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Compared to parent ferrocene, the redox potential of the
Fe''/Fe'"' transition is shifted to much more cathodic values
in B-N adducts 1-Do and 2:(Do), of borylated ferrocenes
FcBMe, (1) and 1,1'-fc(BMe,), (2) with pyridine bases Do [Fc:
(CsHs)Fe(CsHy); fc: (CsHi)Fe(CsHy); Do: y-picoline, 4-
(dimethylamino)pyridine, N-(n-propyl)-4-(4'-pyridyl)pyri-
dinium hexafluorophosphate]. Electron donation by one
single BMe,-Do substituent at the cyclopentadienyl ligand is
approximately equal to the positive inductive effect of the
five methyl groups in a CsMes (cp*) moiety. Using the
bidentate nitrogen ligand 4,4'-bipyridine (bipy), the dark-
purple dimetallic complex 1-bipy-1 is obtained upon reaction

with 2 equiv. of 1. 1.bipy-1 has been structurally
characterized by X-ray crystallography. The compound
tolerates loss of two electrons at the ferrocene groups, as well
as two one-electron reductions at the bipy linker. Dark
purple coloured coordination polymers [2-bipy], are
accessible from bipy and 1 equiv. of the diborylated
derivative 2. The intense colours of 1-bipy-1 and [2-bipy], are
indicative of charge-transfer interactions between the
electron-rich ferrocene fragments and the viologen-like R3B—
bipy-BR3 acceptor. Neat, solid [2:-bipy], is thermally stable
up to 240 °C, but in the presence of toluene, polymerization
is fully reversible at about 85 °C.

Introduction

Multimolecular arrays in which metal complexes are
joined by rigid (electroactive) bridges represent a highly
promising class of compounds, due to the potential proper-
ties of these materials such as electrical conductivity, ™ mag-
netism [ and liquid-crystalline behaviour.®! Two main lines
of research that are particularly relevant in the context of
this paper, concern: (a) Poly(ferrocenes) A derived from
strained, ring-tilted ansa-ferrocenes by thermal ! or cata-
lyticl! ring-opening polymerization (Figure 1). (b) Low-di-
mensional solids B comprised of coordinatively unsaturated
metal complex fragments and bridging dihapto ligands.
Among the latter, 4,4’-bipyridine (bipy) and 1,2-bis(4-pyri-
dyl)ethane (pyetpy) are particularly prominent (B, Figure
1)_[7]

Our group is currently developing a novel synthetic ap-
proach to oligonuclear complexes and organometallic
polymers, which is based on the facile formation of
boron—nitrogen bonds and thus provides a convenient
means of connecting mononuclear metal-containing build-
ing blocks.BIPIAI This concept appeared to us to be
well-suited for the generation of molecular materials com-
bining the advantages of poly(ferrocenes) (e.g. thermal and
chemical inertness of the ferrocene backbone; reversible re-
dox processes) and bipy coordination polymers (e.g. facile
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Figure 1. Poly(ferrocenes) A and bipy-bridged coordination poly-
mers B
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synthesis; electron-accepting properties of the bipy unit). It
will be shown in this paper that, starting from readily avail-
able borylated ferrocenes,PARSI4ISII6] the addition of
4,4'-bipyridine or 1,2-bis(4-pyridyl)ethane gives dimetallic
complexes and polymeric materials by B—N adduct forma-
tion (Schemes 1 and 2).

A variety of intriguing properties can be expected to re-
sult from the combination of ferrocene and pyridine bases,
and the following points will be addressed:

(1) The ligand 4,4'-bipyridine has two coordination sites,
which may influence each other by the delocalized n-elec-
tron system. The question then arises as to what extent
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N—B o bonding at one nitrogen centre lowers the Lewis
basicity of the remaining free N atom, i.e. whether the for-
mation of R3B-bipy-BR; involves stable and isolable
R3B-bipy intermediates.

(2) Closely related to the aforementioned question is the
problem as to whether a bipy spacer allows electronic com-
munication between two pendant ferrocenylborane units
(1-bipy-1; Scheme 1).
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Reagents: (i) 1-pic/l-DMAP: 1 + 1 pic/DMAP; toluene, ambient
temp. 2:(pic),/2:(DMAP),: 2 + 2 pic/DMAP; toluene, ambient
temp. (i) 1-bipy-Pr: 1 + 1 bipy-Pr; acetonitrile, ambient temp.
2-(bipy-Pr),: 2 + 2 bipy-Pr; acetonitrile, ambient temp.

Moreover, comparison of the electrochemical data of the
Lewis acid/base complexes 1-pic, 1:-DMAP, 2:(pic), and
2:(DMAP), (Scheme 1), featuring the moderately strong
electron donor vy-picoline (pic; pK, = 6.02; in water,
25°C)[171 on the one hand, and the more basic 4-(dimeth-
ylamino)pyridine (DMAP; pK, = 9.71; in water, 20°C) 8l
on the other, will yield information on the influence of
tetracoordinate boron substituents on the redox potential
of the ferrocene fragment.

(3) 4,4'-Bipyridine-1,1'-diyldiboranes C are analogues of
the bis-quaternary salts of 4,4'-bipyridine (D?*, “violo-
gens”), which behave as perfectly reversible two-step redox
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Figure 2. B—N adducts C as structural and electrochemical analo-
gues of the two-step redox system viologen D2+
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systems in polar aprotic solvents such as acetonitrile and
dimethylformamide (Figure 2).1t%

Consequently, derivatives of D?>* have found widespread
use as electron acceptors?921 and electron carriers,?? and
it is in the latter context that the incorporation of viologens
into polymers has been thorougly investigated. [2311241[251[26]
To a large extent, these polymeric materials retain the
chemical and electrochemical properties of the monomeric
species D?™, although the first reduction (E,) of polyviolog-
ens usually occurs at a more anodic, and the second (E,) at
a more cathodic potential, compared to the corresponding
monomers. Thus, in polymeric viologens, the difference AE
between the two potential values was found to be about
twice as large as that in the monomers, and this effect is
observable even in oligomers with only 2 or 3 repeating
units.!?®! This behaviour is indicative of a certain degree of
electronic communication between the electroactive sites,
which has been attributed to intramolecular interactions
among neighbouring pendant viologen cation radicals.
Given this background, it will be interesting to see how the
electronic behaviour of polymeric viologens changes when
the highly flexible backbones used to date are substituted
for the more rigid 1,1’-ferrocenediyl spacer [cf. 2-(bipy-Pr),;
Scheme 1]. For a general discussion of L,M-bipy-ML,, ad-
ducts (ML,: main-group Lewis acid) and the respective rad-
icals formed upon one-electron reduction, the reader is re-
ferred to the work of Kaim et al. [271[281129](30]

(4) The synthesis of aggregates composed of electron-do-
nating ferrocene units and electron-accepting viologen
bridges may lead to charge-transfer (CT) processes between
the two components. This assumption is based on the ob-
servation of pronounced CT interactions between the ferro-
cene backbone and its pendant 2,2’-bipyridylboronium sub-
stituents in the case of related systems F (Figure 3).[311(32]
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Figure 3. View of the charge-transfer complex F
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Results and Discussion

In the following, the numbers 1 and 2 are used to denote
derivatives of mono- and diborylated ferrocenes, respec-
tively. These numbers are followed by a specification of the
coordinating pyridine, i.e. pic, DMAP, bipy, pyetpy and
bipy-Pr [N-(n-propyl)-4-(4'-pyridyl)pyridinium hexafluoro-
phosphate?®]. The term “Do” stands for all these cited
pyridine donors in general.

Synthesis

1.pic, 1:DMAP and 2:(pic),, 2-(DMAP), were prepared
by mixing toluene solutions of the appropriate nitrogen
base and 1 (molar ratio 1:1) or 2 (molar ratio 2:1) at ambi-
ent temperature (Scheme 1). Orange crystalline solids were
obtained in almost quantitative yields. Even in solution, the
compounds show only moderate sensitivity towards mois-
ture, but 2:(pic), and 2-(DMAP), are rapidly oxidized on
exposure to air (see below). The syntheses of the ionic ad-
ducts 1-bipy-Pr and 2-(bipy-Pr), were performed in aceto-
nitrile (Scheme 1). From the dark, purple-red reaction mix-
tures, the compounds were isolated as almost black crystals.
The dinuclear complex 1-bipy-1, which was obtained from
toluene solutions of 1 and bipy (molar ratio 2:1), also forms
dark-purple crystals and gives intensely red-coloured solu-
tions in toluene as well as in chloroform. In contrast, the
related compound 1-pyetpy-1 is orange, both in solution
and in the solid state, and thus resembles the pic and
DMAP adducts described above.

While alkyl bipyridinium systems E* (R = alkyl; R’ =
electron lone pair; n = 1) are readily accessible (Figure
2),1?% we have not been able to isolate a stable 1:1 adduct
of bipy with 1, even though this species is likely to be abun-
dant in an equimolar solution of the two components.
Communication of both nitrogen termini in bipy seems to
be observable only when electrophiles of very high Lewis
acidity are used for nitrogen coordination, and this con-
dition is apparently not met with 1.

When diborylated ferrocene 2 in CHCI; is layered with
one equiv. of bipy in CH,Cl,, polymeric [2-bipy], is ob-
tained as a purple microcrystalline solid, which is insoluble
in all common non-coordinating solvents. In an attempt to
grow single crystals suitable for X-ray crystallography, we
tried to slow down the reaction rate by replacing the highly
Lewis acidic 2 with its corresponding picoline adduct
2:(pic), (Scheme 2). Using this method, black rhombic crys-
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tals of [2:bipy], grew within 24 h, and it was shown that
coordinated pic may be substituted for bipy, even though
the former is a much stronger base [pic: pK, = 6.02;[17]
bipy: pK,(1) = 4.82, pK,(2) = 3.17;% in water, 25°C]. A
driving force for this reaction clearly lies in the precipitation
of [2-bipy],, which is thus continuously removed from the
reaction mixture, thereby shifting the equilibrium towards
polymer formation. Polymerization can be reversed by
treating purple [2-bipy], with excess picoline. From the re-
sulting orange solutions, uncomplexed bipy and 2-(pic), can
be recovered quantitatively. A polymeric product is also ob-
tained from 2 or 2:(pic), upon reaction with one equiv. of
1,2-bis(4-pyridyl)ethane (pyetpy). Like the dinuclear species
1-pyetpy-1, and unlike 1-bipy-1 and [2-bipy],, [2-pyetpy]. ex-
hibits the orange colour usually observed for ferrocenes
bearing tetracoordinate boron substituents.

Scheme 2. Preparation of the coordination polymers [2-bipy],
and [2-pyetpy],
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NMR Spectroscopy

It is a characteristic feature of B—N donor—acceptor
compounds that a dynamic equilibrium exists in solution
involving the four-coordinate species and the respective free
acids and bases. The chemical shifts observed in the NMR
spectra are thus a weighted average between those of the
adducts and those of the uncomplexed components. Obvi-
ously, the relative amount of an adduct increases when the
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solution becomes more concentrated. Therefore, we have
used saturated solutions for all NMR spectroscopic meas-
urements to ensure full reproducibility of the data and to
obtain chemical shift values as close as possible to the res-
onances of 1.Do and 2-(Do),. Since the B—N adducts un-
der investigation possess different solubilities in the chosen
solvents (CDCl;, CD5;CN), a quantitative comparison, par-
ticularly of their 1'B-NMR data, is problematic. We have
therefore restricted the discussion of NMR spectra to a
qualitative level.

Compared to the 1'B-NMR spectra of 1 [§(*'B) = 70.5]
and 2 [5(*!B) = 72.1], the resonances of 1-Do and 2:(Do),
show large upfield shifts upon addition of the pyridine
bases [6(*'B) = —3.0 to 15.0], giving good evidence for
B—N adduct structures with four-coordinate boron
centres.*4 The relative base strengths of the different pyri-
dines are nicely reflected in the B chemical shift values of
the B—N complexes, with stronger donors leading to a bet-
ter shielding of the boron centre: §(*'B) = —3.0 (1:DMAP),
0.4 (1-pic), 7.5 (1-bipy-Pr); 6.2 (1-pyetpy-1), 15.1 (1-bipy-1).
A similar correlation holds for the adducts of diborylated
2, but the 'B-NMR signals of the diadducts generally ap-
pear at lower field compared to those of the corresponding
monoadducts, e.g. 5(*'B) = 0.4 (1-pic), 15.0 [2:(pic),]. When
a large excess (0.5 ml) of pic is added to a solution of
2-(pic), in CDCl3, the boron resonance closely approaches
that of 1-pic [2-(pic), and excess of pic: 5(*'B) = 0.0]. This
finding is in good agreement with the assumption of a dis-
sociation equilibrium, which is shifted towards adduct for-
mation in the presence of free base. To gain a deeper insight
into this phenomenon, we have investigated the dynamic
behaviour of equimolar mixtures of 2 with pic and DMAP
in [Dg]toluene at various temperatures by 'B-NMR spec-
troscopy. In the case of pic, only one extremely broad reso-
nance is detected at ambient temperature [5(*!B) =~ 33].
Upon warming, the signal sharpens considerably, but no
significant change of its chemical shift is observed [+60°C:
8(*'B) = 35.0; hy, = 720 Hz]. The signal vanishes upon
cooling to +15°C. At —10°C, two very broad humps be-
come visible at 5(*'B) = 70 and 0, while at —50°C the res-
onances appear at §(*'B) = 73.6 (hy, = 1780 Hz) and —0.6
(hy, = 720 Hz). In the DMAP case, two 'B-NMR signals
are observed even at ambient temperature [§(*'B) = 71.0
(hy» = 320 Hz), —2.8 (hy, = 640 Hz)]. Coalescence of these
signals occurs in the temperature range between +80 and
+90°C, and at +110°C only one resonance is seen at
3(*'B) = 35 (hy, = 1360 Hz). These data suggest that at
ambient temperature, and when the N donor is of moderate
basicity (pic), the base rapidly fluctuates between the two
boron atoms of 2. The observed 'B-chemical shift is thus
time-averaged. In contrast, the stronger donor DMAP
comes to a rest at one of the BMe, centres under these
conditions, and the !B-NMR spectrum is indicative of the
presence of one tri- and one tetracoordinate boron atom.
The free activation enthalpies AG™ of the dynamic pro-
cesses can be estimated as 45 + 2 kJ mol~! (pic) and 58 £
2 kI mol™! {DMAP; AG* = 19.14 T, [10.32 +
log(Teke™Y; ke = 2.22-Av}l,
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In the *H- and ¥C-NMR spectra, one observes only
minor changes of the chemical shifts of the pyridine bases
upon B—N adduct formation. This finding is in contrast to
what was expected, since in the case of e.g. compounds C,
a pronounced dependence of the bipy proton *H signals on
the nature of the coordinated borane has been reported, e.g.
R, R’ = BF3 §(*H) = 8.63, 9.54; R, R’ = 1-boraadaman-
tane: §(*H) = 8.31, 8.84 ([Dg]DMSO).8 For most deriva-
tives of C, these values are intermediate between those of
free bipy [8(*H) = 7.79, 8.63] and those of the bis-quater-
nary D?>* [R, R’ = CHg: 8(*H) = 8.68, 9.21].5%¢! It has thus
been argued that coordination of a highly Lewis acidic bor-
ane is mirrored by a pronounced deshielding of the bipy
protons in the *H-NMR spectrum.®¢ Even though this
correlation may serve as a useful rule of thumb, a quantita-
tive interpretation requires more detailed scrutiny, and
other factors, such as magnetic anisotropy effects, also have
to be taken into account. For example, the reasons why the
bipy protons in the BF; adduct experience a large down-
field shift, even though BF; is a rather weak electroph-
ile, (3711381 still remain obscure.

The H-NMR resonances of the FcBMe, moiety are
more informative, showing characteristic upfield shifts
upon treatment with pyridine bases: (a) The signal of the
BMe, fragment, which appears at 5(*H) = 0.82 in uncom-
plexed 1, is found in the corresponding B—N adducts at
8(*H) = 0.30 (1-bipy-Pr), 0.27 (1-pic), 0.16 (1-DMAP) and
at §(*H) = 0.40 (1-bipy-1), 0.29 (1-pyetpy-1). (b) The pro-
tons of the CsH, ring bearing the boryl substituent resonate
at 5(*H) = 4.37, 4.59 in the case of 1, but are significantly
more shielded in 1-bipy-Pr [§(*H) = 4.08, 4.19], 1.pic
[6(*H) = 4.03, 4.16], 1. DMAP [3-ft parenthesis’H) = 3.97,
4.09] and in 1-bipy-1 [8(*H) = 4.13, 4.27] and 1-pyetpy-1
[6(*H) = 4.04, 4.18]. These data clearly indicate that not
only the 1'B-NMR spectra, but also the cited proton shifts
can be taken as a measure of the pK, values of the coordin-
ating pyridines. Similar effects as described for 1 are operat-
ive in the case of diborylated derivatives, cf. 2: §(*H) = 0.84
(BCHy), 4.31, 4.44 (CsH,); 2-(pic),: 8(*H) = 0.34 (BCH,),
3.99, 4.13 (CsHy).

The 3C-NMR data of 1, 2 on the one hand, and of 1-Do,
2-(D0), on the other, show similar changes and therefore
do not merit further discussion.

Infrared Spectroscopy

The infrared spectrum of a pyridine base is modified
when the non-bonding pair of electrons on the nitrogen
atom is donated into a vacant orbital of an electron ac-
ceptor. Consequently, a comparison of the IR data (KBr
disc) of 1, 2 and of the free donors Do with 1-Do and
2:-(Do), reveals a number of alterations characteristic of
B—N adduct formation, which will be described here in de-
tail for the oligometallic complexes 1-bipy-1 and [2-bipy],
only (Table 1).

B—N Vibration: The values of the B—N stretching modes
are of particular importance in obtaining information
about the stability of the Lewis acid/base pairs under inves-
tigation. The B-—N frequencies of solid (KBr disc)
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BCl5-pyridine and BF3-pyridine have been reported to oc-
cur at ¥ = 1113 cm B and ¥ = 1112 cm 11, respec-
tively. For a series of complexes BX5-pyridine (X: H, F, Cl,
Br) in CHCI; solution, the corresponding bands are found
in the 1102—1090 cm™~? interval. They are shifted to lower
values when pyridines bearing electron-withdrawing sub-
stituents at the 4-position are used (e.g. BCls-4-chloropyrid-
ine: 1076 cm™1).[44

Table 1. Infrared bands [cm~1] of selected compounds 1-Do and

2:(Do), (KBr disc) in the characteristic regions 1650—1450 cm~1!
(C=C and C=N stretch) and 1100—1050 cm~* (B—N vibration)

1-pic 1.DMAP 2-(pic), 2:(DMAP), 1-bipy-1 [2-bipy],
1628 1636 1628 1638 1622 1622

- 1544 - 1552 1540 1540
1507 - 1508 - 1493 1493
1104 1104 - - 1100 -

1068 1076 1066 1077 1075 1075
1058 1058 1047 1060 1058 1061
1-pic 1.DMAP 2-(pic), 2:(DMAP), 1-bipy-1 [2-bipy],
1606 1603 1590 1645
1563 1537 1531 1569
1497 1519 1487 1509

[l N,N’-Bis(n-propyl)-4,4'-bipyridinium hexafluorophosphate.

1-bipy-1 exhibits three bands in the region of interest (v =
1100 cm™?%, 1075 cm™1, 1058 cm™1), while [2-bipy], shows
only two such absorptions at v = 1075 cm~* and 1061 cm—*
(Table 1). It can thus be concluded that the band at v =
1100 cm™~1 is probably not caused by a B—N vibration. The
band at ¥ = 1075 cm~?! appears not only in 1-bipy-1 and
[2-bipy],,, but also in the IR spectra of the free Lewis acids
1 and 2. Moreover, it does not show the isotope doublet
structure (°B/*'B) that would be expected for a vibration
involving the motion of a boron atom. Given this back-
ground, the band at ¥ = 1058 cm~* (1061 cm™?) is tenta-
tively assigned to the B—N stretching mode of 1.-bipy-1
([2-bipy],). It has to be concluded that the B—N bonds in
1.Do and 2:(Do), are not very strong, which is in accord
with the thermal behaviour of these compounds in solution,
as well as with the NMR spectroscopic results outlined
above.

C=C/C=N Vibration: The region between V = 1650
cm~! and ¥ = 1450 cm™1, showing three bands at 1622
cm~1, 1540 cm~t and 1493 cm~? both for 1-bipy-1, and for
[2-bipy],, also merits further discussion (Table 1). Neither 1
nor 2 exhibits significant absorptions in this region of the
spectrum, and thus we may safely assume that these bands
are due to C=N and C=C stretching modes of the bipy
fragments. Compared to the free base, which shows bands
at ¥ = 1590 cm~?!, 1531 cm~?! and 1487 cm~! (KBr disc),
the adduct absorptions are shifted by 32 cm~?%, 9 cm~* and
6 cm~? towards higher wavenumbers. Similar changes have
previously been reported for other complexes of pyridines
with main-group Lewis acids.®" The pronounced shift
of the highest energy band may therefore be used as a valu-
able diagnostic tool to investigate (a) the degree of 1-bipy-1
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dissociation in solution on a very fast time scale, and (b)
the molecular structure of solid [2-bipy],.

(@) All infrared frequencies exhibited by solid 1-bipy-1
(KBr disc) are also found in CH,CI, solution. The solution
spectrum, however, reveals two additional weak bands (v =
1597 cm~1, 1517 cm™1) in the characteristic region between
v = 1650 cm~* and 1450 cm 2, thereby indicating the pres-
ence of a second species that is not found in the solid state.
Since the additional absorptions do not match those of free
bipy in CH,CI, (v = 1592 cm™1, 1535 cm™1, 1485 cm™1),
they are most likely caused by the monoadduct 1-bipy. This
molecule may be formed in a dynamic equilibrium by the
dissociation of a small proportion of 1-bipy-1, as has al-
ready been suggested from an inspection of the 'B-NMR
spectra.

(b) An intense band at ¥ = 1622 cm~! and the absence
of an absorption at ¥ = 1590 cm™1 in the infrared spectrum
of [2-bipy],, provides strong evidence in favour of the pro-
posed adduct structure. The amount of any free bipy that
might have co-crystallized with [2:-bipy], is beyond the de-
tection limit of the IR spectrometer. The question then re-
mains as to whether [2-bipy], consists mainly of short olig-
omeric fragments, or whether it is a well-organized coordi-
nation polymer. One way of distinguishing between these
two structural motifs is to evaluate the amount of uncom-
plexed BMe, substituents or of terminal bipy units with one
coordinating and one uncomplexed nitrogen atom. The two
types of chain end should be equally abundant in [2-bipy],,
but we will focus our attention on the latter, which is easier
to detect by IR spectroscopy. Terminal bipy ligands have a
less symmetrical environment than bridging bipy, which
leads to the appearance of additional infrared lines. For ex-
ample, monosubstituted [bipy-Pr]PFg exhibits (among
others) four well-resolved C=C/C=N stretching frequenc-
ies at ¥ = 1597 cm~?1, 1548 cm™%, 1526 cm~! and 1496
cm~1, whereas the bis-quaternary salt [Pr—bipy—Pr](PFs),
shows only two lines in this spectral range with intermediate
values of v = 1569 cm~* and 1509 cm™~1. In the character-
istic region, the frequency pattern of [2:bipy], closely re-
sembles that of [Pr—bipy—Pr](PF¢), and is absolutely ident-
ical with the IR spectrum of 1-bipy-1. These findings sug-
gest that there are far less terminal than internal bipy li-
gands present in [2-bipy], and are thus consistent with the
proposed polymeric structure. It should be noted, however,
that on the basis of the infrared data discussed, the presence
of cyclic structures cyclo-[2-bipy], cannot be ruled out.

Solid-State Structure of 1-bipy-1

Dark-purple crystals of 1-bipy-1 (Figure 4, Table 2) were
grown from toluene/hexane (1:1) in the triclinic space group
P1 with two crystallographically independent molecules in
the asymmetric unit (1-bipy-14, 1-bipy-1g; 0.5 equiv. of dis-
ordered toluene in the crystal lattice). Selected bond
lengths, angles and dihedral angles of both molecules are
given in Table 3. The complete set of structural data of
1-bipy-1, and 1-bipy-1g is available on request. 2

Since both molecules 1-bipy-15 and 1-bipy-1g possess
rather similar structures within experimental error, only
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Figure 4. Molecular structure of 1.-bipy-1,; the thermal ellipsoids are drawn at a 50% probability level

Table 2. Summary of crystallographic data of 1-bipy-1

Formula CasH3gB,FesN,
Form. wt. 608.00
Cryst. dimen. [mm] 0.20 X 0.13 X 0.13
Cryst. syst. triclinic
Space group P1 (No. 2)
T [K] 293
a [A] 8.7143(5)
b [A] 13.8257(10)
c [A] 15.8214(12)
a[’] 65.820(7)
B[] 86.337(7)
v [ 75.376(7)
V [A%] 1680.9(2)
Deaicd. [g-cm*3] 1.201
4 2 o
Radiation Mo-K,, 0.71073 A
Total reflns. 19554
No. of unig. reflns. 5965
No. of obsd. refins. 4982 [all data]
No. of Parameters 361

pem™ 8.9
Flnal R1M@ 0.0319 [I > 26(I)]
Final wR2M! 0.0558 [all data]
GooF 0.72

o R1 = SRy — [F)EIFol. — P WR2 = [w (FeZ — Fe?)/ow
(Fo2)?2 12— 1 GooF = [3w (Fo? — F2)%( NO — NV)J2.

1-bipy-14 is discussed here in detail. As has already been
deduced from the NMR data, the compound consists of
two ferrocenylborane moieties bridged by a doubly coordi-
nating bipy ligand. An inversion centre is located between
C(33) and C(33a), and the bipy unit adopts the planar con-
formation required for an effective viologen-like electron
acceptor. This finding is somewhat peculiar, because 4,4'-
bipyridines, as well as biphenyls, tend to be twisted about
their central C—C bond so as to minimize non-bonding in-
teractions between adjacent hydrogen atoms. !

Compared to pyridine (py) complexes of boron Lewis ac-
ids,[*3] the boron—nitrogen bonds of 1-bipy-1, are rather
long [B(1)—N(1) = 1.682(5) A; cf. BF3-py: B—N = 1.603(5)
A, BCl3-py: B—N = 1.592(3) A]. 38144 Nevertheless, the bo-
ron centres are fully pyramidalized with the relevant angles
C(1)-B(1)-C(2) = 113.5(3)°, C(1)-B(1)-C(11) =
112.9(3)° and C(2)—B(1)—C(11) = 114.2(3)° being only
slightly larger than the value expected for an sp3-hybridized
boron atom with ideal tetrahedral geometry (109.5°). The
B—N vectors of 1-bipy-15 are almost orthogonal to the
CsH, rings of the pendant ferrocenyl substituents with a
torsion angle C(12)—C(11)—B(1)—N(1) of 90.5(4)°. The
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Table 3. Selected bond lengths [,&], angles and torsion angles [°] of
1.bipy-14 and 1-bipy-1g

1-bipy-1a 1.bipy-1g
B(1)—N(1) 1.682(5) 1.689(4)
B(1)—C(11) 1.617(4) 1.604(5)
N(1)—C(31) 1.334(3) 1.339(4)
N(1)—C(35) 1.339(4) 1.323(4)
C(31)—C(32) 1.359(4) 1.366(5)
C(32)—C(33) 1.389(4) 1.378(5)
C(33)—C(34) 1.380(3) 1.381(4)
C(34)—C(35) 1.355(4) 1.370(4)
C(33)—C(33a) 1.480(4) 1.479(4)
C(1)—-B(1)—N(1) 107.5(3) 104.8(2)
C(2)—B(1)—N(1) 103.9(3) 104.5(2)
C(11)—B(1)—N(1) 103.7(3) 104.1(3)
C(1)-B(1)—C(2) 113.5(3) 114.6(3)
C(1)—B(1)—C(11) 112.9(3) 113.1(3)
C(2)—B(1)—C(11) 114.2(3) 114.2(3)
B(1)—N(1)—C(31) 122.9(2) 120.4(3)
B(1)—N(1)—C(35) 121.0(2) 123.6(2)
C(12)—C(11)—-B(1)—N(1) 90.5(4) 88.6(3)
C(11)—B(1)—N(1)—C(35) 42.9(4) 4.3(3)
C(34)—C(33)—C(33a)—C(34a) 180.0(7) 180.0(2)

plane of the bipy bridge in 1.-bipy-1, shows a dihedral angle
C(11)—B(1)—N(1)—C(35) of 42.9(4)° with respect to the
B(1)—C(11) bond [1-bipy-1g shows a significantly different
value of 4.3(3)°]. In summary, crystalline 1-bipy-1 features
the desired molecular architecture: Two electropositive
ferrocenyl fragments are held in close proximity to a rigid
electroactive linker by means of simple B—N adduct forma-
tion.

Electrochemistry

The potential values are referred to the Saturated Calo-
mel Electrode (S.C.E.); where necessary, literature data used
for comparison have been recalculated for S.C.E. as refer-
ence. All the ferrocene adducts studied here display the typi-
cal ferrocene-centred oxidation, showing features of chemi-
cal reversibility on the cyclic voltammetric time scale. How-
ever, the electrochemical behaviour of most of the present
complexes was found to be dependent on the concen-
trations employed. This is illustrated in Figure 5, which
shows the cyclic voltammetric responses of 1-bipy-Pr in
DMF at concentrations of 2.3 X 1072 mol-dm~3 (Figure
5a) and 0.2 X 1073 mol-dm—2 (Figure 5b).

Following the main oxidation step, a minor but signifi-
cant reversible peak system appears in the more dilute
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sample at about +0.5 V, which vanishes almost completely
when the concentration of 1-bipy-Pr is increased by one or-
der of magnitude. This picture is qualitatively independent
of the scan rate (0.02 Vs~ to 2.00 Vs™1). 1.bipy-Pr, as well
as most other bipy adducts under investigation here, also
exhibits two sequential reversible reduction processes,
which are most likely centred at the bipy ligand (E°’ =
—0.80 V, —1.33 V, Table 4). Again, a concentration-depen-
dent chemical complication is readily detectable. The corre-
sponding potential value (E°’ = —0.9 V) is intermediate
between the formal electrode potentials of the first redox
transition of bipy (E°’ = —1.84 V, Table 4) and that of
paraquat D?>* (E°’ = —0.36 V; Table 4). Moreover, the fea-
ture occurs at a more negative electrode potential than is
observed in the case of 1-bipy-Pr and may thus be assigned
to the reduction of uncomplexed [bipy-Pr]*. This assump-
tion was confirmed by investigating an authentic sample of
[bipy-PrlPFgs, which possesses redox potentials of E® =
—0.95 V and —1.66 V. Our attempts to obtain cyclic vol-
tammograms of 1 suffered from poor reproducibility due to
severe decomposition processes that accompanied the one-
electron removal. The minor reversible oxidation wave at
E°’ = +0.5 V is thus probably not attributable to a 1/1*
transition, but may be tentatively assigned to the oxidation
of parent ferrocene, formed by rapid decomposition of free
1 under the experimental conditions employed. It may be
concluded, therefore, that the chemical complications ob-
served at low concentrations of 1:Do are indicative of a
dynamic equilibrium between the B—N adducts and their
constituent components, as has already been deduced from
NMR and IR data.

Controlled potential coulometric tests performed on con-
centrated DMF solutions of 1-bipy-Pr (E,, = +0.4 V) con-
sume one electron per molecule. The colour of the solution
turns to pale-green and the typical absorption (Ana, = 635
nm) of ferricinium derivatives is observed. Moreover, in
confirmation of the chemical reversibility of the 1-bipy-Pr/
[1-bipy-Pr]* oxidation, cyclic voltammetry on the exhaus-
tively oxidized solution gives a voltammetric profile quite
complementary to that shown in Figure 5a.

Analysis*®! of the cyclic voltammetric anodic response
with scan rates varying from 0.02 Vs~ to 1.00 Vs~ shows
that (a) the current ratio iyc/ips is equal to 1 throughout; (b)
the current function ip,/v*/? remains constant; (c) the peak-
to-peak separation does not depart appreciably from the
value of 59 mV theoretically expected for an electrochemi-
cally reversible one-electron process. The same diagnostic
criteria essentially hold for both reduction steps. The elec-
trochemical reversibility of these processes indicates that no
significant structural reorganizations are involved. The rel-
evant redox potentials are compiled in Table 4, together
with the electrochemical characteristics of all other com-
plexes under consideration.

In confirmation of the assumption that the oxidation
process is centred on the ferrocene moiety and that the
sequential reductions are centred on the bipy fragment, the
relative peak heights of the cathodic vs. the anodic steps
exactly reflect the ratio between the number of bipy and
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Figure 5. Cyclic voltammetric responses recorded at a platinum

electrode of DMF solutions containing3 [NEt,]PFg (0.1 mol-dm—2)

and 1-bipy-Pr: (a) 2.3 X 1072 mol-dm~3; (b) 0.2 X 102 mol-dm~3;
scan rate 0.2 Vst
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ferrocenyl units present in each molecule [i.e. 1-bipy-1: 2:1;
2-(bipy-Pr),: 1:2]. In passing, we note that the appearance
of a single two-electron oxidation in the biferrocenyl com-
plexes 1-bipy-1 and 1-pyetpy-1 suggests that no electronic
communication between the outer ferrocenyl fragments
takes place.

The presence of four-coordinate boron substituents in
1.Do and 2:(Do), considerably lowers the oxidation poten-
tial of the central iron atoms. The effect is apparently addi-
tive, as can be seen from the E°’ values of the parent ferro-
cene (+0.49 V), 1-pic (+0.20 V) and 2-(pic), (—0.01 V) in
DMF solution (Table 4). Oxidation generally occurs at
somewhat more cathodic values in CH,Cl,. Most impor-
tantly, the oxidation potentials of 1.pic (E°" = +0.20 V
[DMF], +0.11 V [CH,CL,]) and 2:(pic), (E°’ —-0.01 Vv
[DMF], —0.12 V [CH,CI,]) are very close to those of Cp*
FeCp (E°’ = +0.12 [CH5CN])8 and Cp*FeCp* (E°' =
—0.12 [CH3CN]), 8! respectively. When pic is substituted
by the more nucleophilic DMAP, a cathodic shift of the
Fe'!/Fe''" transition is observed: AE°'(1.:DMAP — 1.pic) =
—0.05 V [CH,CI,], AE°'[2:(DMAP), — 2:(pic),] = —0.08
V [CH,CI,]. We may therefore conclude that the electron-
donating ability of a BMe,-Do substituent attached to the
Cp ligand is approximately equal to the positive inductive
effect of the five methyl groups in (pentamethyl)cyclopen-
tadienyl (Cp*). In addition, some fine-tuning of the Fe'!/
Fe'"! redox potential is possible by choosing pyridine bases
of different pK, values for boron coordination.
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Table 4. Electrochemical and spectroscopic data characterizing the redox changes exhibited by the B—N adducts under study; formal
electrode potentials E°’ in V, vs. S.C.E.; peak-to-peak separations AE, in mV, at 0.2 Vs~%; wavelengths Amax in nm for the oxidized
ferricinium species

Ewox (AEp) )‘max[a] Eo,redl (AEp) Eo,redz (AEp) SOIVent
1-pic +0.20 (72) [b] - - DMF
+0.11 (132) bl - - CH,Cl,
1-DMAP +0.18 (72) [ - - DMF
+0.06 (83) 648 - - CH,Cl,
1-bipy-Pr +0.14 (76) 635 —0.80 (80) —1.33 (62) DMF
+0.19 (96) [b] —0.78 (63) —1.40 (71) CH.Cl,
2-(pic), ~0.01 (73) o) - - DMF
-0.12 (121) 640 - - CH,Cl,
2.(DMAP), —0.10 (73) [ - - DMF
—0.20 (86) 641 - - CH,Cl,
2-(bipy-Pr), +0.02 (114) o] —0.74 (89) —1.30 (65) DMF
[d] — [d] [d] CH2C|2
1-bipy-1 +0.17 (66) [ —1.20 (72) -1.75 SGO) DMF
+0.15 (80) 627 —1.37 (128) —1.91 CH,Cl,
1-pyetpy-1 +0.21 (71) 0] - - DMFE
+0.11 (79) 630 - - CH,Cl,
big)y[ﬂ - - —1.84 —2.38 DMF
D2t - - —0.36 —0.80 DMF
FcH +0.49 (72) - - - DME
+0.44 (90) 620 - - CH,Cl,

[l Referred to the oxidized species. — ° Not measured because of slow decomposition. — [ Not measured. — [ Not interpretable. —

[l peak potential value. — 1 Ref.[©],

As expected, B—N adduct formation shifts the two re-
duction potentials of the bipy moiety by more than 0.6 V
(DMF) towards more anodic values in the dimetallic com-
plex 1-bipy-1 (bipy: E°" = —1.84 V, —2.38 V;E8 1.bipy-1:
E°’ = —1.20 V, —1.75 V). This effect is somewhat less pro-
nounced than in the 9-boraadamantane adduct C [Figure
2; B = —1.10 V, —1.68 V (DMSO)],[%¢! which may be
explained by the lower Lewis acidity of 1 bearing a strongly
electron-donating ferrocenyl substituent. Like the Fc frag-
ments in 1-bipy-1, the two bipy-Pr substituents in 2-(bipy-
Pr), do not show any significant degree of electronic com-
munication.

UV/Vis Spectroscopy

In the solid state, all bipy complexes 1-bipy-1, 1-bipy-Pr,
2-(bipy-Pr), and [2-bipy], exhibit an intense blue to purple
colour, and single crystals of these compounds are almost
black. We consider that these additional electronic absorp-
tions, which cannot be attributed to internal transitions of
bipy or the ferrocenylboranes 1 and 2, are due to charge-
transfer interactions between the electron-rich ferrocene do-
nors and the electron-poor bipy diadducts. When the ex-
tended m-electron system of bipy is disrupted by inserting
an ethylene spacer into its central C—C bond, the viologen-
like electron acceptor is destroyed, and consequently the
colour of the respective complexes changes to yellow (cf.
1-pyetpy-1, [2-pyetpy],).

Somewhat surprisingly, the UV/Vis spectra of 1-bipy-1
and 1.pyetpy-1 are rather similar in solution (toluene,
CH,CI,) [Amax = 447 nm (1-bipy-1); 447 nm (1-pyetpy-1)].
Several possible explanations for this phenomenon can be
envisaged: (a) The Fc-to-bipy charge transfer may occur in-
termolecularly and thus require close contacts with specific
spatial orientation of the individual complexes. These con-
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ditions are more likely to be met in the solid state rather
than in dilute solution. (b) As has been shown by X-ray
crystallography, the bipy bridge of 1-bipy-1 adopts a planar
conformation in the crystal lattice. In solution, however, ro-
tation about the central C(33)—C(33a) bond is to be ex-
pected, leading to a weakening of the electron acceptor due
to the continuous perturbation of the n-electron system. (c)
The Lambert-Beer law is only valid for highly dilute solu-
tions. Since dilution favours dissociation of 1-bipy-1 and
1-pyetpy-1, the UV spectra recorded under these conditions
are not representative of the adduct complexes, but are
most likely dominated by the bands of free 1, bipy and

pyetpy.

Thermal Analysis

To investigate the stability of solid 1-bipy-1 and [2-bipy],
more closely, differential thermal scans (DSC)“"! and ther-
mogravimetric measurements (TG-MS) 8 were performed
[heating rate: 10 K-min~%; inert gas flow (He): 16 sccm
(DSC); 60 sccm (TGA)]. For comparison, the model com-
pounds 1-pic, 1:DMAP and 2:(pic),, 2:(DMAP), were in-
cluded in this study.

All complexes show a sharp endothermic feature, fol-
lowed by a broad, sometimes ill-defined, endothermic event
at higher temperatures. With the exception of 2-(pic),, the
position of the first signal is independent of whether the
thermal scans are run at constant pressure or at constant
volume. In contrast, the second endothermic transition is
markedly influenced by pressure and its onset temperature
is generally shifted to higher values in a closed system (V =
const.; Table 5).

These findings suggest that the first signal in each DSC
plot is due to crystal melting, and this was confirmed by
independent melting-point determinations, during which
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Table 5. Results of DSC measurements
1-pic 1.DMAP 2-(pic);, 2:(DMAP), 1-bipy-1 [2:bipy],
T(1)o,™ 127(l/128[d 156[l/156 165[cl/198d 2441c)7250!dl 180[l/180!d 240117240
T(1)pﬂ’] 130[€)/132d 160[/163( 182¢l/202(l 2541€l/2561] 1821841l 245247
T(2)og® —Iclj—Id] —Icljogpldl _[clj—Id —Iclj29pldl _Icljog4ldl _[clj—Id
T(2)pﬂ)] 195[€/2401d 290[l/32011 —[clj2500d 280[¢1/3101 240[°l/30511 2601/

[l Onset temperature. — 1 Peak temperature of the first (1) and second (2) endothermic events. — [ p = constant. — 41V = constant.

the samples were viewed under a microscope. The much
broader, less regular line shape recorded in most cases for
the second endotherm, as well as its pressure dependence,
indicates the occurrence of chemical transformations in the
respective temperature range. At this stage, B—Cp and
B—N bond rupture takes place, generating more volatile
components such as the free pyridine bases, ferrocene, and
the (CsHs)Fe fragment (cf. [2-bipy],; Figure 6). The melting
process of some adducts is thus accompanied by chemical
decomposition. In these cases, it is not possible to accu-
rately determine the onset temperatures T(2),, and there-
fore only the peak values T(2), are given in Table 5. The
melting points of 1.pic to 2-(DMAP), show the expected
influence of base strength, dipole moment, and molecular
weight of the individual compounds. On going from pic to
the more basic DMAP, the decomposition temperatures in-
crease, which provides additional support for the assump-
tion that the B—N bonds are the weakest parts in the mo-
lecular frameworks. No significant differences are found for
the decomposition temperatures T(2), of 1-pic, 2-(pic), on
the one hand, and of 1.-DMAP, 2:.(DMAP), on the other.
Hence, B—N adduct formation at one BMe, substituent

seems to have little influence on the Lewis acidity of the
second boron centre.

The dimetallic complex 1-bipy-1 and the coordination
polymer [2-bipy], possess high thermal stability in the solid
state (Table 5). This finding is in contrast to the ready dis-
sociation of [2-bipy],, even at moderate temperatures in
toluene: As outlined above, [2-bipy], is virtually insoluble in
all common solvents at 20°C. At elevated temperature (T >
85°C), however, a slurry of [2-bipy], in toluene is turned
into a clear, orange-red solution, from which purple den-
dritic crystals are re-formed upon cooling (T < 70°C). This
process may be repeated several times without significant
decomposition of the material. The thermal behaviour of
[2-bipy], in the presence of a low-polarity solvent indicates
that a reversible rupture of the oligomer backbone can be
induced. Thermolysis of a slurry of [2-bipy], in anhydrous
and deaerated [Dg]toluene was also monitored by means
of 'H-NMR spectroscopy. Initially (20°C), the colourless
supernatant shows no signals other than those of incom-
pletely deuterated solvent. Upon heating to 80°C, however,
resonances attributable to the mononuclear building blocks
2 [8(*H) = 0.84, 4.31, 4.44] and bipy [(3(*H) = 7.51, 8.72]

Figure 6. DSC, TG/DTG plots of [2:bipy],, and mass spectrometric analysis of thermolysis products
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are detected in a molar ratio of 1:1. Some reversibility of
the thermal transformation of [2-bipy], is also maintained
in the solid state (Figure 6).

When heating of the sample is stopped at 250°C under
isochoric conditions and then the sample is cooled down
again, an exothermic event is observed with an onset tem-
perature T(2)o, = 207°C and a peak temperature T(2), =
200°C. A second heating scan again reveals an endothermic
transition [T(2), = 220°C] of lower intensity compared to
the first scan.

Polymer Analysis

IR spectroscopy, DSC measurements and elemental
analysis of neat [2-bipy],, suggest that this material consists
of B—N coordination polymers. A solid-state **C-NMR
spectrum of [2-bipy], reveals that the compound crystallizes
together with a small proportion of toluene. Otherwise,
only the signals expected for well-defined polymeric
[2-bipy], are observed [6(*3C) = 13.7 (BMe), 71.5 (Fc), 90.3
(Fc-ipso), 121.7, 143.9 (bipy), 147.2 (bipy-ipso)].

When a slurry of purple [2-bipy], in CH,CI, is treated
with excess pic, a clear orange solution is obtained (cf.
Scheme 2), from which 2:(pic), and free bipy can be reco-
vered in almost quantitative yield. This finding clearly dem-
onstrates that the integrities of the molecular frameworks
of 2 and bipy are maintained in [2-bipy],, and that its for-
mation is not accompanied by unwanted side reactions.
Moreover, it is evident that the copolymerization of 2 and
bipy can not only be reversed by thermally induced B—N
bond cleavage (see above), but also with the help of Lewis
basic additives.

We have attempted to gather more detailed structural in-
formation on [2-bipy], by X-ray crystallography. Unfortu-
nately, we have not yet been able to obtain single crystals of
sufficiently good quality to allow a full structure refinement
(polysynthetic twins), although the polymeric nature of
[2-bipy], has been proven by a preliminary crystal struc-
ture solution.

Conclusion

A boron—nitrogen donor—acceptor bond is highly direc-
tional and is of a reversible nature. It can be very strong
(HsB—NHj3: 31 kcal-mol™1), but the energy required for
heterolytic dissociation may also be tuned over a wide range
by judicious choice of appropriate substituents at the boron
and nitrogen atoms. We therefore suggest consideration of
B—N Lewis acid/base pairing as an alternative to hydrogen
bonding for the generation of reversible polymer systems.
Since an individual hydrogen bond is rather weak (3—7
kcal-mol~1), only the cooperative action of many of them
provides a linker that is sufficiently stable to build well-de-
fined supramolecular aggregates.*? The efficient control of
cooperative phenomena requires very careful positioning of
every single binding site, and this difficult task can be cir-
cumvented by employing B—N bonds instead.

On the basis of this B—N concept, organometallic poly-
mers [2-bipy], and [2-pyetpy], have been synthesized from
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1,1'-fc(BMe,),, 2, 4,4'-bipyridine, and 1,2-bis(4-pyridyl)-
ethane, respectively. Neat [2-bipy], is stable up to 240°C in
the solid state. In the presence of toluene, however, the poly-
mer is reversibly split into its constituent monomers upon
warming to 85°C.

Apart from its role in establishing the polymer backbone,
B—N adduct formation substantially changes the charge
distribution of the ferrocene fragments and of the bipy
bridges, as is evident from an investigation of the model
complexes 1.Do, 2:(Do), [Do: y-picoline, 4-(dimethyl-
amino)pyridine, N-(n-propyl)-4-(4’-pyridyl)pyridinium
hexafluorophosphate], and 1-Do-1 [Do: 4,4'-bipyridine, 1,2-
bis(4-pyridyl)ethane]: The donor strength of one BMe,-Do
substituent at ferrocene is equal to the electron-releasing
effect of five methyl groups and consequently leads to a
large cathodic shift of the Fe''/Fe'"! redox transition {e.g.
E° = +0.44 V [CpFeCp, CH.Cl,]; +0.11 V [l-pic,
CH,Cl,], +0.12 V [Cp*FeCp, CH;CN]; —0.12 V [2:(pic),,
CH,Cl,], —0.12 V [Cp*FeCp*, CH3;CN]}. For this reason,
base adducts of ferrocenylboranes are an alternative to the
widely used decamethylferrocene as electron donors in or-
ganometallic redox chemistry. In contrast to Cp*FeCp¥*,
there are still four CH groups at each Cp ring of 1-Do and
2:(Do), available for further functionalization, and the Fe'!/
Fe'" redox potential is, moreover, tunable by selecting the
appropriate pyridine base.

The electrochemical behaviour of the bipy linker is also
sensitive to its coordination state, since each of the two one-

electron reductions of parent 4,4'-bipyridine (E°' = —1.84
V, —2.38 V; DMF) is shifted by about 0.6 V towards less
negative values as a result of FcBMe, binding (E°’ = —1.20

V, —1.75 V [1-bipy-1; DMF]).

Destabilization of the ferrocene HOMO parallel to the
stabilization of the bipy LUMO facilitates charge-transfer
interactions between the two orbitals in 1-bipy-1, 1-bipy-Pr,
2-(bipy-Pr), and [2:-bipy],, as indicated by the deep-purple
colour of these compounds. In contrast, the ferrocene-free
B—N adducts C (Figure 2), as well as the metal-containing
complexes 1-pyetpy-1 and [2:-pyetpy], with two separated
pyridine rings, exhibit the yellow colour usually observed
for ferrocene derivatives bearing tetracoordinate boron sub-
stituents. The question as to whether charge-transfer in e.g.
[2-bipy], occurs within the polymeric rod or between two
adjacent polymer chains will be subject of future investi-
gations. Also attendant on the investigation of [2-bipy], is
the screening of a variety of bidentate Lewis bases other
than bipy in order to increase the extent of charge delocali-
zation in ferrocenylborane-containing coordination poly-
mers. Promising results have already been obtained with
pyrazine, which (a) brings adjacent ferrocene units into
closer proximity, (b) is more rigid than bipy, and (c) forms
bis-quaternary salts that are able to accept an electron at
considerably more anodic potential values compared to
N,N’-dialkylbipyridinium acceptors. 01511
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Experimental Section

All reactions and manipulations were carried out in dry, oxygen-
free Ar using standard Schlenk glassware or in an Ar-filled dry-
box. Solvents were freshly distilled under N, from Na/K alloy/
benzophenone (hexane, toluene, THF) or from CaH, (CH,Cl,,
CH,CI, CH3CN) prior to use. — UV/Vis: Hewlett-Packard 8452 A.
— IR: Perkin-Elmer 1650 FT-IR. — NMR: Jeol JMN-GX 400 and
Bruker DPX 400 [abbreviations: s: singlet, d: doublet, t: triplet, vt:
virtual triplet, br: broad, n.r.: multiplet expected but not resolved;
pic: y-picoline, DMAP: 4-(dimethylamino)pyridine, bipy: 4,4'-bi-
pyridine, pyetpy: 1,2-bis(4-pyridyl)ethane, bipy-Pr: N-(n-propyl)-4-
(4'-pyridyl)pyridinium hexafluorophosphate]. — *B-NMR spectra
were referenced to external BF;-Et,0. — MS (FAB/CI mode): Fin-
nigan MAT 90. — Thermal analyses: Netzsch DSC 404 high-tem-
perature furnace, thermocouple Pt/Rh, Perkin-Elmer TGA 7 ther-
mobalance equipped with a Balzers QMG 420 mass spectrometer.
— Elemental analyses: Microanalytical laboratory of the Techni-
sche Universitat Miinchen. — The compounds 1, 219 and bipy-
Pr(28] were synthesized according to literature procedures.

Preparation of 1-pic: To a solution of 1 (0.25 g, 1.11 mmol) in
toluene (10 ml) at ambient temperature, was added y-picoline (0.10
g, 1.07 mmol) in toluene (5 ml) by means of a cannula. The resul-
tant clear orange solution was stirred for 3 h and then concentrated
to half of its original volume in vacuo, whereupon 1-pic gradually
precipitated as an orange crystalline solid. The precipitate was col-
lected on a frit (G3), treated with cold hexane (—30°C) and dried
in vacuo. The mother liquor was kept in a refrigerator (—30°C) for
12 h to yield a second crop. Yield 0.32 g (93%). — IR (KBr, cm™1):
v = 1628 (vs), 1507 (m) (pic-C—C, C—N), 1104 (m), 1068 (m),
1058 (m) (B—N). — B NMR (128.3 MHz, CDCl): § = 0.4
(hy2 = 300 Hz). — *H NMR (400 MHz, CDCls): = 0.27 (s, 6 H,
BCH3), 2.35 (s, 3 H, pic-CHj), 4.03 (vt, 2 H, J = 1.7 Hz, CsH,),
4.06 (s, 5 H, CsHs), 4.16 (vt, 2 H, J = 1.7 Hz, CsHy,), 7.16 (d, 2
H, J = 6.6 Hz, pic-3-H, -5-H), 8.41 (d, 2 H, J = 6.6 Hz, pic-2-H, -
6-H). — 13C NMR (100.5 MHz, CDCls): § = 11.1 (br, BCH3), 21.0
(pic-CHy), 67.9 (CsHs), 68.4, 71.7 (CsH,), n.o. (CsHy4-ipso), 125.4
(pic-C-3, -C-5), 1445 (pic-C-2, -C-6), 150.7 (pic-C-4). —
C1gH,,BFeN (319.04): calcd. C 67.77, H 6.95, N 4.39; found C
67.86, H 6.92, N 4.31.

Preparation of 1.DMAP: 1 (0.34 g, 1.51 mmol) in toluene (10 ml)
was treated with 4-(dimethylamino)pyridine (0.18 g, 1.47 mmol) in
toluene (5 ml) at ambient temperature. The cloudy orange mixture
was stirred for 1 h and then concentrated to half of its original
volume in vacuo, whereupon an orange precipitate gradually
formed. The precipitate was removed by filtration (G3 frit), tritu-
rated with hexane, and dried in vacuo. A second crop was obtained
from the mother liquor upon storage at —30°C for 12 h. Yield 0.46
g (90%). — IR (KBr, cm™%): ¥ = 1636 (vs), 1544 (m) (DMAP-
C—C, C—N), 1104 (m), 1076 (m), 1058 (m) (B—N). — B NMR
(128.3 MHz, CDCl5): 8 = —3.0 (hy, = 300 Hz). — *H NMR (400
MHz, CDCls): § = 0.16 (s, 6 H, BCHS3), 3.02 (s, 6 H, NCH3), 3.97
(vt, 2 H, J = 1.5 Hz, CsH,), 4.05 (5, 5 H, CsHs), 4.09 (vt, 2 H, J =
1.5 Hz, CsH,), 6.41 (d, 2 H, J = 6.6 Hz, DMAP-3-H, -5-H), 8.09
(d, 2 H, J = 6.6 Hz, DMAP-2-H, -6-H). — **C NMR (100.5 MHz,
CDCly): & = 10.9 (br, BCHj), 39.2 (NCH3), 67.8 (CsHs), 68.0, 71.5
(CsH,), n.o. (CsH4-ipso), 106.0 (DMAP-C-3, -C-5), 144.2 (DMAP-
C-2, -C-6), 154.4 (DMAP-C-4). — Cy9H,5BFeN, (348.08): calcd. C
65.56, H 7.24, N 8.05; found C 65.28, H 7.16, N 7.96.

Preparation of 1-bipy-Pr: 1 (0.11 g, 0.49 mmol) in CH;CN (3 ml)
was treated with N-(n-propyl)-4-(4’-pyridyl)pyridinium hexafluoro-
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phosphate (0.17 g, 0.49 mmol) in CH3;CN (2 ml) at ambient tem-
perature. The reaction mixture, which instantaneously took on a
purple colour, was stirred for 1 h and then concentrated to a vol-
ume of 1 ml. Toluene (15 ml) was added, whereupon 1.-bipy-Pr
precipitated quantitatively as a dark-purple microcrystalline solid,
which was triturated with toluene (3 X 5 ml) and hexane (2 X 5
ml) and dried in vacuo overnight. Yield 0.25 g (90%). — IR (KBr,
cm~1): ¥ = 1646 (vs), 1627 (vs), 1552 (m), 1501 (m) (bipy-C—C,
C—N), 1102 (m), 1079 (m), 1061 (m) (B—N). — B NMR (128.3
MHz, CD3;CN): § = 7.5 (hy, = 350 Hz). — *H NMR (400 MHz,
CD3CN): 8 = 0.30 (s, 6 H, BCH3), 0.97 (t, 3 H, J = 7.5 Hz, CHj),
2.01 (m, 2 H, CH,CHj3), 4.06 (s, 5 H, CsHs), 4.08, 4.19 (n.r,, 2 X
2 H, CsH,), 4.53 (t, 2 H, J = 7.6 Hz, NCH,), 7.91, 8.29, 8.80, 8.87
(4 X d, 4 X 2H,J =65 Hz bipy). — 3C NMR (100.5 MHz,
CD3CN): 8 = 10.5 (CHj3), 11.0 (br, BCHa), 25.3 (CH,CHy), 64.0
(NCHy), 69.2 (CsHs), 70.0, 72.5 (2 X br, CsHy), n.o. (CsH,-ipso),
124.4,127.7, 144.6, 146.1, 148.5, 153.5 (bipy). — CasH3,BFsFeN,P
(570.15): calcd. C 52.67, H 5.30, N 4.91; found C 52.33, H 5.25,
N 4.92.

Preparation of 1-bipy-1: At ambient temperature, a colourless
solution of 4,4'-bipyridine (0.25 g, 1.60 mmol) in toluene (10 ml)
was added dropwise to an orange-red solution of 1 (0.73 g, 3.23
mmol) in toluene (10 ml). The reaction mixture, which instan-
taneously took on a dark-brown colour, was stirred for 3 h, where-
upon a purple microcrystalline solid gradually precipitated. All in-
solubles were collected on a frit (G3), triturated with toluene (5 ml)
and hexane (5 ml), and dried in vacuo. The filtrate was kept at
—30°C overnight to yield a second crop. Yield 0.91 g (94%). X-ray
quality crystals were obtained from toluene/hexane (1:1) at —30°C.
— IR (KBr, cm™1): ¥ = 1622 (vs), 1540 (m), 1493 (m) (bipy-C—C,
C—N), 1100 (s), 1075 (s), 1058 (s) (B—N); IR (CH,Cly, cm™1): ¥ =
1622 (vs), 1597 (w), 1538 (w), 1517 (vw), 1489 (m) (bipy-C—C,
C—N), 1104 (s), 1076 (s), 1058 (s) (B—N). — UV (CH,Cl,): A =
239, 447 nm. — B NMR (128.3 MHz, CDCls): § = 15.1 (hy, =
700 Hz). — *H NMR (400 MHz, CDCl,): & = 0.40 (s, 12 H, BCH3),
4.08 (s, 10 H, CsH5), 4.13, 4.27 (2 X n.r., 2 X 4 H, CsH,), 7.53 (d,
4 H, J = 5.5 Hz, bipy-3-H, -5-H), 8.72 (d, 4 H, J = 5.5 Hz, bipy-
2-H, -6-H). — 3C NMR (100.5 MHz, CDCl3): § = 10.8 (br,
BCH5), 68.5 (CsHs), 70.3, 72.8 (CsH,), n.o. (CsH,-ipso), 122.2
(bipy-C-3, -C-5), 145.9 (bipy-C-4), 147.4 (bipy-C-2, -C-6). —
C34H3gB,Fe;N, (608.00): caled. C 67.17, H 6.30, N 4.61; found C
66.81, H 6.54, N 4.41.

Preparation of 1-pyetpy-1: 1 (0.72 g, 3.19 mmol) in toluene (20
ml) was treated dropwise with 1,2-bis(4-pyridyl)ethane (0.29 g, 1.57
mmol) in toluene (10 ml) at ambient temperature. A yellow micro-
crystalline solid precipitated from the orange reaction mixture. The
slurry was stirred for 3 h and the solid material was isolated by
filtration. After trituration with toluene (5 ml) and hexane (5 ml),
the product was dried in vacuo. Yield 0.96 g (84%). — IR (KB,
cm~1): ¥ = 1623 (s), 1560 (w), 1506 (m), 1496 (m) (pyetpy-C—C,
C—N), 1102 (m), 1069 (s), 1061 (m) (B—N). — UV (CH,Cl,): A =
239, 447 nm. — B NMR (128.3 MHz, CDCls): § = 6.2 (hy, =
900 Hz). — *H NMR (400 MHz, CDCl3): § = 0.29 (s, 12 H, BCH3),
2.94 (s, 4 H, -CH,-), 4.04 (vt, 4 H, J = 1.5 Hz, CsH,), 4.06 (s, 10
H, CsHs), 4.18 (vt, 4 H, J = 1.5 Hz, CsH,), 7.14 (d, 4 H, J = 6.0
Hz, pyetpy-3-H, -5-H), 8.48 (d, 4 H, J = 6.0 Hz, pyetpy-2-H, -6-
H). — 13C NMR (100.5 MHz, CDCl;): § = 10.9 (br, BCHj), 34.8
(—=CH,—), 68.1 (CsHs), 69.2, 72.1 (CsHy), n.o. (CsH,-ipso), 124.4
(pyetpy-C-3, -C-5), 145.8 (pyetpy-C-2, -C-6), 151.8 (pyetpy-C-4). —
CseH,2BoFe;N, (636.07) - C,Hg (92.14): caled. C 70.92, H 6.92, N
3.85; found C 70.97, H 6.67, N 3.79.

Preparation of 2-(pic),: 2 (0.43 g, 1.62 mmol) in toluene (10 ml)
was treated with a solution of y-picoline (0.33 g, 3.54 mmol) in
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toluene (5 ml) at ambient temperature. The resultant orange slurry
was stirred for 1 h. Insoluble material was collected on a frit (G3),
triturated with hexane (5 ml), and dried in vacuo. Yield 0.59 g
(81%). — IR (KBr, cm~1): ¥ = 1628 (s), 1508 (m) (pic-C—C, C—N),
1066 (s), 1047 (s) (B—N). — 'B NMR (128.3 MHz, CDCly): § =
15.0 (hy, = 300 Hz). — *H NMR (400 MHz, CDCly): § = 0.34 (s,
12 H, BCH3), 2.37 (s, 6 H, pic-CHg), 3.99, 413 (2 X n.r., 2 X 4 H,
CsH,), 7.15 (d, 4 H, J = 6.0 Hz, pic-3-H, -5-H), 8.44 (d, 4 H, J =
6.0 Hz, pic-2-H, -6-H). — 3C NMR (100.5 MHz, CDCly): § =
10.9 (br, BCH3), 21.1 (pic-CHa), 71.0, 72.6 (CsH,), n.o. (CsH,-
ipso), 125.2 (pic-C-3, -C-5), 145.6 (pic-C-2, -C-6), 149.8 (pic-C-4).
— CyeH34B,FeN,; (452.04): caled. C 69.08, H 7.58, N 6.20; found
C 68.58, H 7.38, N 6.10.

Preparation of 2.(DMAP),: The compound was synthesized simi-
larly to 2-(pic), using 2 (0.18 g, 0.68 mmol) and 4-(dimethylamino)-
pyridine (0.17 g, 1.39 mmol). Yield 0.28 g (81%). — IR (KBr,
cm~1): ¥ = 1638 (vs), 1552 (s) (DMAP-C—C, C—N), 1077 (m),
1060 (m) (B—N). — B NMR (128.3 MHz, CDClg): § = —2.3
(hyz = 500 Hz). — *H NMR (400 MHz, CDCls, 55°C): § = 0.39
(s, 12 H, BCHy), 3.01 (s, 12 H, NCH3), 4.01,4.16 2 X n.r., 2 X 4
H, CsHy), 6.42 (d, 4 H, J = 6.6 Hz, DMAP-3-H, -5-H), 8.12 (d, 4
H, J = 6.6 Hz, DMAP-2-H, -6-H). — *C NMR (100.5 MHz,
CDCl3, 55°C): 6§ = 10.6 (br, BCH3), 39.2 (NCH3), 71.8, 73.1
(CsH,), n.o. (CsHy4-ipso), 106.1 (DMAP-C-3, -C-5), 144.4 (DMAP-
C-2, -C-6), 154.7 (DMAP-C-4). — C,gH,oB,FeN, (510.13): calcd.
C 65.93, H 7.90, N 10.98; found C 65.44, H 7.77, N 10.74.

Preparation of 2:(bipy-Pr),: The compound was synthesized simi-
larly to 1-bipy-Pr from 2 (0.19 g, 0.71 mmol) and N-(n-propyl)-4-
(4'-pyridyl)pyridinium hexafluorophosphate (0.49 g, 1.42 mmol).
Yield 0.42 g (60%). — IR (KBr, cm™1): ¥ = 1645 (vs), 1624 (s),
1550 (m), 1496 (m), 1470 (m) (bipy-C—C, C—N), 1072 (w), 1062
(m) (B—N). — B NMR (128.3 MHz, CD;CN): § = 15.1 (hy;, =
500 Hz). — *H NMR (400 MHz, CD3CN): § = 0.42 (br, 12 H,
BCHs,), 0.97 (t, 6 H, J = 7.5 Hz, CHj), 2.01 (m, 4 H, CH,CH5),
4.05, 418 (2 X n.r., 2 X 4 H, CsHy), 452 (t, 4 H, J = 7.6 Hz,
NCH.,), 7.88, 8.30, 8.76, 8.88 (4 X d, 4 X 4 H, J = 6.5 Hz, bipy).
— 13C NMR (100.5 MHz, CD;CN): & = 10.5 (CH3), 11.0 (br,
BCHy), 25.3 (CH,CHy), 64.0 (NCH,), 73.0, 74.0 (2 X br, CsH,),
n.o. (CsHy4-ipso), 124.1, 127.4, 144.1, 146.0, 149.2, 153.9 (bipy). —
CoHs50B2F1.FeNyP, (954.27)-0.4 C;Hg (92.14): calcd. C 51.87, H
5.41, N 5.65, Fe 5.63; found C 51.92, H 5.45, N 5.68, Fe 5.23.

Preparation of [2-bipy],: A red solution of 2 (0.13 g, 0.49 mmol)
in CHCI; (15 ml) was layered firstly with neat CH,Cl, (15 ml) and
secondly with a solution of 4,4'-bipyridine (0.08 g, 0.51 mmol) in
THF (10 ml). After 12 h, mixing of all three phases was complete
and a purple microcrystalline precipitate had formed, which was
found to be insoluble in all common solvents at ambient tempera-
ture. Yield 0.20 g (96%). — IR (KBr, cm™1): ¥ = 1622 (vs), 1540
(m), 1493 (m) (bipy-C—C, C—N), 1075 (s), 1061 (s) (B—N). —
[C,4H2eB2FeN,], (421.97),: caled. C 68.31, H 6.69, N 6.64; found
C 67.91, H 6.62, N 6.48.

Preparation of [2-pyetpy],: A solution of 1,2-bis(4-pyridyl)ethane
(0.13 g, 0.72 mmol) in toluene (20 ml) was added dropwise with
stirring to 2 (0.19 g, 0.71 mmol) in toluene (20 ml). The resultant
orange slurry was stirred for 4 h, the insoluble material was col-
lected on a frit (G3), triturated with hexane (5 ml), and dried in
vacuo. The product was found to be insoluble in all common sol-
vents at ambient temperature. Yield 0.25 g (78%). — IR (KBr,
cm™1): ¥ = 1626 (vs), 1567 (w), 1506 (m) (pyetpy-C—C, C—N),
1073 (m), 1059 (s) (B—N). — [C,sH3,B,FeN,], (450.03),: calcd. C
69.39, H 7.17, N 6.22; found C 69.33, H 7.27, N 6.26.
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X-ray Crystal Structure Analysis of 1-bipy-1:12 A selected purple
crystal of 1-bipy-1 was placed in perfluorinated oil and mounted in
a glass capillary on an Image Plate Diffraction System (IPDS,
STOE). Final lattice parameters were obtained by least-squares re-
finement of 2988 reflections (graphite monochromator, A = 0.71073
A, Mo-K,). Empirical formula C34H35B,Fe,N,, formula weight =
608.00, triclinic system, space group P1 (I.T. no.: 2); a = 8.7143(5)
A, b = 13.8257(10) A, ¢ = 15.8214(12) A, a = 65.820(7), B =
86.337(7), y = 75.376(7), V = 1680.9(2) A3, crystal size 0.20 X 0.13
X 0.13 mm, Z = 2, F(000) = 636. Data were collected at 293 K,
distance from crystal to image plate 70 mm (10.2° < ® < 24.7°),
300 images collected, 0° < ¢ < 300°, Ap = 1°, exposure time 5 min.
Data were corrected for Lorentz and polarization terms.®2 A decay
and absorption correction (u = 8.9 cm~1) was performed using
the program DECAY;®?l 19554 data measured, 4982 independent
reflections used for refinement. The structure was solved by direct
methods and refined with standard difference Fourier tech-
niques.>3 All hydrogen atoms of 1-bipy-1 were calculated in ideal
positions (riding model). 1-bipy-1 crystallizes together with 0.5
equiv. of toluene (NMR spectroscopy; elemental analysis). Severe
disorder of the toluene molecules precluded their structural refine-
ment to any satisfactory level. We have therefore applied the
“squeeze” routine®! to remedy this disordered solvent problem
(potential solvent accessible area: 293 A%). Number of parameters
refined: 361, 13.8 data per parameter, weighting scheme w = 1/
[62(Fo?) + (0.0176:P)?] where P = (F,2 + 2:F2)/3, shift/error <
0.001 in the last cycle of refinement, residual electron density +0.15
eA3, —0.18 eA"3, R1 = 0.0319 [I > 25(1)], wR2 = 0.0558 (all
data), the minimized function was Tw(F,?> — F.?). Neutral atom
scattering factors for all atoms and anomalous dispersion correc-
tions for the non-hydrogen atoms were taken from the International
Tables for X-ray Crystallography.’®3 All calculations were per-
formed with a DEC 3000 AXP workstation with the STRUX-V
system, ¢l incorporating the programs PLATON-92,571 PLUTON-
92,5571 SHEL XS-86, %81 SIR-92,5%1 and SHEL XL-93.159

Electrochemical Measurements: Cyclic voltammetry and con-
trolled potential coulometry were performed in deaerated dimeth-
ylformamide (DMF) and CH,CI, solutions containing [NEt,][PFe]
(0.1 mol-dm—3) and [NBu,][CIO,] (0.2 mol-dm~3), respectively, as
supporting electrolytes. All potential values are referred to the
Saturated Calomel Electrode (S.C.E.). The apparatus for electro-
chemistry measurements is described in ref.[%,

* Dedicated to Professor Heinrich N&th with gratitude on the oc-

casion of his 70th birthday.
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