Co-ordination chemistry of octamethyl-5,5'-di(2-pyridyl)ferrocene
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The platinum complex [{PtCl,(C,H,)},(dpf*) 1 [dpf* = octamethyl-5,5'-di(2-pyridyl)ferrocene] has been obtained
by the reaction of dpf* with K[PtCl,(C,H,)]. The reaction of dpf* with [Cu(NCCH,),]*[BF,] afforded the
copper complexes [Cu(dpf*)]* [BF,]~ 2 and [Cu(dpf*)] " [CuCl,]~ 3 as well as the ferrocenium salt [dpf*]*[BF,]”

4, depending on the stoichiometry. The crystal structures of 1-4 have been determined by X-ray diffraction. The
dpf* acts as a bridging ligand in the case of 1 and as a trans-chelating ligand in 2 and 3, which contain near-linear
two-co-ordinate copper centres. Complex 3 shows a remarkably short, ligand-unsupported Cu’ - - - Cu’ contact
[281.0(2) pm]. A cyclovoltammetric study of 2 revealed an unprecedentedly high anodic shift of the half-wave
potential of the ferrocene moiety upon co-ordination of Cu™ by dpf*.

There is great current interest in ferrocene-based ligands. This is
primarily due to the special stereo- and electro-chemical prop-
erties of the ferrocene group, which are the basis for a large
variety of applications for such ligands, ranging, for example,
from chemical sensors to asymmetric catalysis.! In this context,
ferrocene-bearing pyridyl,? oligopyridyl * and other aromatic N-
donor groups ** have emerged as a particularly important sub-
class. As part of an ongoing project concerned with the chem-
istry of pyridyl and oligopyridyl ligands bearing a ferrocene
group as redox spectator, we have synthesized octamethyl-5,5’-
di(2-pyridyl)ferrocene (dpf*).> The unmethylated analogue
1,1'-di(2-pyridyl)ferrocene (dpf) has already proved to be a very
versatile ligand, which can accommodate a wide range of co-
ordination geometries.*® It can act as a mono- or as a bi-
dentate ligand. In the latter case it may either co-ordinate two
metal centres in a bridging or one metal centre in a chelating
mode. Interestingly, in the latter case, a cis® or a trans®
arrangement of the pyridyl moieties at the chelated metal centre
can be realised, so that with dpf N-M-N ‘bite’ angles close to
90 and 180° have been observed. We have investigated the co-
ordination behaviour of dpf* towards palladium, platinum and
copper. Part of this study has been briefly communicated.*

Results and Discussion

Like its unmethylated analogue dpf, dpf* reacted cleanly with
2 equivalents of K[PtCl,(C,H,)] (Zeise’s salt) in dichloro-
methane at room temperature, giving the expected product
[{PtCL(C,H,)},(dpf*)] 1 in 80% yield. A single-crystal X-ray
diffraction study performed for 1 confirms that the dpf* unit
bridges the two platinum centres (Fig. 1). Bond lengths and
angles are unexceptional (Table 1).

The structure is quite similar to that of [{PtCl,(C,H,)},-
(dpf)].*" It has molecular (and crystallographic) C, symmetry.
Each platinum atom is co-ordinated by one nitrogen, two chlor-
ine and two carbon atoms; its deviation from the plane defined
by the nitrogen and the two chlorine atoms is ca. 10 pm. Each
ethylene ligand is in an approximately perpendicular orienta-
tion to the respective Cl-CI-N-Pt co-ordination plane. The

+ Non-SI unit employed: cal = 4.184 J.

Fig.1 Molecular structure of complex 1

dihedral angle between the plane defined by Pt, C(15) and C(16)
and the best plane for Pt, CI(1), CI(2) and N is 93.7°, and the
relevant CI-Pt—C-C torsion angles are close to 90°. The
CI-Pt-N and CI-Pt-C angles, which are identical within
experimental error, are approximately 90°; the CI-Pt—Cl angles
[174.9(2)°] deviate slightly from linearity. The co-ordination of
the two PtCl,(C,H,) fragments leads to pronounced angular
distortions of the dpf* framework. The best planes of the
cyclopentadienyl ring and the pyridyl ring attached to it inter-
sect each other at an angle of 72.1°, which is decisively more
than the corresponding values of 33.3 and 36.9° found for
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Table 1 Selected bond lengths (pm) and angles (°) with estimated
standard deviations in parentheses for the platinum complex 1

Pt-CI(1) 227.1(6) C(5)-N 133(2)
Pt-Cl(2) 229.6(5) C(6)-C(7) 144(2)
Pt-C(15) 218(2) C(6)-C(10) 144(2)
Pt—C(16) 219(2) C(7)-C(8) 146(2)
Pt-N 208(1) C(7)-C(11) 148(2)
Fe—C(6) 207(1) C(8)-C(9) 142(2)
Fe-C(7) 209(1) C(8)-C(12) 148(2)
Fe—-C(8) 208(1) C(9)-C(10) 145(2)
Fe-C(9) 208(1) C(9)-C(13) 149(2)
Fe-C(10) 206(1) C(10)-C(14) 146(2)
C(1)-C(6) 145(2) C(15)-C(16) 143(4)
C(1)-N 137(2)
CI(1)-Pt=C(15) 87.4(7) CI(2)-Pt-N 90.1(4)
CI(1)-Pt-C(16) 91.5(7) C(15)-Pt=C(16) 38(1)
CI(1)-Pt-N 90.0(4) C(15)-Pt-N 164.8(9)
Cl(2)-Pt-C(15) 91.2(7) C(16)-Pt-N 157.0(8)
Cl(2)-Pt-C(16) 90.3(7)
F(2)
B
FY Fa)

Fig.2 Molecular structure of complex 2

uncomplexed dpf*. The two cyclopentadienyl rings are no
longer coplanar in 1, forming an angle of 6.1°. The best planes
of the two pyridyl units intersect each other at an angle of
44.4°, which is a drastic deviation from the corresponding value
of only 9.9° in free dpf™.

In an attempt to synthesize a chelate complex of dpf*, this
was stirred with an equimolar amount of [Pd(Me)Cl(cod)]
(cod = cycloocta-1,5-diene) in toluene solution. However, no
reaction occurred, even at higher temperatures. This is in con-
trast to the behaviour of dpf, which reacts cleanly and swiftly
with this palladium compound at room temperature giving the
cis-chelate complex [Pd(Me)Cl(dpf)] in almost quantitative
yield.* According to this result, a cis-chelating co-ordination
of a metal-ligand fragment by dpf* is comparatively unfavour-
able, which may be ascribed primarily to the steric influence of
the methyl groups in the vicinity of the pyridyl units.

In contrast, the trans-chelating co-ordination mode of dpf*
could be realised straightforwardly by utilising a small,
‘naked’ metal cation, namely Cu’, which is known to prefer a
quasi-linear two-co-ordinate environment with moderately
bulky aromatic N-donor ligands.” When a solution of equi-
molar amounts of [Cu(NCCH,),]"[BF,]” and dpf* in dichloro-
methane was stirred at room temperature the expected
trans-chelate complex [Cu(dpf*)]*[BF,]” 2 was obtained in
good yield as a dark red crystalline solid after standard work-
up. The molecular structure 2 was determined by a single-

4706 J. Chem. Soc., Dalton Trans., 1997, Pages 4705-4711

Table 2 Selected bond lengths (pm) and angles (°) with estimated
standard deviations in parentheses for the copper complex 2

Fe-C(1) 206.9(3) C(3)-C(4) 142.2(4)
Fe-C(2) 207.1(3) C(3)-C(8) 149.5(5)
Fe-C(3) 207.4(3) C(4)-C(5) 144.8(4)
Fe-C(4) 207.0(3) C(4)-C(9) 149.4(4)
Fe-C(5) 207.2(3) C(5)-C(10) 147.5(4)
Fe-C(15) 206.5(3) C(15)-C(16) 143.1(4)
Fe-C(16) 207.7(3) C(15)-C(19) 145.1(4)
Fe-C(17) 207.8(3) C(15)-C(20) 149.8(4)
Fe-C(18) 207.4(3) C(16)-C(17) 142.0(4)
Fe-C(19) 205.7(3) C(16)-C(21) 149.4(4)
N(1)-C(10) 135.2(4) C(17)-C(18) 143.1(4)
N(1)-C(14) 135.2(4) C(17)-C(22) 150.3(4)
N(Q2)-C(24) 135.1(4) C(18)-C(19) 142.8(4)
N(2)-C(28) 136.5(4) C(18)-C(23) 149.7(4)
C(1)-C(2) 143.3(5) C(19)-C(24) 147.5(4)
C(1)-C(5) 143.8(4) B-F(1) 137.2(5)
C(1)-C(6) 149.3(4) B-F(2) 137.1(6)
C(2)-C(3) 142.7(5) B-F(3) 137.6(6)
C(2)-C(7) 149.6(5) B-F(4) 137.1(6)
C(5)-C(1)-C(6) 126.3(3) C(19)-C(15)-C0)  128.7(3)
C(5)-C(4)-C(9) 128.9(3) C(19)-C(18)-C(23)  126.3(3)
C(1)-C(5)-C(10)  124.6(3) C(15)-C(19)-C4)  127.1(3)
C4)-C(5)-C(10)  126.5(3) C(18)-C(19)-C(24)  123.5(3)
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Fig. 3 Cyclic voltammetric responses recorded at a platinum electrode
in CH,CI, solutions containing [NBu,][PF,] (0.2 mol dm~®) and (a)
dpf* (1.5 x 107* dm™3), (b, ¢) complex 2 (1.3 x 107* dm®). Scan rate
0.1Vs™!

crystal X-ray diffraction study (Fig. 2). Bond lengths and
angles are collected in Table 2. The [Cu(dpf*)]* ion exhibits
Cu~-N distances of 186.2(3) pm, short in comparison to corre-
sponding distances in three- and four-co-ordinate copper(1)
compounds.? The copper centre is linear two-co-ordinate with a
N-Cu—N angle of 178.28(11)°. Again, dihedral angles differ
markedly from those of uncomplexed dpf* (see above). The
best planes of the cyclopentadienyl rings form an angle of
5.8°%, those of the pyridyl rings intersect each other at an angle
of 32.1°, and the cyclopentadienyl-pyridyl dihedral angles are
48.0 and 50.9°.

The interaction between the ferrocene unit and the co-
ordinated copper ion was investigated by electrochemical tech-
niques. Fig. 3 compares the cyclic voltammetric behaviour of



Table 3 Formal electrode potentials (in V, vs. SCE) and peak-to-peak
separations (in mV) for the oxidation process of the present complexes
in CH,Cl, solution*

Complex E% oy AE,*
dpf* —0.04 72
2 +0.42 90
[Fe(CsMes),] —-0.15 78
[Fe(C.Hy),] +0.39 80

“ [NBu,][PFq] supporting electrolyte (0.2 mol dm™3). ® Measured at
0.1Vs™
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Fig.4 Molecular structure of complex 3

dpf* with that of its copper(1) complex 2. Free dpf* displays the
expected facile oxidation typical of permethylated ferrocenes.
Controlled-potential coulometry (E, =0.3 V) consumed one
electron per molecule, causing the original orange solution
(Amax =474 nm) to turn olive-green and to exhibit a shoulder
in the range 600-700 nm, typical of ferrocenium species, close
to a broad and intense charge-transfer (CT) absorption at
Amax = 787 nm. In confirmation of the electrochemical revers-
ibility of the one-electron removal, the olive-green solution
showed a cyclic voltammetric profile quite complementary to
that shown in Fig. 3(a). Analysis® of the cyclic voltammetric
responses of dpf* with scan rates varying from 0.02 to 1.00 V
s~! is consistent with a simple, electrochemically reversible
process, thus precluding the crystallographically confirmed
absence of significant structural reorganisations accompanying
the one-electron removal (see below).

As Fig. 3(b) illustrates, complex 2 also undergoes a similar
anodic process, but at significantly higher potentials. Exhaust-
ive one-electron oxidation (E,=0.7 V) of the original red-
orange solution (A,,, = 504 nm) afforded a yellow-brown solu-
tion, which again displayed a minor ferrocenium absorption at
Amax = 658 together with an intense CT band at A, = 805 nm.
As deducible from Fig. 3(c), 2 also undergoes an irreversible
cathodic process at £, = —0.78 V, which generates in the reverse
scan the voltammetric profile of free dpf*. We confidently
assume this process to be due to the Cu'~Cu® reduction, which
is complicated by decomplexation of dpf*. No clean Cu™~Cu"
oxidation was detected, but a broad, ill shaped anodic peak at
about 0.9 V.

Table 3 compiles the formal electrode potentials of the
ferrocene-centered oxidation of the present complexes. Two
main electronic effects are easily detectable: (i) with respect to
decamethylferrocene, substitution of two methyl groups by two
pyridyl units in dpf* makes the oxidation more difficult by

Table 4 Selected bond lengths (pm) and angles (°) with estimated
standard deviations in parentheses for the copper complex 3

Fe-C(1) 208(2) C(1)-C(6) 148(2)
Fe-C(2) 209(2) C(2)-C(3) 147(2)
Fe-C(3) 210(2) C(2)-C(7) 151(2)
Fe-C(4) 207(2) C(3)-C(4) 137(2)
Fe-C(5) 211(2) C(3)-C(8) 152(2)
Fe-C(15) 210(2) C(4)-C(5) 145(2)
Fe-C(16) 204(2) C(4)-C(9) 153(2)
Fe-C(17) 203(3) C(5-C(10) 145(2)
Fe-C(18) 204(2) C(15)-C(16) 145(2)
Fe-C(19) 204(2) C(15)-C(19) 147(2)
Cu(2)-Cl(1) 212.3(7) C(15)-C(20) 149(2)
Cu(2)-ClI(2) 206.6(7) C(16)-C(17) 137(2)
N(1)-C(10) 133(2) C(16)-C(21) 153(2)
N(1)-C(14) 136(2) C(17)-C(18) 138(3)
N(Q2)-C(24) 137(2) C(17)-C(22) 153(2)
N(2)-C(28) 132(2) C(18)-C(19) 143(3)
C(1)-C(2) 145(2) C(18)-C(23) 151(3)
C(1)-C(5) 146(2) C(19)-C(24) 148(2)
C(5)-C(1)-C(6) 125(2) C(19)-C(15-C20)  132(2)
C(5)-C(4)-C(9) 128(2) C(19)-C(18)-C(23)  122(2)
C()-C(5)-C(10)  127(2) C(15)-C(19-C24)  125(2)
C4)-C(5)-C(10)  128(2) C18)-C(19)-C(24)  128(2)
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Fig. 5 View of the co-ordination spheres of the copper centres in
complex 3

about 0.1 V; (if) complexation of copper(1) causes the oxidation
to shift to a more positive potential by about 0.5 V, which could
render the present system one of the most effective redox
sensors for copper ions presently known.! The magnitude
of the anodic shift, which is indicative of a remarkably strong
interaction between the ferrocene unit and the copper(1)
ion, is undoubtedly due to their close proximity (the Fe- -+ Cu
distance is only 323 pm).

All attempts to co-ordinate two dpf* ligands to one copper(1)
centre by treating [Cu(NCCH,),]"[BF,]” with 2 equivalents of
dpf* were unsuccessful, yielding only mixtures of complex 2
and free dpf*. In one instance, however, the unexpected product
[Cu(dpf*)]"[CuCl,]” 3 was obtained in moderate yield. The
formation of this species involved a reaction of the solvent
dichloromethane, since no other sources of Cl were present in
the reaction mixture. A single-crystal X-ray diffraction study
for 3 showed that it contained two copper(1) centres in a slightly
distorted linear two-co-ordinate environment (Fig. 4). Bond
lengths and angles are collected in Table 4. The dihedral angle
formed by the best planes of the two cyclopentadienyl rings is
5.9°, the corresponding angle between the best planes of the
two pyridyl groups is 46.3° and the cyclopentadienyl-pyridyl
dihedral angles are 44.8 and 46.8°. An important feature of the
structure of 3 is the short distance between the two copper
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centres of only 281.0(2) pm. The co-ordination axes of the
anion and the cation, which are both slightly bent
[N(1)~-Cu(1)-N(2) 171.4(6), CI(1)-Cu(2)-CI1(2) 176.9(3)°], are
approximately perpendicular to each other [torsion angles:
N(1)-Cu(1)-Cu(2)-CI(1) 85.5, N(2)—Cu(1)-Cu(2)-Cl(2) 89.4°]
(Fig. 5).

It is instructive to compare the structure of complex 3 with
that of 2, which contains a co-ordinatively innocent anion.
The interaction of the [CuCl,]” anion with the nitrogen-co-
ordinated copper centre leads to an increase of the Fe---Cu
distance from 323.1 pm in the tetrafluoroborate 2 to 329.2 pm
in the dichlorocuprate 3, and also to an elongation of the
copper—nitrogen bonds from 186.2 to 192.5 pm (mean) together
with a bending of the N-Cu—-N axis by ca. 6°. The [CuCl,]”
anion appears to pull the nitrogen-co-ordinated copper ion
away from the ferrocene moiety. There are no appreciable sec-
ondary interactions between the nitrogen-co-ordinated copper
centre and the chlorine atoms of the anion, since both copper—
chlorine distances [Cu(1)-Cl(1) 337, Cu(1)-CI(2) 358 pm] are
considerably larger than the sum of the van der Waals radii
of Cu (140 pm) and Cl (175 pm)."* There is no indication
for intermolecular interactions of the chlorine-co-ordinated
copper centre, its shortest intermolecular contact (Cu -+ - C 398
pm) being that to the methyl group attached to C(1) of a neigh-
bouring [Cu(dpf*)]* unit.

To the best of our knowledge, [Cu(dpf*)]*[CuCl,]” 3 is only
the second example so far of a complex which contains a short
ligand-unsupported Cu':--Cu' contact, the first example
being the trinuclear species [(CuL),] {HL = 2-[pyrazol-3(5)]-
pyridine}, which crystallises as a dimer showing two close
metal-metal contacts between the two associated trinuclear
units in the absence of any supportive bridging ligation
[d(Cu—Cu) 290.5(3) pm]."* Such close contacts may be inter-
preted in terms of a weak bonding interaction between the two
d' metal centres.

Attractive interactions between formally closed-shell metal
centres (s* or d'%) are well documented for several metals.'* How-
ever, whereas the body of evidence is especially large in the case
of gold(1), where the term ‘aurophilicity’ has been coined to
describe this special kind of metal-metal bonding interaction,'*
the question of whether a similar metallophilicity * exists in the
case of the other two coinage metals, copper and silver, is still
a matter of controversy. For example, the presence of such
d'—d" bonding interactions has been disputed on theoretical
grounds for the dinuclear complexes [{M(CH;Cc,H,NCH-
NC¢H,CH,)},] in spite of rather short metal-metal distances
[247.7(2)/270.5(1) pm for M = Cu/Ag], which were therefore
attributed to the ligand architecture.® A most instructive
case is that of the trinuclear copper complex [{Cu(CH;C4H,-
N,C¢H,CH;)};], where the metal centres have an average dis-
tance of only 235 pm."” The existence of a cuprophilic inter-
action between them has both been supported ® and refuted *
at various levels of theory.

Generally, weak metallophilic effects are easily blurred or
even overruled by other secondary interactions. Even for
gold(1), where aurophilic bonding can be as strong as 11 kcal
mol~',% it has been noted that metallophilic energy minima
may be rather shallow.”! The same is assumed to be true for
copper(1), so that crystal packing forces** may very well over-
rule weak cuprophilic interactions. In comparison, this appears
to be the case for the complex [Cu(NCsH,Me;-2,4,6),]"
[CuCl,]~,™“ the Cu'- - - Cu' distance of 361.1(2) pm being ca.
80 pm longer than that in [Cu(dpf*)]" [CuCl,]™ 3, although the
co-ordination parameters of the respective copper(1) centres are
quite similar for both complexes. Closer inspection reveals that
the packing of the [Cu(NCsH,Me;-2.,4,6),] " units in the crystal,
which involves stacking of neighbouring collidine ligands with
a closest inter-ring distance of 348 pm [calculated from crystal-
lographic data given in ref. 7(d)], prohibits a closer approach of
the copper centres.
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Fig. 6 Molecular structure of complex 4

Table 5 Selected bond lengths (pm) and angles (°) with estimated
standard deviations in parentheses for the ferrocenium salt 4

Fe-C(1) 207.4(3) C(3)-C(7) 150.7(5)
Fe-C(2) 208.3(3) C(4)-C(5) 142.3(5)
Fe-C(3) 210.0(3) C(4)-C(8) 148.6(5)
Fe-C(4) 212.9(4) C(5)-C(9) 149.1(5)
Fe-C(5) 210.3(3) C(15)-C(16) 145.0(5)
Fe-C(15) 207.0(3) C(15)-C(19) 143.9(5)
Fe-C(16) 208.9(3) C(15)-C(24) 147.9(5)
Fe-C(17) 212.1(3) C(16)-C(17) 143.5(5)
Fe-C(18) 211.6(3) C(16)-C(20) 149.1(5)
Fe-C(19) 209.1(3) C(17)-C(18) 141.4(5)
N(1)-C(10) 134.6(5) C(17)-C(21) 149.5(5)
N(1)-C(14) 134.3(5) C(18)-C(19) 142.6(5)
N(2)-C(24) 134.8(5) C(18)-C(22) 150.4(5)
N(2)-C(28) 134.0(5) C(19)-C(23) 149.6(5)
C(1)-C(2) 144.5(5) B-F(1) 138.2(5)
C(1)-C(5) 144.0(5) B-F(2) 136.4(6)
C(2)-C(3) 142.1(5) B-F(3) 135.7(6)
C(2)-C(6) 149.2(5) B-F(4) 135.3(6)
C(3)-C(4) 142.8(5)

C(2)-C(1)-C(10) 125.3(3) C(16)-C(15)-C(24)  126.1(3)
C(5)-C(1)-C(10) 127.03) C(19)-C(15)-C(24)  126.3(3)
C(1)-C(2)-C(6) 127.13) C(15)-C(16)-C(20)  128.5(3)
C(1)-C(5)-C(9) 127.03) C(15)-C(19)-C(23)  127.2(3)

The formation of [Cu(dpf*)]* [CuCl,]~ 3 was irreproducible, {
even when the stoichiometry of the reaction was inversed in
order to take account of the copper:dpf* ratio of 2:1 in the
serendipitous product. In the reaction of 2 equivalents of
[Cu(NCCH,),]"[BF,]~ with dpf* oxidation of the latter
occurred, and [dpf*]*[BF,]” 4 was isolated in good yield. No
formation of a product containing the [Cu(dpf*)]** dication
was observed, although this species can be generated by electro-
chemical oxidation of [Cu(dpf*)]* and appears to be chemically
stable. In view of the anodic shift of the ferrocene-centred
oxidation in 2 (see above), it is likely that more powerful
oxidising agents are needed.

A single-crystal X-ray diffraction study of the ferrocenium
salt 4 (Fig. 6) reveals that, with respect to dpf*, the oxidation
does not lead to any appreciable structural changes. Bond
lengths and angles are collected in Table 5. The mean distance
between the iron centre and the cyclopentadienyl ring C atoms
increases slightly, but significantly, from 207 to 210 pm upon
oxidation, whereas the average C-C bond length in the
cyclopentadienyl rings (143 pm) remains the same. This is in
accord with findings concerning other persubstituted
ferrocenes.”

1 Attempts to obtain complex 3 more straightforwardly by the reaction
of dpf* with copper(1) chloride in dichloromethane or acetonitrile or
mixtures of both were unsuccessful.
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Table 6 Crystallographic data for compounds 1-4

Compound 1-CH,C],
Formula C;3H,,CLFeN,Pt,
M 1040.5

Crystal system Monoclinic
Space group P2/c

alA 9.436(2)

blA 11.208(2)

/A 17.980(4)

al®

pr° 97.44(2)

yl°

UIA? 1885.5(8)

zZ 2

DJgcm™ 1.98

MA (graphite monochromated) 1.5418 (Cu-Ka)
wmm™! 21.04

F(000) 1076

0 Range/° 3.9-75.8

Scan type o

Standard reflections 2 every hour
Index ranges —“1I<sh<1,0<k=<14,0=<[<22
Independent reflections 3899

Data, restraints, parameters 3456, 0, 190

R“ (number of reflections used for) 0.080 (3456)
Largest Alc 0.12

Largest difference peak and hole/e A3 4.5,-39°%
“ Conventional R = X||F,| — |F||[/Z|F,|. ® In the vicinity of the heavy atoms.

2

CyH3,BCuF FeN,
602.8
Triclinic
P1
7.586(2)
11.338(3)
16.041(3)
73.06(2)
89.37(2)
75.22(2)
1273.2(5)
2

1.57

0.710 73 (Mo-Ka)
1.455

620

1.95-30.00
Wyckoff

3 of 50 measured

0s<h=<10,-15<k=<15-22=<]<22

7429
7388, 0, 343
0.053 (6068)
0.00

0.5, —0.9

3
CyH;,CLCu,FeN,
650.4
Orthorhombic
Pna2,

21.238(4)
8.7730(10)
14.2570(10)

2656.4(6)
4

1.63

0.710 73 (Mo-Ka)
2.347

1328

1.92-25.04

®

3 of 100 measured

0<h<25-10<sk<10,0s</<16

2423
2423, 1,184
0.069 (1186)
0.00

0.6, —0.5

4
C,H;,BF,FeN,
539.2
Monoclinic
P2,/n

8.622(2)
24.596(4)
11.911(4)

94.11(2)
2519.4(11)
4

1.42

0.710 73 (Mo-Ka)
0.648

1124

1.66-27.56

®

3 of 100 measured

0sh<11,0sk=32,-15</<15

5785
5761, 0, 333
0.059 (4008)
0.00

0.5, 0.7




Experimental
X-Ray crystallography

Complex 1:CH,Cl,, A crystal with dimensions
0.35 % 0.60 X 0.65 mm was used for data collection at room
temperature on an Enraf-Nonius CAD-4 diffractometer.
Corrections for Lorentz-polarisation effects were applied. An
absorption correction was performed with the program
ABSCAL?* using y scans of the [1 0 8] reflection, with coef-
ficients in the range 1.01-2.02. 3456 Reflections were above the
significance level of 2.55(/). The structure was solved by the
PATTY option of the DIRDIF 94 program system.” The
hydrogen atoms were calculated and kept fixed during refine-
ment with U=0.10 A% The hydrogen atoms of the ethylene
moiety and the solvent molecule were not included in the
refinement. The positions of the solvent atoms were not refined.
Full-matrix least-squares refinement on F was carried out iso-
tropically for the solvent atoms and the hydrogen atoms and
anisotropically for all other atoms. A weighting scheme w =1/
{22.0 + 0.01[c(F,)]* + 0.001[c(F,)] '} was used leading to an
R’ value of 0.093. The secondary isotropic extinction coef-
ficient * refined to a value of 0.16(1). The anomalous scattering
of Pt, Fe and CI was taken into account. All calculations were
performed with XTAL,?” unless stated otherwise. The asym-
metric unit contains half a molecule, while the positions of
the solvent atoms have an occupancy factor of 0.5. Pertinent
crystallographic data are collected in Table 6.

Complexes 2—4. Crystals with dimensions 1.20 X 0.40 X 0.10
(2), 0.30x0.10x0.10 (3) and 0.50 X 0.40 X 0.15 mm (4),
respectively, were used for data collection at 173(2) K on a
Siemens P2(1) four-circle diffractometer. The structures were
solved by direct methods. Programs used were Siemens
SHELXTL PLUS? and SHELXL 93.* Full-matrix least-
squares refinement on F? was carried out anisotropically for the
non-hydrogen atoms and isotropically for the hydrogen atoms,
except in the case of complex 3, where atoms heavier than car-
bon were refined anisotropically and all other atoms isotropic-
ally. Weighting schemes used were w = [6*(F,?) + (0.0666P)* +
2.3888P] ! in the case of 2, w = [6*(F,?) + (0.0319P)*] " in the
case of 3and w = [6X(F,?) + (0.0676P)* + 3.0594P] ' in the case
of 4, where P = (F,> + 2F.*)/3 in all cases, leading to R’ values
(all data) of 0.163, 0.140 and 0.179 for 2, 3 and 4, respectively.
All three structures developed routinely. Pertinent crystallo-
graphic data are collected in Table 6.

CCDC reference number 186/746.

Electrochemistry

Materials and apparatus used for the electrochemical investiga-
tions have been described elsewhere.* All potential values are
referred to the saturated calomel electrode (SCE).

General

All reactions were performed in an inert atmosphere (purified
argon or dinitrogen) by using standard Schlenk and cannula
techniques or a conventional glove-box. Solvents and reagents
were rigorously dried and purified by standard procedures. The
NMR spectra were recorded at 300 K with a Bruker AMX 300
or DRX 500 spectrometer operating at 300.13 and 500.13 MHz,
respectively, for 'H. Elemental analyses were performed by the
Microanalytical Laboratory of the Universitit Bielefeld, or by
Dornis und Kolbe, Mikroanalytisches Laboratorium, Miilheim
a. d. Ruhr, Germany.

Syntheses

[{PtCl(C,H)}dpf*)] 1. A solution of K[PtCl;(C,H,)] (100
mg, 0.28 mmol) and dpf* (90 mg, 0.20 mmol) in dichlorometh-
ane (30 cm®) was stirred for 1 h. The red solution was filtered
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and the volume of the filtrate reduced to 5 cm®. Diethyl ether
was added and dark red complex 1 (167 mg, 80%) was collected
by centrifugation (Found: C, 35.1; H, 3.7, N, 2.5.
C;,H,,Cl,FeN,Pt,-CH,Cl, requires C, 35.2; H, 3.8; N, 2.5%).
84(300.1 MHz, CDCl,) 1.83 and 2.01 (25,2 X 12 H, Me), 4.55 [s
with Pt satellites, J(PtH) 49 Hz, 8 H, C,H,], 7.28, 7.47, 7.64
and 8.75 (4 m, 4 X 2 H, pyridyl CH); 8.(75.5 MHz, CDCl;) 9.9
and 12.7 (Me), 74.0 (C,H,), 81.5, 82.7 and 88.1 (C; ring), 122.9,
132.2, 138.2 and 151.7 (pyridyl CH), 160.7 (quaternary pyridyl
O).

[Cu(dpf*)]*[BF,]- 2. A solution of [Cu(NCCH,),]"[BF,]”
(252 mg. 0.80 mmol) and dpf* (362 mg, 0.80 mmol) in dichloro-
methane (20 cm®) was stirred for 14 h. Volatile components
were removed in vacuo. The dark brownish red residue was dis-
solved in the minimum volume of dichloromethane. Vapour-
phase diffusion of diethyl ether into this solution afforded
complex 2 (347 mg, 72%) as dark red needles (Found: C, 56.2;
H, 5.3; N, 4.5. C,H;,BCuF,FeN, requires C, 55.8; H, 5.35; N,
4.65%). 854(500.1 MHz, CDCl,) 1.54 and 1.75(2 brs, 2 x 12 H,
Me), 7.31, 7.43, 7.77 and 9.13 (4 m, 4 X 2 H, pyridyl CH); d-
(125.8 MHz, CDCl;) 9.7 and 11.6 (Me), 80.2, 82.6 and 85.8 (Cs
ring), 123.0, 127.5, 138.1 and 151.6 (pyridyl CH), 158.7 (qua-
ternary pyridyl C).

[Cu(dpf*)]*[CuCL,]~ 3. A solution of dpf* (362 mg, 0.80
mmol) in dichloromethane (5 cm®) was added to a solution of
[Cu(NCCH,),]"[BF,]~ (126 mg, 0.40 mmol) in dichlorometh-
ane (10 cm®) with vigorous stirring. After 12 h volatile com-
ponents were removed in vacuo leaving a viscous, brownish
red oil, which was dissolved in the minimum volume of dichloro-
methane. Vapour-phase diffusion of n-pentane into this solu-
tion afforded complex 3 (66 mg, 43%) as red crystals (Found: C,
51.65; H, 5.1; N, 4.3. C,3H;,Cl,Cu,FeN, requires C, 51.7; H,
5.0; N, 4.3%). 64(500.1 MHz, CDCl;) 1.64 and 1.86 (25,2 X 12
H, Me), 7.25, 7.40, 7.74 and 9.42 (4 br s, 4 X 2 H, pyridyl CH);
8c(125.8 MHz, CDCl;) 9.7 and 12.0 (Me), 80.2, 82.6 and 85.6
(Cs ring), 122.5, 127.7, 137.7, 151.9 (pyridyl CH), 158.7 (qua-
ternary pyridyl C).

[dpf*]*[BF,]~ 4. A solution of [Cu(NCCH,),]"[BF,]~ (504
mg, 1.60 mmol) and dpf* (362 mg, 0.80 mmol) in dichloro-
methane (25 ¢cm®) was stirred for 14 h. Volatile components
were removed in vacuo. The dark residue was dissolved in the
minimum volume of dichloromethane. Vapour-phase diffusion
of diethyl ether into this solution afforded complex 4 (293 mg,
68%) as dark green needles (Found: C, 61.9; H, 6.2; N, 5.1.
C,sH;,BF ,FeN, requires C, 62.4; H, 6.0; N, 5.2%).
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