title
compound offers access to a number of organonickel chalco-
genato complexes under mild conditions by cleavage of the
S-S, Se-Se, or Te-Te bonds of diorganyl dichalcogenides
R-E-E-R. The title compound is also capable of C,,.—H ac-
tivation of azobenzene and [(dimethylamino)methyl]ferro-
cene resulting in orthometallated complexes containing five-
membered metallacycles. PES and semi-empirical ZINDO/S
calculations were used to study the product of the orthomet-
allation of the title compound with azobenzene. These stud-
ies reveal that the HOMO of the metallacycle (IE = 6.45 eV)
has dominant Ni-Cp and Ni-C,,,; n-antibonding character.

Introduction

Recently we reported on the first binuclear transition
metal complexes of decacyclene containing this large con-
densed m-perimeter,'! whose organometallic chemistry is
still virtually unexplored, probably owing to its low solubil-
ity.’ During the course of our studies of this m-perimeter
we have found that two [(n>-MesCs)Ni] fragments are able
to coordinate in a triple-decker fashion to decacyclene.['l At
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that time our findings were based exclusively on the analysis
of the characteristic NMR spectroscopic data, which sug-
gest a highly symmetrical coordination mode of the two
[(M>-MesCs)Ni] fragments to decacyclene, and steric argu-
ments were put forward in favor of an antarafacial coor-
dination of the two M—L fragments.[!]

Herein we report on the molecular structure, reactivity,
and theoretical studies of the unusual arene-bridged nickel
triple-deckers 3 and 4 and their reaction products from re-
ductive cleavage and cyclometallation reactions. A remark-
able feature of 3 and 4 are their high capability for con-
trolled release of 15¢™-[(CsRs)Ni] fragments under mild
conditions. Although triple- and multiple-deckers with
nickel constitute a most intriguing class of organometallic
compounds,® such an unusual coordination as in 3 and 4
paired with a high reactivity of a nm-coordinated middle deck
is a rare case.

Results and Discussion

We found that reaction of [(n’-Me4EtCs)Ni(acac)] (1)
with the decacyclide dianion produces the title compound
3 in 74% yield as brown to black crystals [Equation (1)].
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2 [(n°>-Me4EtCs)Ni(n-acac)] +

1 -4

(1
+ 2 K[acac]

@ = {(n°>Me EtCsNi}
above and below

As for the MesCs derivative 4,['] the NMR spectra of 3
are characteristic for a symmetric coordination of two [(1°-
Me,EtCs)Ni] fragments to the decacyclene bridging unit. A
high-field coordination shift of the three multiplets (doub-
let-triplet-doublet) of decacyclene is observed in agreement
with a twofold metal coordination to the tris(anullated)
center arene ring of decacyclene. However, from NMR ex-
periments on 3 (as for 4{!1) no distinction between either a
symmetric or an asymmetric metal coordination to decacy-
clene could be made. For supra- and antarafacial complexes
containing bridging arenes highly fluxional behavior is well
known. However, low-temperature NMR measurements to
prove such fluxional behavior for 3 and 4 are precluded by
their low solubility. So far, no decision towards the flux-
ionality and subsequently the hapticity of 3 and 4 in solu-
tion could be made. However, we believe 3 and 4 to be
highly fluxional in solution.

In contrast to 4, the Me4EtCs derivative 3 gave suitable
crystals for an X-ray structure determination, which allow
us to determine its molecular structure in the solid state
(Figure 1).4

The two [(n3-Me,4EtCs)Ni] fragments of 3 display an -
enyl bonding in which both metal ligand fragments are bon-
ded in an antarafacial fashion to the central benzene ring
of decacyclene (Figure 2). This causes the distortion of the
central ring into a chair conformation in which the plane
defined by C'—C?>—C?3 is tilted by 25.5°, and the plane de-
fined by C*, C>, and C?° is tilted by 26.1° towards the plane
C3, C4, C8, C'. The n*m? coordination in 3 has some pre-
cedent in the literature when considering polynuclear arenes
as bridging ligands (Figure 3).5~8 However, 3 represents a
rare case in which two Ni ligand fragments are coordinated
to a single Cq arene ring.l’)

In 3 both Ni atoms are equally displaced between the
bridging n3-bonded arene part of decacyclene (1.72 A) and
the n°-Me4EtCs ligands (1.73 A). As a result of the antar-
afacial n*m3 coordination, a substantial twist of the mean
planes of the crystallographically independent naphthalene
moieties of 16°, 16.6°, and 19° results. This exceeds the
modest twist disposed on the naphthalene moieties of the
free ligand by almost 100% (9.3° and 7.7°) and gives 3 a
distinct propeller-like shape when compared to free decacy-
clene (see Figure 2).['1

1372

Figure 1. Molecular strycture of 3 as determined in the solid state;
selected bond lengths [A] and angles [°]: C'—C? 1.445g6), C'—C®
1.513(6), C'=C7 1.472(6), C>*—C? 1.453(6), C*—-C? 1.465(62,
C3—C* 1.484(6), C3—C?" 1.483(6), C*—C> 1.482(6), C*-C*»
1.488(6), C3—C° 1.415(62, C3—C!7 1.475(6); C!=C¢—C? 119.5(4),
C3—C*=C? 120.4(4), C*—=C>—C? 118.6(4), C°—C°—C* 112.6(4),
Co—C5—C! 121.3(4)

Figure 2. Overlay of the molecular structure of uncomplexed deca-
cyclene 1 and the dinickel triple-decker 3 showing the propeller-like
arrangement of the naphthalene units of uncomplexed 1 and the
bridging decacyclene ligand of 3; atom numbering scheme accord-
ing to Figure 1

Reactivity Studies of 3 and 4

The decacyclene ligand in 3 and 4 can be displaced, re-
sulting in the formation of dinuclear and mononuclear or-
ganonickel complexes. Common features of all exchange re-
actions are the mild reaction conditions (room temperature)
and the possibility of the immediate visual progress of the
ligand exchange by appearance of a precipitate of highly

Eur. J. Inorg. Chem. 2001, 1371—1382
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Figure 3. Selection of dinuclear complexes containing polynuclear
arenes as bridging ligands

insoluble decacyclene 2. This lability of the aromatic middle
deck make 3 and 4 ideal, and so far rare sources for the
mild in situ generation of 15¢~-[(n°-CsR5)Ni]so}, fragments
with a high synthetic potential in organometallic synthesis.
To the best of our knowledge, no other comparable sources
for [(n>-CsRs)Ni]y,, fragments are known so far.

Reactions of 3 with Diphenyl Disulfide (5), Dimesityl
Diselenide and Ditelluride (6 and 7), and Dinaphthyl
Ditelluride (8) — Formation of (p-Chalcogenato)dinickel
Complexes 9—12

Diorganyl dichalcogenides are prone to homolytic cleav-
age of the E—E bond by transition metal ligand fragments,
which generate reactive R—E fragments. Related oxidative
additions of acyclic organic, cyclic organic, and organomet-
allic dichalcogenides are also known.!'!1 Organonickel thiol-
ate complexes are possible reaction products from cleavage
reactions of R—S—S—R compounds. They are often elec-
trochemically active but show a pronounced stability to-
wards one-electron reduction and cleavage of their M—S
bond(s).['?]

Our interest in binary and ternary transition metal chal-
cogen complexes and their electron-transfer properties!!3!
prompted us to study the reaction of 3 with dichalcogenides
5—8 with respect to a transfer of 15¢™-[(n>-CpR)Ni] frag-
ments.

Addition of a stoichiometric amount of the appropriate
diorganyl dichalcogenide to a solution of 3 in diethyl ether
resulted in the precipitation of decacyclene as a tan-colored
powder. The chalcogenato complexes 9—12 could be isol-
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ated in high yields from the filtered solution [Equation (2)].
The formation of 9—12 can be understood by reductive
cleavage of the E—E bond of the dichalcogenide by reactive
[(m°-Me,4EtCs)Ni] fragments.

Dinuclear complexes of general type [{(n°-CsRs)Ni(p-
ER)},] can exist in planar or bent conformations with re-
gard to the Ni,E, core'" Varying substituents at the
bridging chalcogen atoms S, Se, and Te may cause the
Ni,E, core to adopt different orientations, reflecting differ-

ent hybridization situations at the chalcogen atoms
(Figure 4).
R
/E\
+ REER — —{JNi7 Nkl 9-12
5-8 E
R
5 = [(phenyl)S - S(phenyl)] @

6 = [(mesityl)Se - Se(mesityl)]
7 = [(mesityl)Te - Te(mesity!)]
8 = [(naphthyl)Te -Te(naphthyl)]
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g]gre 4. Possible conformations for complexes of the type [{(n’-
INi(u-SR)}]

Despite this possibility, the "H NMR spectra of the com-
plexes 9—12, show the presence of only one conformer.
However, for [{(n>-Me,EtCs)Nil,(u-SeMes),] (10), unusu-
ally broad signals in the '"H NMR might indeed indicate a
dynamic behavior of this compound in solution.

The molecular structure of bis[(u-benzenethiolato)(n>-
Me,EtCs)Ni] (9) in the solid state was confirmed by X-ray
crystallography and revealed two independent molecules.
However, no significant variation in bonding parameters
was observed.[*! Each molecule of 9 has a centrosymmetric
structure with a nearly square-planar Ni,S, arrangement
(Figure 5). The distances between the two nickel atoms are
3.078 A (Ni'=Ni!") and 3.109 A (Ni>—Ni?; not shown),
which is obviously too large to consider Ni—Ni metal
bonding when compared to the Ni—Ni distance of 2.4916
A in metallic Ni.'S) Other bonding parameters for 9 are in
close agreement to those in bis[(n’-CsHs)Ni(u-S-
phenyl)].l'? Due to the diamagnetic nature of 9—12 the two
sulfur atoms have either the formal oxidation state +2 or
+4 giving the two nickel centers a 16e™ or 18e™ count in
these complexes.
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Figure 5. Molecular structure of 9 [only molecule 9(1) is shown] as
determined in the solid state; selected bond lengths [A] and angles
[°] of 9(1): Ni'—S' 2.194(2), Ni''—S' 2.198(4); Ni'—S!'—Ni!’
89.00(6), S""—Ni'—S! 91.00(6)

Reactivity Studies

C,p»—H-Activation of Azobenzene and
[(Dimethylamino)methyl|ferrocene

Orthometallation reactions involving C,»—H bond ac-
tivation processes represent an important class of reactions
with various examples exemplified in the recent literat-
ure.['8] From a preparative point of view, transmetallation
is a rather attractive preparative route that offers access to
orthometallated complexes containing pseudoaromatic
rings.['] During the course of our studies, we have found
that 3 and 4 are able to undergo C;,,—H orthometallations
with achiral and prochiral aromatic ring systems under mild
conditions by transfer of the [(n°-Cp®)Ni] (R = Mes,
EtMe,) moiety.

Reaction of 3 and 4 with Azobenzene

Nickelocene undergoes an orthometallation reaction
with azobenzene at high temperatures, leading to a blue
crystalline  product  formulated as  [(m3-Cp){(o-
phenylazo)phenyl} Ni].l'81 In addition, cyclopalladation re-
actions have been reported for a couple of substituted azob-
enzenes.[19%:19-201 The palladium—carbon bond is preferen-
tially formed with the benzene ring bearing the electron-
donating group, thus pointing towards the electrophilic
character of the cyclopalladation reaction.['¢4]

Addition of a twofold excess of azobenzene to a solution
of 3 or 4 in diethyl ether gives an intense bright blue solu-
tion within minutes, accompanied by precipitation of solid
decacyclene as tan-colored powder. Deep blue to black, air
stable crystals of 13 and 14 could be isolated therefrom
[Equation (3)]. The mass spectra of 13 and 14 display the
corresponding molecular peaks as base signal, thus estab-
lishing a 1:1 ratio azobenzene/[(n’-CsRs)Ni] for both com-
plexes. The '"H NMR spectrum of 13 gives clear evidence
of one [(n3-Me,EtCs)Ni] fragment asymmetrically bonded
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to the azobenzene moiety as a result of an orthometallation
reaction. The signal of the a-proton of the metallated
phenyl ring is shifted downfield to & = 7.86 compared to
free azobenzene (AS = —0.4). Similar '"H NMR coordina-
tion shift effects have been observed e.g. for orthometal-
lated pyridine.[?!]

The '3C NMR spectrum of 13 shows a characteristic
downfield shift for the metallated carbon atom (C?) com-
pared to free azobenzene (AS = —59.2) well in accordance
with the '"H NMR spectrum.

The signals of the neighboring carbon atoms C' and C?
are shifted 10 ppm down-field compared to those of free
azobenzene. All other carbon resonances do not show signi-
ficant and characteristic coordination shifts upon Ni coor-
dination. The NMR spectroscopic data of 14 are in agree-
ment with those of 13 (see Exp. Sect.).

Unfortunately, an X-ray crystal-structure analysis of 13
suffers from intense disorder of the EtMe,Cs ligand. How-
ever, the connectivities of all atoms except hydrogen could
be unambiguously pinpointed from the crystallographic
data set, thus surely confirming the existence and coordina-
tion of the orthometallated five-membered nickelabenzpyr-
azole ring, as it is shown in Equation (3). The (Cp)nickel
moiety coordinates to the nitrogen atom of the diazo group
via its lone pair, thus allowing the Ni center to attain an
18e™ count.

+ H(n*-CsRs)Ni}(u-decacyclene)]
Rs=Mes or Rg - MeyEt

e
o

5
4 6

3NN 3)
2
Ni-—m 78
/ 9

N N

R’
13,14 R'=H,Me

—_—

Corresponding to its elusive bright blue color, the relev-
ant absorption for 13 is found at A = 609 nm (¢ = 6317)
(Figure 6). The characteristic absorptions for the azoben-
zene residue are shifted to higher wavelengths compared to
those of free azobenzene. The same effect is observed for
the absorptions of the parent corresponding [{o-
(phenylazo)phenyl}(n3-Cp)Ni] complex!'® and for [({o-
(phenylazo)phenyl} PtCl),],l'1 both containing five-mem-
bered orthometallated ring systems incorporating the N=
N azo group. It is interesting to note that differently alkyl-
substituted o-hydroxyazobenzene compounds experience a
similar bathochromic shift compared to azobenze resulting
in a blue to purple color as observed for 13 and 14.2) The
effect is attributed to hydrogen bonding of an 0-OH group
to the nitrogen atom of the azo group, resulting in forma-
tion of six-membered rings and the term internal halochro-
mism has been coined for it.[??

Eur. J. Inorg. Chem. 2001, 1371—1382
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Figure 6. UV/Vis spectrum of 13 in CH,Cl, (27 °C)
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ical ZINDO/S method in the calculation of the PE

spectrum of 13.

Table 1. Experimental vertical ionization energies (in eV; ca. 1.60
X 10712 J) for 14; for a detailed assignment see text and Figure 8

Band IE . Assignment
A 6.45 HOMO: &t
antibonding
B 7.36
C 7.50 HOMOI1 -
7.81 HOMOS:
D 8.43 n ligand
E 9.12 centered
F 10.77 HOMO6 —
1 16.28 HOMOI11

In contrast with the reaction of nickelocene with azoben-
zene, which requires drastic reaction conditions and pro-
longed reaction times to proceed to completion, the genera-
tion of 15¢™-[(n°-CsR5)Ni] fragments (R = Mes, EtMe,)
from triple-deckers 3 and 4 undergoing the cyclometallation
of azobenzene is already achieved at room temperature
within minutes. This suggests that [(n°-CsRs)Ni]sp frag-
ments are easily generated by a dissociative pathway from
triple-decker complexes 3 and 4. A dissociative mechanism
for ligand exchange has been proven recently for arene-
bridged Co triple-deckers [{(n°-CsRs)Co},(u-n*m*-arene)]
(R = Mes, 1,2,4 tri-tert-butyl) by kinetic and preparative
studies.??!

Photoelectron Spectroscopy (PES) of 13; Experimental and
Theoretical Studies

The (He') PE spectrum of 13 is shown in Figure 7. Ex-
perimental vertical ionization energies are listed in Table 1.
The calculated PE spectrum together with relevant MO
contributions, obtained from semiempirical ZINDO/S cal-
culations based on the corresponding model compound
[(n°-Cp)Ni(CeH,—N=N—-CcHs-xC,xN)] 4 (simplification
of alkyl ligand substituents by hydrogen) is depicted in Fig-
ure 8. Zerner (Z) et al. have employed an intermediate neg-
lect of differential overlap (INDO) method with spectro-
scopic parametrization (ZINDO/S) in electronic calcula-
tions.?* Following this work we have used the semi-empir-

ABCDE F G H |

count rate

6 8 10 12 14 16 18 20
P [eV]

Figure 7. Experimental He' PE spectrum of 13; assignment see Fig-
ure 8
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The ionization energies of the nickel compound have
been evaluated by Koopmans’ theorem® as the negative
of the eigenvalues of the ground state MOs of the neutral
molecules. We are aware that Koopmans’ approximation is
often not valid in the case of organo transition metal com-
plexes. Ferrocene, for example, is a well-known case where
the breakdown of Koopmans’® theorem was demon-
strated.*® However, the spectroscopic parameterization em-
ployed in the INDO/S method resulted in a rather large
reduction of relaxation energy and Koopmans’ theorem
was found to give a correct order of ionization poten-
tials.>*?71 As can be seen from Figure 7, Figure 8, and Table
1 the energies of the molecular orbitals based on a calcula-
tion of the model species A deviate less than 1.0 eV from
observed ionization potentials. The low molecular sym-
metry of A4 leads to substantial atomic orbital mixing. This
makes an assignment of characteristic molecular orbitals to
spectral bands difficult. The band at 6.45 ¢V is assigned to
the HOMO, which is an Ni—Cp and Ni—C,,, n-antibond-
ing orbital. The calculation gives 5 MOs (HOMO-1 to
HOMO-5), which are assigned to the region between 7.36
and 9.4 eV. These MOs are dominated by ligand-centered =
orbitals. Most prominent are aryl and cyclopentadienyl &
sets that contribute significantly to these molecular orbitals
(Figure 9). Some nickel d-character is also present, but ex-
cept for one orbital (HOMO-4/-5) never prominent. There
it is part of an Ni—C,,,; 6-bonding orbital.

From the HOMO-6 downward, the calculated MOs are
assigned to the experimental ionization energy region above
10.7 eV. These not very well resolved bands start with
Ni—Cp n-bonding orbitals (HOMO-6, -9) as well as nickel-
centered nonbonding d-orbitals (HOMO-7, -8). Some weak
Ni—C,,y o-bonding is also present (HOMO-8, -10). An
Ni—N bonding and N-lone-pair combination is calculated
around 11.2 eV (HOMO-11).

Reaction of 3 with Bis|2-[(dimethylamino)methyl)]-
ferrocenyl]lead(II) (15)

Due to our continued interest in the synthesis of trans-
ition metal complexes containing stannylene species :MR,
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HOMO-11

calculated PE spectrum | | 4

Figure 8. Calculated PE spectrum of 13 together with calculated ZINDO/S MOs assigned to the individual vertical ionization energies

Ny s W

Figure 9. Prominent molecular orbital contributions from aryl and
Cp m-sets in the energy window 7.36—9.4 eV

(Sn, Pb)I?8l we studied the complexation behavior of 3 to-
wards the unique intramolecular donor-stabilized
plumbylene 15.! The obvious ease with which 15¢™-[(n’-
CsR5)Ni] fragments could be generated from 3 spurred our
interest in the synthesis of new Ni—plumbylene complexes
derived from 15. Complex 15 is a uniquely chelated Pb!!
compound, which owes its stability to an intramolecular
twofold N-donor stabilization (Figure 10).1331 An intramole-
cular exchange process is responsible for equivalency of
both Fc—N groups in solution, giving rise to temperature-
and solvent-dependent equilibrium of meso/rac diastereo-
isomers of 15.12]

Fe o Fe i\l’

P PRI

F%'\E“ Fj% S
<

=

n

(R,S)/(S,R) (R, R)/(S,8)
meso rac
15 15

Figure 10. meso and rac isomer of 152!

Addition of solid 3 to a yellow suspension of 15 in diethyl
ether at —78 °C gave a magenta-colored solution, accom-
panied by immediate elimination of 2 as tan-colored precip-
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itate. However, on warming up to ambient temperature the
color changed from magenta to red. From this solution
(R,S)-16 could be isolated as a racemic mixture, as the only
product [Equation (4)]. The cyclometallation of the [(di-
methylamino)methyl]ferrocenyl ligand proceeds by a trans-
metallation reaction of the meso/rac diastereomer 15. The
intramolecular N—Pb stabilization present in 15 is obvi-
ously not sufficient to stabilize a Pb—Ni coordination bond
at room temperature. It is obvious that the initially ob-
served magenta color of the reaction mixture is indeed due
to formation of a Pb™—Ni species initially formed in the
reaction between 3 and 15. We have found that complexes
containing similar Sn'—Co(Fe) bonds do show the same
characteristic magenta color; as do initial reaction solutions
of 3 and 15. However, the Sn''—Co(Fe) complexes are fairly
stable under ambient conditions.?”) In contrast, the
Pb"—Ni species do not prove to be stable and eliminate
Pb°, liberating the ferrocenyl ligands, which undergo sub-
sequent orthometallation to give 16.

=
e

. N
Z
Pi)o + [{(n®-Me EtCs)Nily(u-decacyclene)]

+Pb°
+ decacyclene

4)

> 2 l;
Ni_ /
15 LSS NS
|
Fe
16
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In the '3C NMR spectrum the signal of the metallated
carbon atom C? (§ = 103.8) is shifted by about 35 ppm to
lower field compared with that of the nonmetallated Cp
ligand of the ferrocene moiety (5 = 69.1), well in agreement
with the observations for the azobenzene complexes 13 and
14. The '"H NMR spectroscopic data are in close agreement
to the related cationic Co'™ complex [(n°-CsHs)Co(n?’-
CsHs)Fe(n>-CsH;CH,NMe,)(PMes)]|"PF~  reported re-
cently.3%

X-ray Analysis of 16

Figure 11 depicts the molecular structure of 16 as a result
of a single-crystal X-ray diffraction study. As concluded
from the NMR spectroscopic data, the [(n°-MesEtCs)Ni]
fragment is indeed coordinated to the o-carbon atom (C!°)
and to the nitrogen atom of the [(dimethylamino)methyl]Cp
ring of the ferrocene subunit, giving the nickel center a
nearly trigonal-planar coordination. The planes of the
MeyEtCs ring and the five-membered metallacycle are
nearly perpendicular to each other (87.8°) (Figure 12). The
Fe distances to the ring centroids of the unsubstituted and
the annulated Cp ring of the sandwich unit are equal within
experimental error, thus indicating no significant influence
of the Ni—chelate ring with respect to bonding in the ferro-
cene part. The distance Ni—Cpeentroia €quals that in 16 (1.74
A). The nickelacycle is slightly puckered as can be seen
when viewed along the Ni—N axis (Figure 12). The
puckering is related to the torsion angles of the best planes
defined by C°—C?>—Ni and C°—C!°—Ni—N, which is
11.2°.

Figure 11. Molecular structure of 16 as determined in the solid
state; selected bond lengths [A] and angles [?]: N'—C!° 1.881(3),
Ni'=N! 2.001(2), N'-=C?2 1.513(3), C'°—Ni'=N! 86.99(10);
C°—C?2—N! 108.9(2), C»—N!'—Ni! 111.13(15)

Theoretical Studies on n-Arene Ligand Lability in Arene-
Bridged Triple-Deckers of Co and Ni

An intriguing question regarding the reactivity of the (de-
cacyclene)Ni triple-deckers 3 and 4 is the cause of their un-

Eur. J. Inorg. Chem. 2001, 1371—1382

Z
Figure 12. View along the Co—N bond axis of 16, showing the

slight puckering of the metallacycle; atom numbering scheme
according to Figure 11

usual arene lability under the mild conditions reported
herein. Definite notation of arene lability in binuclear com-
plexes has been reported for only a very limited number of
cases so far. Thus, we were interested to see whether calcu-
lations on the EHMO level could provide, aside from our
experimental studies, theoretical insight into this lability for
3 and 4. Furthermore, we would like to compare our results
with other related di- and mononuclear complexes showing
related characteristic behavior towards arene exchange.

In choosing the EHMO approach we hoped to obtain
reliable and still interpretable (at least in well-established
chemical paradigms) semiqualitative information on this
question.

The arene lability in the triple-decker complexes 3 and 4
can be compared to the following triple-decker compounds:
(@) [(M>-CsHs)V(u-n®n®-CeHe)V(n>-CsHs)PY (arene  ex-
change only above 120 °C); (b) [(n°-CsR5)Co(p-n*n*-tolu-
ene)Co(n>-CsR5)|P (Rs = 1,2,4-tBus, Mes) (arene ex-
change at ambient temperature, compound stable in solu-
tion at ambient temperature). In addition the following
mononuclear complexes are available for comparison: (c)
[(m®-toluene)Ni(C4Fs),]1*? (arene extremely labile, arene ex-
change at ambient temperature); (d) [(n®-tolu-
ene)Co(CgFs),]?? (arene extremely labile, arene exchange at
ambient temperature); (e) [(n°-toluene)Fe(2,2’-bipyrid-
ine)]?¥  (arene is not labile); (f) [(N®-CeHe)Ni(n'-
tBu,PCH,P-tBu,)|?** (decomposition in solution above
—30 °C, probably due to M—arene dissociation, e.g. the
compound is not stable in solution at ambient temperature,
however, between —80 to —30 °C no arene exchange was
found on the NMR time scale).

From these complexes model compounds were con-
structed through the simplification of alkyl ligand substitu-
ents by hydrogen, i.e. in the calculations only CsHs and
Ce¢Hg were employed. Calculations were performed on the
symmetrical triple-decker complexes A [(Figure 13)]. The
actual n*m?3 or n*:n* coordination in the nickel and cobalt
triple-deckers was considered by looking at the slipped
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Figure 13. EHMO bonding parameters calculated for the symmet-
rical (A) and the slipped triple deckers (B)
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Figure 14. EHMO bonding parameters for the mononuclear
complex types C and D

triple-decker complex B. For comparison the mononuclear
arene complexes C and D were included in the calcula-
tions (Figure 14).

Triple-decker complexes with middle decks other than ar-
enes have been theoretically analyzed before. Theoretical
studies are available for sandwich complexes with middle
decks such as CsHs,1*! Ps and Ass, Pg, Py and P, The
orbital interactions of two CsHsM fragments with such a
middle deck have been well described. In addition, a theor-
etical study on C is available.*”! Furthermore, a photoelec-
tron spectroscopic study, and an MO calculation on A with
M = V have been carried out.3!

As a measure of metal—arene bond stability we have used
the concept of overlap population. The Mulliken overlap
population between two orbitals located on atoms or frag-
ments X and Y in a molecule is 2¢;c;S;;. This corresponds
to the amount of electron density transferred to the region
between X and Y on interaction of the two orbitals under
consideration. Depending on the signs of the orbital coeffi-
cients ¢;, c;, the overlap population, representing the shared
electron density of X and Y, can be positive or negative. A
larger positive overlap population correlates with a stronger
bond and a larger bond order between atoms X and Y.
However, actual numbers can only be compared within a
related series, keeping the atom pair X, Y constant. For ex-
ample, the overlap population of a transition-
metal—transition-metal bond should not be compared to
that of a carbon—carbon bond. The orbital overlap (S;)
term is different for different orbitals or atom pairs. There-
fore, it is not so much the single, absolute number that is
meaningful, but the trend that is observed upon variation
of geometrical or electronic factors.[3%-401

From an Extended Hiickel MO study on the model com-
plexes A—D the following situation emerges: Taking the

1378

symmetrical triple-decker A we looked at the M—arene
overlap population for M = V, Co, Ni in Figure 15. One
has to be cautious about comparing the overlap population
for different metals. However, this is not necessary by simu-
lating the variation in metal by the electron count and
thereby keeping the atom pairs constant. Starting from the
neutral complex for M = V (26e™) and Co (34e7) it is obvi-
ous that the M—arene overlap drops when adding addi-
tional electrons. Conversely, taking electrons away for M =
Co (34e7) and Ni (36e7) increases the M —arene overlap.
This can be rationalized by the fact that the frontier orbitals
are largely metal-centered, but also with metal-to-ligand
antibonding combinations.

]
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Figure 15. M—arene overlap population in A as a function of elec-
tron count (open field O, [, A is the neutral complex)

Figure 16 compares the M —arene overlap population for
the symmetrical and the slipped triple-decker A and B.
Upon slippage, the overlap population is slightly lower for
M =V, but increases considerably for M = Co and Ni.
This corresponds to the experimental finding of a symmet-
rical triple-decker for vanadium and n*m? or n*:n* slipped
sandwiches for cobalt and nickel.

-
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Figure 16. M—arene overlap population in A and B for M =V,
Co, and Ni (neutral complexes)

As a means of calibration we checked the calculated over-
lap population towards M—arene overlap populations in
the mononuclear complexes C and D with known arene lab-
ility. Figure 17 illustrates the results. The overlap popula-
tion for C is lower than for B with the same metals. This
results corresponds nicely to the experimental finding of a
rather low activation energy of 10—11 kcal-mol ! for arene
exchange in C (M = Ni),?? thus establishing a slightly
higher reactivity for arene exchange for C compared to B.
For D the overlap population is the lowest within the nickel
series. The low overlap population in D compared with B
or C (M = Ni) was surprising, because no arene exchange
was reported by NMR techniques for D. A closer look re-
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vealed, however, that [(n°-C¢He)Ni(n!-rBu,PCH,PtBu,)]*4
was reported to be stable in solution only up to —30 °C.
Above that temperature decomposition took place, prob-
ably due to M —arene bond dissociation. Hence, NMR ex-
change studies were not carried out under ambient condi-
tions as for the other compounds but only at temperatures
between —80 and —30 °C, and probably not for an ex-
tended period of time.’* Hence, the instability of [(n®-
C¢Hg)Ni(n'-rBu,PCH,P7Bu,)] is well reflected in the low
M —arene overlap population of D.

0.5
5 .
= 04
% [ ] * *B
g. 0,3 ° oC
=3
o 02 =D
& -
g 01
=}
0 T .
Co Ni
metal
Figure 17. M—arene overlap population in B, C (M = Co, Ni),

and D

For useful preparative purposes a labile, yet stable
enough character of the M—arene bond is crucial. This re-
sults in the combination of two important factors: the ease
of handling under ambient conditions, in connection with
a still high reactivity for arene exchange under these same
conditions. Complexes of type B and C ideally offer both
prerequisites.

Conclusions

Reaction of [(n°-EtMe4Cs)Ni(n?-acac)] with the dianion
of decacyclene resulted in the formation of the slipped
triple-decker 3 with a unique antarafacial bis(n>-enyl)nickel
coordination in the solid state as revealed by X-ray crystal-
lography. Complex 3 and its MesCs derivative 4 display a
high reactivity towards ligand loss. This fact has been
proven by formation of a number of organonickel chalcog-
enato complexes of type [(n°-Me4EtCs)Nio(ER),] (E = S,
Se, Te; R = Ph, Mes, Naphth) that are formed by ligand
displacement of the polynuclear aromatic middle deck deca-
cyclene. Reaction of 3 and 4 with azobenzene under ligand
exchange resulted in Cp,—H activation of the ortho ring
position giving a remarkable stable five-membered
nickelacycle. Complex 3 reacts with the plumbylene 15 in a
transmetallation reaction by elimination of Pb°, giving 16,
which contains a cyclometallated ferrocenyl moiety.

The overlap population from EHMO calculations can be
used as a qualitative measure for arene lability in
metal—arene complexes. Results obtained from these calcu-
lations explain the variation of arene lability in this class of
compounds. The increased metal—arene lability observed in
cobalt and nickel complexes is due to a filling of
metal—arene antibonding orbitals.

Eur. J. Inorg. Chem. 2001, 1371—1382

Experimental Section

General Information: All reactions were carried out under nitrogen
using Schlenk techniques; all solvents were dried properly and dis-
tilled under appropriate conditions before use. They were stored
under nitrogen prior to use. Products were purified by crystalliza-
tion. Yields refer to analytically pure samples. Decacyclene (Ald-
rich) was sublimed in vacuo prior to use. Dichalcogenides
R—E—E—R were synthesized according to the literature.[*!! —
NMR spectra were measured at 25 °C with a Bruker AMX300
or AMX500 and referenced against the deuterated solvents used;
coupling constants are given in Hz. NMR samples were prepared
by vacuum transfer of dried degassed solvents onto the appropriate
amount of solid sample, followed by flame sealing of the NMR
tube. — MS spectra were recorded with a MAT 8200 instrument
using standard conditions (EI, 70 eV) and the fractional sublima-
tion technique for compound inlet. — UV/Vis spectra were re-
corded with a Varian Cary 100 spectrometer under air in 10-mm
thick cuvettes. — Microanalyses were performed by the microana-
lytical laboratory of the Chemistry Department of the
University—GH Essen.

Photoelectron Spectroscopy Studies (PES): PE spectra were re-
corded with a Leybold Hereaus UPG200 spectrometer equipped
with an He! radiation source (21.21 V). Samples were evaporated
directly into the target chamber. In order to maintain sufficient
vapor pressure of 13 a temperature of 200 °C was used. The energy
scale was calibrated with xenon (12.130 and 13.436 e¢V) and argon
(15.759 and 15.937 eV). The accuracy of the measurements was *
0.03 eV for ionization energies, for broad and overlapping signals
+0.1eV.

Theoretical Studies: Qualitative MO computations were performed
within the extended Hiickel formalism[*? with weighted H,
values™! with the CACAO program (Version 4.0).1#4 Geometrical
parameters were taken from X-ray structural studies of the parent
compounds>2331:33:331 and averaged. For comparison, the same
structural parameters were employed for the different metals in the
model compounds [(n’-CsHs)M(pu-n®n°-CeHg)M(n>-CsHs)] (A:
M =V, Co, Ni), [(n5-CsHg)M(u-nin*-CeHg M(n’-CsHs)] (B: M =
V, Co, Ni), [(*CeHg)M(CF5);] (C: M = Co, Ni), and [(n’
CsHg)NiPH3] (D). Keeping the metal—ligand distances constant
when changing the metal atom allows for a better comparison on
the effect of the metal center. The actual geometric parameters em-
ployed in the calculations were as follows (see also the drawings for
A—D): M—Cg¢Hg(centroid) = 1.70 A; M—C(n°- CeHe) = 2.20 A;
M—CsHs(centroid) = 1.73 A M- C(n5 CsHs) = 2.10 A; M- C(o-
CeFs) = 1.90 A; Ni—P = 2.10 A; C—C(n5-CsHs) = 1.40 A;
C*anG-Cﬁﬂﬁ) = 139 A; C—C(C4Fs, bipy) = 140 A; C—H =
1.05 A; C—F = 1.35 A. The distances of M—C(n%arene) found in
the X-ray structures lie within 0.15 A of the 2.20 A assumed for
M—C(n%C4Hg) with M =V, Co, and Ni. The atomic parameters
used were taken from established work and are listed in Table 2.

Horizontal ionization energy calculations were performed with the
HyperChem computational package (Version 5.0, Hypercube Inc.,
Waterloo, Ontario, Canada). Geometry optimizations were carried
out on the model complex [(nS—Cp)Ni(C6H4 N=N-C4Hs-
kC,xN)] A with the ZINDO/1 method. The Ni—C,,y; and N1 N
contacts were refined free to values of Ni—C" = 1.956 A and
Ni—N! = 1.949 A. For comparison these values were also re-
strained to the experimental bond lengths of Ni—C!'? = 1.864 and
Ni—N = 1.816 A. In addition, the bond angle C'>— N!'—N2 was
restrained to 113°. No other restrictions were applied. Single-point
LCAO—MO-SCF calculations using the ZINDO/S approxi-
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Table 2. Parameters used in the Extended Hiickel Calculations

Orbital  Energy Exponents Coefficients Ref.
H;feV G 53 &1 (&)

Ni 3d —12.99 575 200 0.5682 0.6292 33
4s —8.86 2.1
4p —4.90 2.1

Co 3d —13.180 555 210 0.5679 0.6059  ©3
4s -9.21 2.0
4p -5.29 2.0

Fe 3d —12.700 535 1.80 0.5366 0.6678 3]
4s -9.17 1.9
4p —5.37 1.9

\% 3d —11.000 475 1.70 0.4755 0.7052 ©e
4s —8.81 1.3
4p —5.52 1.3

C 2s —21.4 1.625 fal
2p —-11.4 1.625

F 2s —40.0  2.425 fal
2p —18.1 2.425

P 2s —18.6 1.6 fal
2p —14.0 1.6

H Is —13.6 1.3 fal

[al As given in parameter file of the CACAO program; standard
EH parameters.

mation with spectroscopic parameterization®¥ have been per-
formed on the model complex A4 in its respective ZINDO/1 optim-
ized geometry. The restraints did not lead to large changes in or-
bital composition or energetic order.

Synthesis

[{(n3-Me4EtCs)Ni},(n-n:n’)decacyclene)] A): Decacyclene
(250 mg, 0.6 mmol) was suspended in 50 mL of THF and trans-
ferred into a flask in which a metallic mirror from 60 mg
(1.54 mmol) of potassium metal had been prepared. After 3 d, ca.
90% of the metal was dissolved, resulting in a deep red-brown solu-
tion. After cooling to —78 °C, [(n’-Me4EtCs)Ni(n?-acac)]*”! (1)
(370 mg, 1.2 mmol) was added to this solution in one batch under
stirring, and the resulting mixture was allowed to warm to room
temperature during several hours. After removal of all volatiles, the
residue was dissolved in diethyl ether and crystallized from that
solvent at —30 °C, resulting in 360 mg (0.42 mmol, 74%) of shim-
mering black crystals of 3. — '"H NMR (300 MHz, C¢Dg): & = 0.52
(t, 6 H), 0.77 (s, 12 H), 0.78 (s, 12 H), 1.27 (q, 4 H), 7.42 (t, 3J =
7.2Hz, 6 H), 7.63 (d, 3J = 7.2 Hz, 6 H), 8.36 (t, *J = 7.2 Hz, 6
H). — 3C NMR (75 MHz, C¢Dg): 8 = 7.8, 7.9, 14.6, 16.7, 97.5,
98.9, 104.6, 118.9, 123.2, 132.2, 135.9, 142.9. — IR (KBr): ¥ =
3048, 2963, 2925, 2857, 1581, 1482, 1457, 1435, 1378, 1355, 1301,
819, 800, 771, 758 cm™~!. — CsgHs,Ni, (866.47): caled. C 80.40, H
6.05; found C 81.00, H 6.38.

The general experimental procedure for reactions of 3 with the di-
chalcogenides 5—8 was as follows: To solution of the dichalcogen-
ide in diethyl ether at 0 °C a diethyl ether solution of 3 was added.
Upon warming to ambient temperature precipitation of tan colored
decacyclene occurred. The resulting mixture was reduced in volume
and filtered through Celite. Crystallization at —30 °C afforded
complexes 9—12.
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[{(n3-Me4EtCs)Ni},(u-SPh),] (9): Brown crystals; yield: 300 mg
(0.4 mmol, 84%). — '"H NMR (300 MHz, C4Dg): & = 0.91 (t, 6 H),
1.13 (s, 12 H), 1.20 (s, 12 H), 1.85 (q, 4 H), 7.02 (m, 6 H), 8.36 (m,
4 H). — 3C NMR (75 MHz, C¢Dg): & = 8.9, 9.0, 14.3, 17.9, 97.6,
99.0, 99.3, 106.9, 125.3, 127.5, 136.1, 138.9. — MS (El): m/z (%) =
632 (60) [M™*], 316 (100) [M*/2]. — IR (KBr): v = 3059, 2961,
2903, 2854, 1576, 1473, 1450, 1436, 1378, 1347, 1297, 1262, 1153,
1022, 819, 769, 738, 689 cm™!. — C34H44Ni»S, (634.266): caled. C
64.39, H 6.99, S 10.11; found C 67.08, H 6.65, S 7.43.

[{(n>-Me4EtCs)Ni},(n-SeMes),] (10): Brown microcrystals; yield:
360 mg (0.4 mmol, 79%). — "H NMR (300 MHz, C¢Dg): & = 0.80
(t, 6 H), 1.23 (s, 24 H), 1.86 (q, 4 H), 2.11 (s, 6 H), 2.55 (s, 6 H)
broad, 4.33 (s, 6 H) broad, 6.70 (s, 2 H) broad, 6.99 (s, 2 H) broad.
— IBC NMR (75 MHz, C¢Dy): 6 = 9.1, 9.2, 14.2, 18.0, 21.0, 98.6,
105.5, 120.1, 135.0. — MS (EX): m/z (%) = 812 (20) [M*], 406 (100)
[M™*/2]. — C4Hs¢NisSe, (812.228): caled. C 59.15, H 6.95; found
C 54.72, H 6.72.

[{(n3-Me4EtCs)Ni},(n-TeMes),] (11): Brown microcrystals; yield:
410 mg (0.4 mmol, 80%). — '"H NMR (300 MHz, C¢Dg): 6 = 0.83
(t, 6 H), 1.50 (s, 12 H), 1.52 (s, 6 H), 1.53 (s, 6 H), 2.03 (q, 4 H),
2.10 (s, 6 H), 2.70 (s, 6 H), 3.62 (s, 6 H), 6.68 (s, 2 H), 6.86 (s, 2
H). — BC NMR (75 MHz, C¢Dg): § = 9.9, 10.0, 10.1, 10.2, 15.1,
18.9, 21.0, 29.9, 32.1, 98.1, 98.3, 99.4, 99.7, 104.8, 126.4, 127.0,
136.4, 144.6, 146.0. — MS (EI): m/z (%) = 910 (15) [M*], 791
(17) [M™* — mesitylene], 456 (18) [M*/2], 119 (100) [mesitylene]. —
C40Hs6NiyTe, (909.508): caled. C 52.82, H 6.21; found C 53.10,
H 6.18.

[{(n5-Me4EtCs)Ni},(n-TeNaphth),] (12): Black crystals; yield:
380 mg (0.4 mmol, 73%). — 'H NMR (300 MHz, C¢Dg): § = 0.75
(t, 6 H), 1.38 (s, 12 H), 1.40 (s, 6 H), 1.41 (s, 6 H), 1.92 (q, 4 H),
7.05 (t, 3J = 7.7Hz, 2 H), 7.30 (m, 2 H), 7.45 (m, 2 H), 7.55 (d,
3J =8.1Hz, 2 H), 7.61 (d, 3J = 7.7 Hz, 2 H), 8.81 (d, J = 7.7 Hz,
2 H), 9.38 (d, 3J = 8.1 Hz, 2 H). — 3C NMR (75 MHz, C¢Dy):
6 = 10.1, 10.2, 10.3, 10.4, 15.3, 19.0, 98.5, 99.0, 99.9, 100.5, 100.7,
105.8, 125.3, 126.0, 126.1, 128.8, 132.8, 133.0, 138.4, 141.9. — MS
(ED): mlz (%) = 926 (15) [M™], 799 (10) [M™* — naphthalene], 464
(15) [M™*/2], 253 (100) [binaphthalene]. — C4,HygNis>Te, (925.466):
caled. C 54.51, H 5.23; found C 55.05, H 5.36.

[(M3-Me4EtCs)Ni(CeHy;—N=N—-C¢Hs-«C,xkN)] (13): This com-
pound was prepared by adding a stoichiometric amount of azoben-
zene to a solution of 3 in 500 mL of diethyl ether at room temper-
ature. While stirring for 12 h, the color changed from brown red
to deep blue. Crystallization from diethyl ether afforded dark blue
crystals; yield: 380 mg (1.0 mmol, 88%). — 'H NMR (300 MHz,
CD,Cl,): 8 = 0.93 (t, 3 H), 1.62 (s, 6 H), 1.73 (s, 6 H), 2.15 (q, 2
H), 7.08 (m, 1 H, C°—H), 7.13 (m, 1 H, C*~H), 7.16 (m, 2 H,
C88'_H), 7.37 (m, 1 H, C'°—H), 7.47 (m, 2 H, C*>°-H), 7.86 (m, 1
H, C3*—H), 8.11 (m, 1 H, C°~H). — 3C NMR (75 MHz, CD,Cl,):
§=19.3,9.5,15.1,17.7,100.4, 101.4, 108.2 [(n>-Me4EtCp)Ni], 123.0
(C88), 123.2 (C*), 123.8 (C3), 127.5 (C'9), 127.6 (C°®), 128.8 (C?),
138.5(C%), 157.4 (C7), 163.1 (C1), 181.9 (C?). — MS (ED): m/z (%) =
388 (100) [M™]. — IR (KBr): v = 3082, 3055, 3039, 2961, 2912,
2867, 1588, 1567, 1484, 1447, 1296, 1287, 1262, 1032, 1017, 770,
753, 711, 698 cm™~!. — UV/Vis (CH,Cly): Aoy (8) = 230 (24923),
250 (21760), 300 (25237), 345 (9203), 510 (3243), 609 nm (6317). —
Cy3H6N,Ni (389.18): caled. C 70.98, H 6.73, N 7.20; found C
70.31, H 6.98, N 6.89.

[(M3-CsMes)Ni(CeHs—N=N—-CHs-xC,xN)] (14): As with the syn-
thesis of 13. Blue, needle-like crystals, prepared from 4; yield:
350 mg (0.9 mmol, 85%). — '"H NMR (300 MHz, C¢Dg): & = 1.50
(s, 15H) 7.0 (m, 1 H, C'°—H), 7.06—7.22 (m, 6 H), 7.94 (dd, 3J =
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79Hz, 4] = 1.1Hz, 1 H, C3-H), 8.50 (dd, 3J = 7.7Hz, 4J =
1.5Hz, 1 H, C®*~H). — '3C NMR (75 MHz, C¢Dy): § = 9.4, 100.6,
123.2, 123.7, 124.0, 127.1, 138.4, 157.7, 164.1, 182.7. — MS (EI):
mlz (%) = 374 (100) [M*]. — IR (KBr): ¥ = 3058, 3039, 2979,
2952, 2898, 2851, 1589, 1484, 1420, 1385, 1297, 1263, 1154, 1068,
1017, 769, 758, 753, 711, 698 cm™!. — C5,H,4N,Ni (375.16): caled.
C 70.44, H 6.45, N 7.47; found C 64.17, H 5.99, N 6.95. Although
this analysis was repeated several times with recrystallized material,
C,H,N values for 15 were repeatedly unsatisfactorily.

[(n*-CsHs)Felp-(n*-CsH3CH,NMe,-k Gk M)INi(n*>-CsEtMey)] (16):
Solid 3 (180 mg, 0.2 mmol) was added to a yellow suspension of
plumbylene 15 (140 mg, 0.2 mmol) in diethyl ether at —78 °C.
Within a few hours precipitation of decacyclene (2) occurred and
the color of the solution turned to purple, while upon warming to
ambient temperature it changed to red-brown. The mixture was
reduced in volume and filtered through Celite. Crystallization at
—78 °C afforded 60 mg (0.1 mmol, 65%) of complex 16 as red to
black crystals. — '"H NMR (300 MHz, C¢Dg): & = 1.11 (t, 3 H),
1.69 (s, 3 H), 1.70 (s, 3 H), 1.72 (s, 6 H), 1.86 [s, 3 H, N(CH3),],
2.24 (q, 2 H), 2.33 [s, 3 H, N(CHz),], 2.59 (d, 2J = 13.6 Hz, 1 H,
Fc—CH,), 2.89 (d, 2J = 13.6 Hz, 1 H, Fc—CH,), 3.84 (d, 3J =
2.1 Hz, 1 H, CsH;Fe), 3.98 (d, 3J = 2.1 Hz, 1 H, CsHsFe), 4.20 (s,
5 H, CsHsFe), 4.24 (t, 3/ = 2.1 Hz, 1 H, CsH;Fe). — 3C NMR
(75 MHz, C¢Dy): & = 10.4, 10.5, 15.2, 19.2, 53.2 [N(CH;),], 53.4
[N(CH3),], 60.8 (CsHsFe), 66.5 (C*%, 68.4 (Fc—CH,), 69.1
(CsHsFe), 71.7 (CsH3Fe), 90.2 (C1), 92.4 (C?), 95.5, 96.1,97.2, 97 .4,
103.8. — MS (ED): m/z (%) = 449 (100) [M*], 326 (45) [M*+ —
CsHsFe], 242 (20) [M™* — C;;H;Ni]. — IR (KBr): v = 3079, 3026,
2961, 2922, 2852, 2769, 1451, 1415, 1383, 1353, 1302, 1227, 11358,
1105, 1043, 1022, 974, 947, 864, 846, 809, 795 cm ! —
Cy4H33FeNNi (450.09): caled. C 64.05, H 7.39, N 3.11; found C
57.89, H 6.96, N 3.11. Probably due to excess [(dimethylamino)me-
thyl]ferrocene that could not be removed completely by washing
without dissolving most of 16, the C value is found out of the
usually acceptable range.
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