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The dinuclear ferrocene complexes {[FcBbipy].O} (PFs)2, [5]1(PFe)2, and {[FcBbipy].C(H)-
CN}(PFe)2, [71(PFs)2, and the ansa-ferrocenes [1,1'-fc(Bbipy).,NCsH,OMe](PFs)2, [11](PFs)2,
and [1,1'-fc(Bbipy).NSiMe;3](CO,CF3),, [13](CO.CF3),, have been synthesized and character-
ized by X-ray crystallography and cyclic voltammetry [Fc = (CsHs)Fe(CsHy); fc = (CsHa)aFe;
bipy = 2,2'-bipyridine]. Electronic communication between the two 2,2'-bipyridylboronium
substituents of each compound was observed, suggesting the reduced radical species to be
partially delocalized redox intermediates. The degree of electronic interaction is largely
independent from the degree of conformational flexibility of the individual molecule. While
charge-transfer processes from the electron-rich ferrocene/l1,1'-ferrocenylene moieties into
empty sz-orbitals of the electron-poor 2,2'-bipyridylboronium cations are well apparent in
all compounds, no evidence for charge-transfer interactions from the 4-methoxyphenyl
substituent to the [Bbipy]t fragments of [11](PFs)2 could be detected.

Introduction

Stable multistep redox systems are of great interest
in various areas of current research.1~* The redox-active
units employed consist either of transition metal com-
plexes (e.g., ferrocene) or of organic molecules possessing
extended delocalized w-electron systems (e.g., quinone
derivatives; N-alkyl pyridinium salts).

Our group has recently developed a novel class of
highly redox active compounds comprising one (A) to
four (C) 2,2'-bipyridylboronium, [Bbipy]™, cations that
are grouped around a ferrocene backbone (Figure 1).5
The 2,2"-bipyridylboronium substituent is closely related
to the strong electron acceptor diquat® (D, Figure 1),
which behaves as a perfectly stable two-step redox
system. Consequently, A—C are able to accept or deliver
a maximum of three to nine electrons.

We are now exploring the potential of A—C as
building blocks (i) for the generation of linear polymers
or dendritic macromolecules’ and (ii) for the synthesis
of redox-active anion receptors.® In this context, the
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Figure 1.

reaction of the bromo derivative [1]2* with water is of
particular interest (Scheme 1). Careful hydrolysis of [1]-
Br, with a trace amount of water in the presence of
triethylamine and anion exchange with NH4PF¢ gave
the air- and water-stable ansa-ferrocene [2](PFeg)2.8 In
contrast, treatment of [1]Br, with 2.5 equiv of water
leads to the open-chain dihydroxy derivative [3](PFs)>.
Both compounds are dark purple colored, which is likely
due to charge-transfer interactions between the electron-
rich ferrocene moiety and the electron-poor 2,2'-bi-
pyridylboronium substituents.5 [2](PFs). is a remark-
able compound in several respects: Reduction of the
[Bbipy]™ fragments takes place in four well-resolved
single-electron processes.® Contrary to that, the methyl,
methoxy, and dimethyl amino derivatives of B (Figure
1) show two reduction waves only, each of them repre-
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senting a two-electron transition.®> This leads to the
question, whether electronic communication in
[2](PFs6)2 is transmitted via the BOB bridge or whether
it is merely a Coulomb effect between adjacent redox-
active sites.

The crystal structure analysis of [2](PFg)2 shows the
molecule to possess a bowl-shaped cavity, which encap-
sulates one of the two hexafluorophosphate counter-
anions.® A second question thus arises whether deriva-
tives of [2](PFse). are suitable receptor compounds for
the recognition of anionic guest molecules.

Results and Discussion

Syntheses. For a more detailed investigation of the
electronic communication between the two bipyridyl-
boronium substituents in [2](PFs)2, we decided to
synthesize molecules that (i) are closely related to [2]-
(PFe)2 but possess a higher degree of conformational
flexibility and (ii) retain the rigid ansa-ferrocene frame-
work but feature bridging atoms other than oxygen. The
first class of compounds, which was obtained from the
monosubstituted ferrocene [4]Br,® is represented by the
dinuclear BOB-bridged complex [5](PFe)2 (Scheme 2).

In analogy with the synthesis of [2](PFs)2, [4]Br was
stirred with a trace amount of water in acetonitrile in
the presence of excess triethylamine. Anion exchange
was achieved by addition of NH4PFs in water to an
aqueous solution of [5]Br,, whereupon [5](PFs). pre-
cipitated quantitatively. As a byproduct of the [5]Br;
synthesis, we observed the mononuclear species [6]Br,
which was apparently formed by the deprotonation of
solvent molecules and subsequent nucleophilic substitu-
tion of the bromo substituent of [4]Br. Complex [6]Br
can be synthesized in high yield by prolonged stirring
of [4]Br and triethylamine in acetonitrile, which has
been rigorously dried. Under these conditions, the
reaction proceeds even further to give the BCB-bridged
dimer [7]Br,. [7]2" can easily be separated from [6]"
by repeated recrystallization of the corresponding
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hexafluorophosphate salts from acetonitrile. [7](PFe)2
is of interest in the context of this paper, because it
offers the possibility to study the electrochemical be-
havior of two bipyridylboronium fragments linked by a
saturated carbon atom. The comparison of [5](PFs)2 and
[71(PFg)2 will help to evaluate the contribution of
electron lone pairs at the bridging atom to the electronic
interaction of both [FcBbipy] subunits [Fc = (CsHs)Fe-
(CsHa4)].

Replacement of the bridging oxygen atom in [2](PFe)2
by an isoelectronic NR group appeared to be an attrac-
tive goal for several reasons. In the first place, we were
interested to see whether this modification will have an
effect on the general redox chemistry of the molecule.
Moreover, we wanted to explore the possibility of
charge-transfer interactions between an electron-rich
aromatic substituent R and its electron-poor bipyridyl-
boronium neighbors. As far as the supramolecular
chemistry of the BOB-bridged [2]2* is concerned, it will
be possible to estimate the space inside the molecular
cavity and its adaptability to guest molecules of different
size by generating BN(R)B-bridged analogues of [2]2"
and varying the steric demand of the nitrogen substitu-
ent R [i.e., R = 4-methoxyphenyl, 4-bromophenyl, tri-
methylsilyl]. In the first attempt, an acetonitrile solution
of [1]Br, was treated with 1 equiv of 4-methoxyaniline
in the presence of NEt;. Even though this approach
mimics the synthesis of [2]?>" from [1]Br, and H,O/
NEts, the target ferrocenophane was not obtained, but
NMR spectroscopy gave evidence for the presence of an
open-chain species [8]2" in the reaction mixture (Scheme
3).

The nature of [8]Br, was confirmed by its indepen-
dent high-yield synthesis from [1]Br, with excess



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on August 16, 2002 on http://pubs.acs.org | doi: 10.1021/om020284r

Electronic Communication in Redox Systems

Scheme 32

Br_IZBr
Q @—B/\
I \ N
QN"; Fe _N_\Q
“e<e Q
Br

[1]Br,

(i)\(ii) _l 2PF,

.CH
HN—~<S>—0 ’

Q) =5 B\\
QN "{ Fe _N NQ
\B—<Ci>j Q
C/O—@—N/H
[8](PFe)2

a Key: (i) + 4 HzN-CgH4-OMe (CH,Cly); (ii) + exc. NH4PFg
(H20).

H3

Scheme 42
[&>—8Br,
] )
e <(i|i)>
@—Bsrz
9
(iii)l _l X
(0~9
Br ’il/N
| B/ i 8
I N Y
& N—R ) $ /N R
B ~B
AN \\N
10 Br N Q
R= CGH4-4-OMe Q
[11](PFe)2: R = CgH4-4-OMe
[12)(PFg),: R = CgHy-4-Br

[13](CO,CF3),: R = SiMe;

a Key: (i) [12](PFe)2: + (MesSi),N-CsHs-Br (C7Hg), + 2 bipy
(C7Hg); [13](C02CF3)2: + LiN(SiMes), (C7Hsg), + 2 bipy (C7Hs);
(II) [12](PF6)2: + 2 TIPFg (CH3CN), [13](C02CF3)2: HPLC
purification (H,O/CHsCN/0.1% HO,CCFs); (iii) + HzN-CeHa-
OMe/2 NEts (C;Hg); (iv) + 2 bipy (CsHs); (V) + 2 TIPFe
(CH3CN).

4-methoxyaniline. In the second attempt, we started
from 9 and 1 equiv of 4-methoxyaniline/2 equiv of NEt;
to synthesize the BNB-bridged ansa-ferrocene 10
(Scheme 4).° Addition of 2 equiv of 2,2'-bipyridine results
in the clean formation of [11]Br,, which was subse-
quently transformed into the corresponding hexafluo-
rophosphate salts using TIPF¢ in acetonitrile.

The two other derivatives [12](PFs). and [13](CO,-
CF3)2 have been obtained from the reaction of 9 with 1

(9) Related 1,3-dibora[3]ferrocenophanes have already been de-
scribed elsewehere: Herberhold, M.; Dérfler, U.; Milius, W.; Wrack-
meyer, B. J. Organomet. Chem. 1995, 492, 59.
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equiv of 4-bromo-N,N-bis(trimethylsilyl)aniline and
lithium bis(trimethylsilyl)amide, respectively, followed
by addition of 2 equiv of 2,2'-bipyridine (Scheme 4). In
the case of [12](PFe¢)2, anion exchange was again
achieved by the addition of TIPFs. In contrast, [13]-
(CO,CF3); crystallized from a sample of [13]Br,, which
had been purified by HPLC using a mixture of H,O/
0.1% trifluoroacetic acid and acetonitrile (70:30) as
eluent.

Spectroscopic Characterization. The NMR spec-
tra of [3](PFs)2 indicate both [(CsH4)B(OH)bipy] frag-
ments to be magnetically equivalent. In CD3CN, there
is no evidence for hindered intramolecular motion due
to OH---O hydrogen bonding. All chemical shift values
are similar to those reported previously for compound
A (R = OEt)® and therefore do not merit further
discussion. The 1B NMR spectrum of [5](PFg). shows
one signal at 6 = 9.2 typical of tetracoordinated boron
nuclei.’® In the 1H and 13C NMR spectrum, the two
ferrocenyl substituents give rise to one set of resonances,
which is also true for the bipy fragments and testifies
to the high conformational flexibility of the molecule in
solution. The general resonance patterns of [5](PFsg)2,
as well as most of the chemical shift values, are rather
similar to the NMR data recorded for the ansa-bridged
analogue [2](PFe)..2 However, a remarkable upfield
shift is observed for the ferrocenyl protons of [5](PFs)2,
which appear at 6(*H; CD3CN) = 3.52 (CsHs), 3.60, 4.06
(CsHa4). Contrary to that, the ferrocenyl protons of [2]-
(PFe)2 are found in the usually observed range [6(H;
CD3CN) = 4.30, 4.42 (CsH4)]. The NMR spectra of the
BCB-bridged dimer [7](PFe). differ from the BOB-
bridged counterpart [5](PFs)2 and from the mono-
nuclear [6]PFs in a characteristic way. Now, two sets
of IH and 13C NMR resonances can be distinguished,
even when the spectra are run at elevated temperature.
This feature is in accordance with the molecular struc-
ture suggested for [7](PFe)2, which contains a prochiral
carbon atom in a central position. Similar to [5](PFs)2,
the ferrocenyl protons of [7](PFg)2 experience an upfield
shift, which is again most pronounced for the unsub-
stituted cyclopentadienyl rings [6(*H; CD3CN) = 3.37
(CsHs)]. In contrast, [6]PFe exhibits resonances for the
ferrocenyl substituents at 6(*H; CD3CN) = 4.33, 3.99
(CsHy), and 4.12 (CsHs). Thus, an individual ferrocenyl
moiety in [5](PFs)2 and [7](PFs)2 experiences magnetic
shielding due to the anisotropy effect of that 2,2'-
bipyridylboronium fragment, which is not directly at-
tached to it. Integration of the H NMR spectrum of
[8](PFs6)2 reveals a 1:1 ratio of 4-methoxyphenyl and
2,2'-bipyridyl units in this molecule. All resonances
appear in the usually observed shift ranges. The 1B
NMR signal of 10 is found at 6(*'B; CDCl3) = 46.3.
Compared to the starting material 1,1'-fc(BBry), 9
[0(*1B; Ce¢Dg) = 50.3],1* the signal is shifted to higher
field by 4 ppm. Compared to the borylamine 1,1'-fc-
[B(Br)pyr]2 [6(*'B; CDCl3) = 34.4; Hpyr = pyrrolidine],*?
it is less shielded by 11.9 ppm. The 1B NMR spectrum
recorded for 10 is thus in agreement with the proposed

(10) Noth, H.; Wrackmeyer, B. Nuclear Magnetic Resonance Spec-
troscopy of Boron Compounds. In Diehl, P.; Fluck, E.; Kosfeld, R. NMR
Basic Principles and Progress; Springer: Berlin, 1978; Vol. 14.

(11) Ruf, W.; Renk, T.; Siebert, W. Z. Naturforsch. 1976, 31b, 1028.

(12) Jékle, F.; Priermeier, T.; Wagner, M. Organometallics 1996,
15, 2033.



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on August 16, 2002 on http://pubs.acs.org | doi: 10.1021/om020284r

3982 Organometallics, Vol. 21, No. 19, 2002

diborylamine structure. The integrals in the H NMR
spectrum of 10 reveal a 1:1 ratio between the ferrocenyl
backbone (two resonances) and the 4-methoxyphenyl
substituent (two resonances), and the number of 'H and
13C NMR signals indicates a high average symmetry of
the molecule in solution. Addition of 2,2'-bipyridine to
10 results in a pronounced upfield shift of the 1B NMR
resonance, which gives conclusive evidence for the
presence of tetracoordinated boron nuclei in the reaction
product [11](PFe)2 [0(*1B; CD3CN) = 10.0]. Better
magnetic shielding is also observed for all protons of
the 4-methoxyphenyl substituent in [11](PFs), as com-
pared to 10 {10: 6(*H; CDCl3z) = 3.86 (OCH3), 6.95, 7.12
(C6H4); [ll](PFe)zi 5(1H; CD3CN) =3.28 (OCHg), 5.50,
5.90 (CsHa4)}. Qualitatively similar features are exhib-
ited by the 'B and 'H NMR spectra of the 4-bromo-
phenyl derivative [12](PFs).. It has to be noted in this
context that the trimethylsilyl proton signals in [13]-
(CO32CF3); also appear at rather high magnetic field
[0(*H; CD3CN) = —1.02]. These observations can be
attributed to magnetic anisotropy effects caused by the
2,2'-bipyridine units and are in agreement with the
assumption that in all three compounds the substituent
on the bridging nitrogen atom is residing between the
two aromatic bipy planes. Additional structural infor-
mation stems from the ¥C NMR shifts of the 4-meth-
oxyphenyl substituent. In parent 4-methoxyaniline, the
carbon atoms in the 2, 3, 5, and 6 position of the aryl
ring give rise to signals at 6(*3C; CDCI3) = 114.8 and
116.3. These values are shifted to 114.0 and 129.1 ppm
in 10 as a result of pronounced N—B z-bonding, which
reduces the delocalization of charge from the nitrogen
atom into the aryl substituent. Since the boron atoms
in [11](PFs)2 are tetracoordinated, N—B xz-bonding is
no longer possible. Nevertheless, the 13C NMR data of
the 4-methoxyphenyl ring in this compound [6(*3C;
CD3CN) = 114.8, 130.8 for ar-2,3,5,6] deviate signifi-
cantly from the corresponding resonances of 4-meth-
oxyaniline (see above) and [8](PFs)2 [0(*3C; CD3CN) =
115.3, 116.7 for ar-2,3,5,6], but closely resemble those
of 10, indicating that there is no significant N-aryl
sr-interaction in [11](PFg)2 as well. This finding can best
be explained by assuming a sterically enforced ortho-
gonal conformation between the bridging nitrogen’s lone
pair and the z-electron cloud of the 4-methoxyphenyl
group. The NMR data of the bipy and ferrocene units
in [11](PFs)2, [12](PFs)2, and [13](CO,CF3), resemble
each other and those of the BOB-bridged ansa-ferrocene
[2](PFe)2. The UV/vis spectra of the dark purple com-
pounds [5](PFe)2, [71(PFe)2, [11]1(PFe)2, [12](PFe)2,
and [13](CO,CF3), exhibit an extremely broad absorp-
tion centered at about Amax = 520 nm, which is also
common for the open-chain species A—C.5 This band has
been attributed to charge-transfer processes between
the electron-rich ferrocene fragment and its electron-
poor diquat-like bipyridylboronium substituents. In the
spectrum of [11](PFs)2, no significant additional ab-
sorptions, which could be assigned to charge-transfer
interactions between the 4-methoxyphenyl group and
the [Bbipy]* fragments, are visible in the range of 1 =
190—1100 nm.

X-ray Crystal Structure Analyses. The crystal-
lographic data of all compounds under investigation
here are summarized in Table 1.
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Figure 2. Structure of [5](PFs). in the crystal. Selected
bond lengths (&), angles (deg), and torsion angles (deg); H
atoms and (PFg)~ ions omitted for clarity: B(1)—O(1) =
1.411(2), B(2)-0O(1) = 1.412(2), B(1)—C(11) = 1.598(2),
B(2)—C(51) = 1.595(2), B(1)—N(21) = 1.628(2), B(1)—N(31)
= 1.630(2), B(2)-N(61) = 1.617(2), B(2)—N(71) =
1.619(2); B(1)—0(1)—B(2) = 131.3(1), O(1)-B(1)—C(11) =
119.8(1), O(1)—B(2)—C(51) = 114.1(1), N(21)—B(1)—N(31)
=94.0(1), N(61)—B(2)—N(71) = 94.4(1); C(11)—B(1)—O(1)—
B(2) = —1.3(2), B(1)—0(1)—B(2)—C(51) = 178.5(1).

The ferrocene backbone in ansa-[2](PFs). enforces a
very peculiar conformation of the [(bipy)B—O—B(bipy)]
chain with both 2,2'-bipyridine planes pointing into the
same direction (see Scheme 1). This results in the
formation of a molecular cleft, which harbors one of the
two [PFg]~ counterions.g Rotation about the B—O bonds
is not restricted in the BOB-bridged dinuclear complex
[51(PFe)2, in which both 2,2'-bipy ligands are pointing
in different directions (Figure 2). The molecule can be
divided into two fragments (i.e., Fc1—B(1)bipy and Fc2—
B(2)bipy). In both fragments, the 2,2'-bipyridine group
adopts a side-on conformation with respect to the
attached ferrocenyl substituent, which leads to short Fe-
--bipy through-space distances [Fe(1)---COG1 = 3.718
A, Fe(2)--COG2 = 3.629 A; COG1, center of gravity of
the B(1)N(21)C(22)C(32)N(31) ring; COG2, center of
gravity of the B(2)N(61)C(62)C(72)N(71) ring]. A similar
structural motif has been observed in the case of the
disubstituted ferrocene B.5> Most interestingly, the Cp
ring C(11)C(12)C(13)C(14)C(15) is placed in a position
almost parallel to the plane of the B(2)bipy unit (angle
between planes C(11)C(12)C(13)C(14)C(15)//B(2)N(61)-
C(62)C(72)N(71) = 12.4°; distance between the center
of gravity of the C(11)C(12)C(13)C(14)C(15) plane and
the midpoint of the C62—C72 bond = 3.26 A). The
boron—oxygen bonds in the dinuclear species [5](PFe)2
[B(1)—0(1) = 1.411(2) A; B(2)—0O(1) = 1.412(2) A]
possess the same value and are only slightly longer than
the corresponding bonds in the ansa-derivative [2]-
(PFe)2 [B(1)—0O(1) = 1.398(3) A; B(2)—0(1) = 1.389(3)
A].8 The angles around the oxygen atom are rather
similar in both compounds {[5](PFs)2, B(1)—0(1)—B(2)
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Table 1. Crystal Data and Structure Refinement Details for [3](PFe)2, [51(PFe)2, [71(PFé)2, [81(PFe)2,
[11](PF¢),, and [13](Co,CF3),

[3]1(PFe)2 [5]1(PFe)2 [71(PFe)2
formula C30H2682F12F6N402P2 C40H34BzF12F€2N4OP2 C46H4552F12F62N50P2
fw 841.96 1009.97 1107.03
color, shape red, plate black, block brown, needle
temp (K) 173 173 100
radiation Mo Ka, 0.71073 A Mo Ka, 0.71073 A Mo Ka, 0.71073 A
cryst syst triclinic monoclinic monoclinic
space group P1 P2:/n C2lc
a(A) 8.562(2) 14.474(1) 28.385(4)

b (A) 9.563(2) 20.416(2) 8.210(1)

¢ (A) 22.721(4) 14.506(1) 39.339(6)

o (deg) 94.01(1) 90 90

f (deg) 99.32(1) 109.29(1) 93.34(1)

y (deg) 114.03(1) 20 90

V (A3) 1657.6(6) 4046.0(6) 9152.0(20)
z 2 4 8

Dcalcd (@ cm~3) 1.687 1.658 1.607

u (mm~1) 0.657 0.892 0.779

cryst size (mm) 0.22 x 0.18 x 0.06 0.62 x 0.58 x 0.24 0.48 x 0.03 x 0.03
no. of reflns collected 16 841 96 799 46 085

no. of indep reflns 5607 12 154 8237

R(int) 0.0993 0.0286 0.2214

no. of data/restraints/params 5607/0/480 12 154/0/568 8237/10/611
GOF 1.080 1.009 1.034

R1, wR2 (I>20(1))
R1, wR2 (all data)

0.1127, 0.2509
0.2021, 0.2977

0.0387, 0.0883
0.0546, 0.0975

0.1442, 0.2987
0.2661, 0.3605

largest diff peak and hole (e A~3) 1.608, —0.509 0.669, —0.649 0.485, —0.911
[81(PFe)2 [11](PFe)2 [13](CO2CF3)2

formula C44H4oBzF12FeN602P2 C45H4782F12F8N702P2 C37H3382F6FEN504Si

fw 1052.23 1085.31 831.24

color, shape violet, plate violet, plate violet, plate

temp (K) 146 100 173

radiation Mo Ka, 0.71073 A Mo Ka, 0.71073 A Mo Ka, 0.71073 A

cryst syst triclinic triclinic triclinic

space group P1 P1 P1

a(A) 8.874(2) 10.625(2) 10.437(1)

b (A) 10.652(1) 13.657(3) 11.964(1)

c(A) 12.752(2) 18.456(4) 15.478(2)

o (deg) 78.98(1) 70.39(1) 84.98(1)

p (deg) 70.69(1) 81.34(2) 87.98(1)

y (deg) 73.03(1) 69.83(1) 85.22(1)

V (A3) 1082.1(3) 2366.2(9) 1917.9(3)

z 1 2 2

Dealcd (g cm~3) 1.615 1.523 1.439

u (mm~1) 0.523 0.481 0.500

cryst size (mm) 1.00 x 0.32 x 0.18 0.22 x 0.18 x 0.05 0.48 x 0.46 x 0.10

no. of refins collected 20 372 16 950 26 440

no. of indep reflns 6643 7996 9835

R(int) 0.0201 0.1152 0.0673

no. of data/restraints/params 6643/0/394 7996/3/627 9835/0/505

GOF 1.543 0.711 1.051

R1, wR2 (1>20(1))
R1, wR2 (all data)
largest diff peak and hole (e A~3)

0.0335, 0.0914
0.0426, 0.0943
0.460, —0.389

0.0849, 0.1746
0.2450, 0.2614
0.876, —0.609

0.0731, 0.2109
0.0886, 0.2189
0.907, —0.678

= 131.3(1)°; [2](PFe)2, B(1)—0(1)—B(2) = 136.2(2)°},
testifying to the fact that the ferrocene backbone
imposes only little strain on the BOB linker of [2](PFe)2.

The carbon-bridged dinuclear ferrocene complex [7]-
(PFe)2 exhibits a different conformation in the solid
state than its oxygen-bridged counterpart [5](PFe)2
(Figure 3). Similar to [2](PFs)2, both 2,2'-bipyridine
ligands are located at the same side of the molecule.
However, a “V” shape is observed for the [(bipy)B—C(H)-
CN-—B(bipy)] moiety in [7](PFe¢)2, while the [(bipy)B—
O—B(bipy)] bridge in [2](PFe)2 is best described as
possessing a “W” shape.® As a consequence, different
angles between the bipy planes are observed in [2]-
(PFe)2 (73.5°) and [7](PFs)2 (16.6°). In [7]1(PFe)2, the
centers of gravity of the B(1)N(21)C(22)C(32)N(31) ring
and the B(2)N(61)C(62)C(72)N(71) plane are only 3.29

A apart from each other. The boron—carbon bond
lengths within the ansa-bridge are 1.66(2) A [B(1)—C(1)]
and 1.67(2) A [B(2)—C(1)] and thus do not deviate
appreciably from the value found in the mononuclear
species [6]PFs [B(1)—C(1) = 1.626(6) A]. The central
B—C—B angle [B(1)—C(1)—B(2) = 124.3(11)°] is stretched
by 15° compared to the value of an ideal tetrahedral
angle (109.3°). The substructures of the Fc1—B(1)bipy
and Fc2—B(2)bipy fragments are almost identical to
each other and to the corresponding fragments in [5]-
(PFs)2 and thus do not merit further discussion.

The hydroxy derivative [3](PFe), features a hydrogen
bond between the two oxygen atoms in the solid state
(Figure 4). The molecule can thus be regarded as a
ferrocenophane possessing a very weak ansa-bridge
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Figure 3. Structure of [7](PFe): in the crystal. Selected
bond lengths (A), angles (deg), and torsion angles (deg); H
atoms and (PFg)~ ions omitted for clarity: B(1)—C(1) =
1.66(2), B(2)—C(1) = 1.67(2), B(1)—C(11) = 1.58(2), B(2)—
C(51) = 1.59(2), B(1)—N(21) = 1.57(2), B(1)—N(31) =
1.58(2), B(2)—N(61) = 1.62(2), B(2)—N(71) = 1.60(2), C(1)—
C(2) = 1.47(2), C(2)—N(2) = 1.12(2); B(1)—-C(1)—-B(2) =
124.3(11), C(1)—B(1)—C(11) = 113.5(12), C(1)—B(2)—C(51)
= 115.7(12), N(21)—B(1)—N(31) = 97.8(11), N(61)—B(2)—
N(71) = 97.8(11), C(2)—C(1)—B(1) = 108.2(12), C(2)—C(1)—
B(2) = 107.3(11); C(11)—B(1)—-C(1)—B(2) = 177.6(14),
C(51)—B(2)—C(1)—B(1) = —178.8(14).

[O(1)—H(1) = 0.84 A, O(2)-*H(1) = 2.36 A]. The B—0O
bond lengths [B(1)—0O(1) = 1.395(13) A, B(2)—0(2) =
1.411(14) A] are not much different from those observed
for [2](PF5)2 and [5](PF6)2.

The open-chain derivative [8](PFs). adopts a cen-
trosymmetric structure in the solid state (Figure 5). Its
exocyclic boron—nitrogen bond [B(1)—N(1) = 1.469(2) A]
is shorter than the boron—nitrogen bonds within the
2,2'-bipyridylboronium fragment [B(1)—N(21) = 1.616-
(2) A, B(1)—-N(31) = 1.621(2) A]. This can be attributed
to the fact that coordination of the small boron atom
leads to bending of the bipyridyl backbone. The resulting
molecular strain is reduced when the B—N bonds are
elongated. Two BNB-ansa-ferrocenes, [11](PFg), and
[13](CO,CF3),, have been characterized by X-ray crys-
tallography. In the case of [11](PFe)2, a planar 4-meth-
oxyphenyl group is attached to the nitrogen atom
(Figure 6). This substituent is well-suited to minimize
short intramolecular contacts and possesses an electron-
rich w-system. [13](CO,CF3), bears a sterically demand-
ing trimethylsilyl substituent, which can be expected
to exert a positive inductive effect on the BNB bridge
(Figure 7). The N-aryl bond in [11](PFg)2 [N(1)—C(71)
= 1.461(12) A] is significantly longer than the corre-
sponding bonds in [8](PFs)2 [N(1)—C(41) = 1.409(2) A].
As has already been deduced from the 3C NMR data
of [11](PFs)2, an orthogonal conformation is found
between the electron lone pair on the bridging nitrogen
atom and the aromatic 4-methoxyphenyl substituent
[torsion angle: B(2)—N(1)—C(71)—C(72) = 84.9(12)°].
The crystal structure analysis of [11](PFsg)2 thus allows
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Figure 4. Structure of [3](PFs); in the crystal. Selected
bond lengths (A), angles (deg), and torsion angles (deg);
most H atoms omitted for clarity: B(1)—0O(1) = 1.395(13),
B(2)—0(2) = 1.411(14), B(1)—N(21) = 1.632(15), B(1)—
N(31) = 1.600(16), B(2)—N(51) = 1.643(14), B(2)—N(61) =
1.626(14), B(1)—C(11) = 1.590(15), B(2)—C(41) = 1.552(16);
C(11)-B(1)-0(1) = 119.1(10), C(41)—-B(2)-0(2) =
116.4(10), N(21)—B(1)—N(31) = 94.2(8), N(51)—B(2)—N(61)
=92.9(8), O(1)—B(1)—C(11)—C(15) = 42.4(16), O(2)—B(2)—
C(41)—C(45) = 36.8(15), N(21)—-B(1)—C(11)—-C(12) =
94.3(12), N(51)—B(2)—C(41)—C(42) = 87.0(13). Hydrogen
bonds: O(1)—H(1) = 0.84, O(2)---H(1) = 2.36, distance
between O(1) and O(2): 3.144(10), O(1)—H(1)---O(2) =
156.0; O(2)—H(2) = 0.84, F(11)---H(2) = 2.09, distance
between O(2) and F(11): 2.915(9), O(2)—H(2)---F(11) =
169.1.

us to determine the length of a genuine o-bond between
an sp?-hybridized nitrogen atom and an sp?-hybridized
carbon atom. The B—N bond lengths in the ansa-bridges
of [11](PFe)2 [B(1)—N(1) = 1.485(15) A, B(2)—N(1) =
1.501(13) A] and [13](CO,CFs3), [B(1)—N(1) = 1.503(5)
A, B(2)—N(1) = 1.503(5) A] are identical within experi-
mental error. However, the B(1)—N(1)—B(2) angle is
larger by 6.8° in [11](PFg)2 [130.7(8)°] compared to [13]-
(CO2CF3)2 [123.9(3)°]. Apart from that, the bulky
trimethylsilyl group of [13](CO,CF3), apparently has
little influence on the overall geometry of the molecular
framework. For example, very similar dihedral angles
between the two cyclopentadienyl rings are found in [11]-
(PFg)2(9.1°) and [13](CO2CF3), (11.3°). The [B(bipy)—
N(R)—B(bipy)] bridges thus appear to fit nicely to the
structural requirements of the ferrocene backbone [R
= 4-methoxyphenyl, SiMes]. In both ferrocenophanes,
the nitrogen atom N(1) has a planar configuration [sum
of angles around N(1): 360°]. The N(1)—B(1)—C(11)
angles, as well as the N(1)—B(2)—C(41) angles, deviate
from the ideal value (109.3°) expected for tetracoordi-
nated boron centers {[11](PFe)2, 121.0(9), 119.5(10);
[13](CO2CFs3)2, 123.5(3)°, 122.8(3)°}. In [11](PFe)2, the
dihedral angle between the B(1)N(31)C(32)C(22)N(21)
[B(2)N(61)C(62)C(72)N(71)] plane and the aromatic ring
of the 4-methoxyphenyl substituent is 52.7° [58.1°].
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Figure 5. Structure of [8](PFg). in the crystal. Selected
bond lengths (A), angles (deg), and torsion angles (deg); H
atoms omitted for clarity: B(1)—N(1) = 1.469(2), B(1)—
C(11) = 1.582(2), B(1)—N(21) = 1.616(2), B(1)—N(31) =
1.621(2), N(1)—C(41) = 1.409(2), O(44)—C(44) 1.372(2);
N(1)—B(1)—C(11) = 115.2(1), N(21)—B(1)—N(31) = 93.7-
(1); B(1)—N(1)—C(41) = 127.2(1), C(11)—B(1)—N(1)—C(41)
=173.2(1), C(15)—C(11)—B(1)—N(1) = 51.4(2), B(1)—N(1)—
C(41)—C(42) = 43.9(2), C(45)—C(44)—0O(44)—C(47) =
6.6(2).

Figure 6. Structure of [11](PFe); in the crystal. Selected
bond lengths (A), angles (deg), and torsion angles (deg); H
atoms and (PFg)~ ions omitted for clarity: B(1)—N(1) =
1.485(15), B(2)—N(1) = 1.501(13), B(1)—N(21) = 1.636(13),
B(1)—N(31) = 1.658(14), B(2)—N(51) = 1.639(15), B(2)—
N(61) = 1.639(14), B(1)—C(11) = 1.569(16), B(2)—C(41)
1.608(16), N(1)—C(71) = 1.461(12), O(74)—C(74)
1.390(13); B(1)—N(1)—B(2) = 130.7(8), B(1)—N(1)—C(71)
115.1(8), B(2)—N(1)—C(71) = 114.2(9), N(1)—B(1)—C(11) =
121.0(9), N(1)—B(2)—C(41) = 119.5(10), N(21)—B(1)—N(31)
=92.6(7), N(51)—B(2)—N(61) = 94.7(8); C(11)—B(1)—N(1)—
B(2) = —12.9(16), C(41)—B(2)—N(1)—-B(1) = —13.7(16);
C(11)—B(1)—N(1)—C(71) = 168.1(9), C(41)—B(2)—N(1)—
C(71) = 165.3(8), B(1)—N(1)—C(71)—C(76) = 82.5(12),
B(2)—N(1)—C(71)—C(72) = 84.9(12), C(77)—O(74)—C(74)—
C(73) = 7.4(16); C(11)—C(15)//C(41)—C(45) = 9.1.

Electrochemistry. Similar to the previously re-
ported complex [2]2",8 dications [11]2T—[13]%" undergo
a ferrocene-centered oxidation and two doubly split bipy-
centered reductions. All these processes display features
of chemical reversibility on the cyclic voltammetric time
scale. As a typical example, Figure 8 compares the cyclic
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Figure 7. Structure of [13](CO,CFs3), in the crystal.
Selected bond lengths (A), angles (deg), and torsion angles
(deg); H atoms and (CO,CF3)~ ions omitted for clarity:
B(1)—N(1) = 1.503(5), B(2)—N(1) = 1.503(5), B(1)—N(21)
= 1.633(5), B(1)-N(31) = 1.645(5), B(2)—N(51) =
1.644(5), B(2)—N(61) = 1.626(5), B(1)—C(11) = 1.607(5),
B(2)—C(41) = 1.605(5), N(1)—Si(1) = 1.780(3); B(1)—N(1)—
B(2) = 123.9(3), N(1)—B(1)—C(11) = 123.5(3), N(1)—B(2)—
C(41) = 122.8(3), N(21)—B(1)—N(31) = 92.5(2), N(51)—
B(2)—N(61) = 93.2(2), B(1)—N(1)—Si(1) = 118.6(2), B(2)—
N(1)—Si(1) = 117.4(2); C(11)—B(1)—N(1)—B(2) = 11.1(5),
C(41)—B(2)—N(1)—B(1) = 8.6(5), C(11)—B(1)—N(1)—Si(1) =
—165.2(3); C(11)—C(15)//C(41)—C(45) = 11.3.

1.0 05 00 05 -0 15 20 25
Volt (vs. SCE)

Figure 8. Cyclic voltammograms recorded at a platinum
electrode on DMF solutions containing [NEt4](PFs) (0.1 mol
dm=3) and (a) [2](PFs)2 (0.6 x 1073 mol dm=3); (b) [13]-
(CO2CF3); (0.6 x 1072 mol dm=3). Scan rate 0.2 V s71,

voltammetric behavior of complex [2]2" with that of
[13]%" in N,N-dimethylformamide solution.

An analysis of the cyclic voltammograms of [11]%" and
[13]%" with scan rates varying from 0.02 to 1.00 V s71
confirms the chemical reversibility (ip/ipa constantly
equal to 1), as well as the electrochemical reversibility
(AE, constantly close to 60 mV) of all electron transi-
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Table 2. Formal Electrode Potentials (V, vs SCE) and Peak-to-Peak Separations (mV, in parentheses) for
the Redox Changes Exhibited by Complexes [2](PFs)2, [5]1(PFs)2, [71(PFs)2, [11](PFs)2, [12](PFs)., and
[13](CO,CF3), in N,N-Dimethylformamide Solution Containing [NEt4]PFs (0.1 mol dm~3) as Supporting

Electrolyte
E°a(V) E°'2 (V) E*'a(V)
4+/3+ 3+/2+ Kcom 2+/+ +/0 Keom 0/— —/2— Kcom
[2]1(PFé6)2 +0.57 (68) —0.80 (63) —0.93 (68) 160 —1.55 (56) —1.67 (60) 110
[51(PFe)2 +0.53 (65) +0.47 (60) 10 —0.75 (50) —0.88 (60) 160 —1.78 (100) —1.96°- 1125
[71(PFe)2 +0.52¢(90) d —0.65 (30) —0.83 (56) 1125 —1.80° d
[11](PFs)2 +0.51 (64) —0.85 (50) —1.02 (55) 760 —1.71 (75) —1.83 (65) 110
[12](PFs)2 +0.55 (120) —0.81 (62) —0.94 (50) 160 —1.64 (100) —1.80 (100) 515
[13](CO2CF3)2 +0.53 (70) —0.84 (66) —0.96 (70) 110 —1.63 (84) —1.83 (58) 2455
FcH +0.49 (72)
aMeasured at 0.2 V s~1 PPeak potential for irreversible process. ‘Two-electron process. Not determinable by electrochemical
measurements.
I10pA a
b b
o
T T T T T T T T ! T T T T T 1
1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 0.8 0.6 0.4 0.2 0.0

Volt (vs. SCE)

Figure 9. Cyclic voltammograms recorded at a platinum
electrode on DMF solutions containing [NEts](PFg) (0.1 mol
dm=3) and (a) [5](PFs)2; (b) [7](PFs)2. Scan rate 0.2 V s~ 1.

tions involved. This suggests that no significant struc-
tural reorganization is caused by these redox processes.
In the case of [12]2*, both the oxidation (AE, = 120 mV
at a scan rate of 0.2 V s71) and the last couple of
reductions (AE, = 100 mV at a scan rate of 0.2 V s71)
appear to be electrochemically quasi-reversible. As
expected, controlled potential coulometric tests on
[11]27—[13]%" performed in correspondence with the
anodic step (Ew = +1.0 V) revealed the consumption of
one electron per molecule. At variance with the chemical
stability of [2]3*, all the electrogenerated complexes
[11]3F—[13]3" tend to decompose slowly.

As illustrated in Figure 9, the cyclic voltammetric
behavior of [5]2T and [7]%" is rather similar to that of
the ferrocenophanes [2]?" and [11]2T—[13]%". As the
main difference, [5]%" exhibits two ferrocene-centered
one-electron oxidations (Figure 10), while in complex
[7]12" the ferrocene moieties are oxidized in a single two-
electron step. As far as the reduction processes are
concerned, the first split bipy-centered reduction wave
is well evident in both cases, whereas for the second
couple only the first reduction wave is clearly visible.
The second reduction wave is probably masked by the
solvent discharge. An analysis of the cyclic voltammo-
grams of [5]?" with scan rates varying from 0.02 to 1.00
V s~1 confirms that the oxidation process as well as the
first couple of reduction processes is chemically and
electrochemically reversible. The width of the oxidation
peak for [7]>" (AE, = 90 mV at a scan rate of 0.2 V s71)
is confidently ascribed to the unresolved overlapping of

Volt (vs. SCE)

Figure 10. Osteryoung square wave (a) and cyclic (b)
voltammograms recorded at a platinum electrode on a DMF
solution containing [NEts](PFs) (0.1 mol dm~3) and [5]-
(PFe).. Scan rates: (a) 0.1 V s71; (b) 0.2 Vs,

two one-electron removals. In the case of [7]2" the first
two electron additions are partially chemically revers-
ible, whereas further electron transfer is irreversible.
The formal electrode potentials of the above-discussed
redox changes are compiled in Table 2. The oxidation
potentials of [5]2*, [7]?", and [11]2*—[13]?" are slightly
shifted to more positive values compared to parent
ferrocene (E* = +0.49 V), [A]PFs (R = OEt: E* =
+0.43 V; R = N(CHy)4: E° =+40.41 V)5 and [B](PFe)2
(R=Me: E* =40.43 V).5 The average potential values
of each reduction couple are also quite similar to the
respective potentials of [A]PFs (R = OEt: E* = —0.88
V, —1.54 V; R = N(CHy)4: E* =—-0.99V, —1.68 V)5 and
[B](PFs). (R = Me: E® = —0.98V, —1.71 V)5
Moreover, the redox behavior of complexes [5]2F,
[71%, and [11]27—[13]?" almost reproduces that previ-
ously reported for [2]2T, one main difference being the
higher stability of the electrogenerated species in the
latter case. Values of the comproportionation constant
Keom [Keom = €xp(16.95 x AE)] of 160 and 110, respec-
tively, allow us to classify [2]" and [2]~ as partially
delocalized (on the electrochemical time scale) Robin-
Day class Il systems. Most interestingly, the K¢n data
of [51%", [71?%", and [11]?"—[13]?" vary over a much
wider range. For example, Kom([13]21/[13]°) = 110is 1
order of magnitude smaller compared to Kgm([13]%
[13]%7) = 2455. The same is true for a comparison of
the comproportionation constants of equivalent redox
processes in different compounds (e.g., Keom([5]127/[5]°)
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= 160; Keom([71%37/7]°) = 1125). On the basis of the data
available, there is no obvious correlation between the
nature of the bridging unit and the K¢m values. This
finding gives some insight into the mechanism of
electronic communication within the molecules, since
the nitrogen substituent in [11]2*—[13]?*, which is
placed like a dielectric between two molecular capacitor
plates, can be expected to have a major influence on the
Coulomb interaction of charges delocalized over the two
2,2'-bipyridylboronium fragments. Nevertheless, identi-
cal K¢om values are found for some complexes possessing
very different bridging units {e.qg., first reduction couple
in [2](PFs)2 and [11](PFe)2}, and on the other hand,
rather different K.,m values can be observed in the first
and in the second reduction wave of the same compound
{e.g., [13](CO,CF3),}. This suggests the electronic
communication between the redox-active [Bbipy]* sites
in [2](PFs)2 and [11](PFg)2—[13](CO,CF3), to be trans-
mitted mainly via a BXB through-bond rather than via
a Coulombic through-space pathway [X = O, N(R)]. This
interpretation is further supported by the fact that the
degree of electronic interaction is not diminished in the
structurally flexible complexes [5](PFe¢)2 and [7](PFs)2
compared to the rigid ansa-ferrocenes [11](PFg)>—[13]-
(CO3CF3)2, even though the dinuclear species are able
to alleviate Coulomb repulsion by adopting a conforma-
tion in which the [Bbipy]™ sites are further apart from
each other. In addition, even the two ferrocene units in
the symmetric complex [5]2" are oxidized at slightly
different potentials, thereby testifying to a weak elec-
tronic interaction between them.

Conclusion

A series of multistep redox systems have been syn-
thesized and characterized by cyclic voltammetry. Com-
mon to all compounds under investigation are 2,2'-
bipyridylboronium {[Bbipy]*} ions as key elements,
which function as reversible two-electron acceptors. In
the most rigid structures, two [Bbipy]* fragments are
doubly bridged via their boron atoms by a 1,1'-ferrocen-
ylene linker, on one hand, and an oxygen atom {[2]-
(PFe)2} or an NR group, on the other {[11](PFe¢)2, R =
4-methoxyphenyl; [12](PFe)2, R = 4-bromophenyl; [13]-
(CO,CF3)2, R = trimethylsilyl}. In the conformationally
more flexible species, two [Bbipy]™ sites are connected
by one oxygen atom {[5](PFg)2} or one C(H)CN group
{[71(PFs)2} only. In addition, a ferrocenyl substituent
is attached to each boron atom. In all species, the two
[Bbipy]™ acceptor units are symmetry-related. Never-
theless, four well-defined one-electron transfer processes
rather than two two-electron waves are observed upon
reduction in the cyclic voltammograms. This feature
clearly indicates both electroactive units to be electroni-
cally communicating. The respective comproportionation
constants are similar, for example, in the ansa-ferrocene
[2](PFe)2 and in the open-chain derivative [5](PFe)2.
Moreover, complex 1,1'-fc[B(Me)bipy]2, which possesses
a ferrocenylene bridge only, exhibits no correlation
between the two 2,2'-bipyridylboronium units at all.
Consequently, a 1,1'-ferrocenylene linker does not ap-
pear to be a transmitter of electronic interaction, while
an oxygen bridge or NR (R = 4-methoxyphenyl, 4-bro-
mophenyl, trimethylsilyl) and C(H)CN groups are quite
efficient in this respect. It should be noted that the
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distance between the midpoints of the C(22)—C(32) bond
and the C(52)—C(62) bond is 6.73 A in [11](PFe);
similar values are observed for [2](PFe)2 (6.47 A) and
[13](CO,CF3), (7.15 A). A distance of 8.53 A is found
between the analogous bonds in the open-chain species
1,1'-fc[B(Me)bipy],. Given this background, the elec-
tronic communication between the [Bbipy]™ fragments
in the ansa-ferrocene derivatives should probably not
be attributed to a mere Coulomb effect.

All complexes possess a deep blue-purple color at-
tributable to charge-transfer interactions between the
electron-rich ferrocenyl/1,1'-ferrocenylene substituents
on one hand and the electron-poor 2,2'-bipyridylboro-
nium ions on the other. In contrast, no evidence for
additional charge transfer from the 4-methoxyphenyl
substituent into the [Bbipy]™ moieties is observed in the
range 4 = 190—1100 nm of the UV/vis spectrum of [11]-
(PFe)2.

Experimental Section

General Considerations. All reactions and manipulations
of air-sensitive compounds were carried out in dry, oxygen-
free argon using standard Schlenk ware. Solvents were freshly
distilled under argon from Na/benzophenone (toluene, hexane,
pentane) or passed through a 4 A molecular sieves column
(CHCly, acetonitrile) prior to use; NEt; was freshly distilled
under argon from CaH.. [1]Br», [4]Br, and 9 were prepared
as described in the literature.>* NMR: Bruker AMX 250,
AMX 400, Bruker DPX 250. *B and '°F NMR spectra were
reported relative to external BF;-Et,O and CFCl;, respectively.
29Si NMR spectra were recorded using the INEPT pulse
sequence with empirically optimized parameters for polariza-
tion transfer from the methyl substituents. Unless stated
otherwise, all NMR spectra were run at ambient temperature.
Abbreviations: s = singlet; d = doublet; tr = triplet; vtr =
virtual triplet; br = broad; m = multiplet; n.r. = multiplet
expected in the 'H NMR spectrum but not resolved; n.o. =
signal not observed; ar = aryl ring of the 4-methoxyphenyl or
the 4-bromophenyl substituent; 2,2'-bipy = 2,2'-bipyridine.
UV—vis spectra were recorded on a Varian Cary 50 UV—visible
spectrophotometer. HPLC: Reprosil AQ column and RI-
Detection. Elemental analyses: Microanalytical Laboratory of
the Frankfurt University.

Synthesis of [3](PFe)2. [1]1Br2 (0.89 g, 1.06 mmol) in 30
mL of acetonitrile was treated at ambient temperature with
an excess of H,O (0.1 g, 5.56 mmol) and neat EtsN (0.32 g,
3.16 mmol). The mixture was stirred for 6 h, whereupon it
gradually changed its color from blue to red-purple, and a deep
red-purple precipitate formed. After the mother liquor had
been removed by filtration, the solid residue was dried in
vacuo, dissolved in 10 mL of water, and added dropwise with
stirring to an aqueous solution of NH4PFs (0.59 g, 3.62 mmol),
whereupon [3](PFe). precipitated quantitatively. The precipi-
tate was collected on a frit and triturated with diethyl ether
(10 mL). Deep red-purple X-ray quality crystals were grown
by gas-phase diffusion of diethyl ether into an acetonitrile
solution of [3](PFs).. Yield: 0.69 g (77%).

1B NMR (128.4 MHz, CD3CN): 6 12.8 (hy, = 280 Hz). *H
NMR (250.1 MHz, CD3CN): 6 4.07,4.30 (2 x vtr,2 x 4H,J =
1.8 Hz, CsHy), 5.20 (s, 2H, OH), 8.15 (ddd, 4H, J = 5.6, 5.6,
3.4 Hz, bipy-5,5'), 8.62 (m, 8H, bipy-4,4' and bipy-3,3'), 9.10
(dtr, 4H, 3 = 5.6, 1.1 Hz, bipy-6,6'). 3*C NMR (62.9 MHz, CDs-
CN): 6 71.0, 72.6, (CsHy), n.o. (CsHs-ipso), 123.7 (bipy-3,3'),
130.0 (bipy-5,5'), 144.5 (bipy-6,6"), 145.3 (bipy-2,2'), 146.5 (bipy-
4,4"). UV—vis in acetonitrile: 1 (hm) 521 (1700), 314 (34700),
303 (34900). ESI-MS of [3](PFs)2: m/z 697 [M — PFg]t, 276
[M - 2PF5]2+. Anal. Calcd for CzoH2sB2F12FEN4O2P; [84196]
C, 42.80; H, 3.11; N, 6.65. Found: C, 42.38; H, 3.28; N, 6.65.
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Synthesis of [5](PFs)2. An excess of neat EtzN (0.24 g, 2.37
mmol) was added at ambient temperature to [4]Br (0.40 g,
0.78 mmol) in acetonitrile (10 mL; commercially available
acetonitrile was used as purchased without drying; no ad-
ditional water was required). While the mixture was stirred
at ambient temperature for 2 days, it gradually changed its
color from deep blue to purple. After filtration from a small
amount of insoluble material and evaporation of the filtrate
in vacuo, a deep purple solid was obtained. The crude material
was treated with 5 mL of water, and the resulting clear purple
solution added dropwise with stirring to an aqueous solution
of NH4PFs (0.14 g, 0.86 mmol), whereupon [5](PFs)2 precipi-
tated quantitatively. The precipitate was collected on a frit
and triturated with diethyl ether (10 mL). Deep purple X-ray
quality crystals were grown by gas-phase diffusion of diethyl
ether into an acetonitrile solution of [5](PFs).. Yield: 0.22 g
(56%).

1B NMR (128.4 MHz, CDsCN): ¢ 9.2 (hy, = 230 Hz). H
NMR (250.1 MHz, CDsCN): 6 3.52 (s, 10H, CsHs), 3.60, 4.06
(2 x vtr, 2 x 4H, J = 1.8 Hz, CsHy), 8.09 (m, 4H, bipy-5,5'),
8.61 (m, 8H, bipy-3,3',4,4'), 8.71 (d, 4H, J = 5.6 Hz, bipy-6,6").
13C NMR (62.9 MHz, CD3sCN): 6 69.0 (br, CsHs), 71.3, 71.4 (2
x br, CsHy), n.o. (CsH4-ipso), 124.0 (bipy-3,3'), 130.3 (bipy-5,5'),
144.3 (bipy-6,6'), 145.2 (bipy-2,2'), 146.7 (bipy-4,4"). UV—vis
in acetonitrile: 1 (nm) 552, 315, 303. ESI-MS of [5](PFe)2: m/z
865 [M - PF6]+. Anal. Calcd for C4oH34BzF12F€2N4OP2 [100997]

C, 47.57; H, 3.39; N, 5.55. Found: C, 47.84; H, 3.72; N, 5.86.

Synthesis of [6]PFs and [7](PFe).. An excess of neat Et;N
(1.60 g, 15.81 mmol) was added at ambient temperature to
[4]1Br (2.70 g, 5.28 mmol) in 40 mL of carefully dried aceto-
nitrile. The solution was stirred for 2 days, while its color
gradually changed from deep blue to brown, and a small
amount of precipitate formed. After filtration, the filtrate was
evaporated to dryness in vacuo to yield a deep brown solid
material. The crude product was treated with 20 mL of water,
and the resulting clear brown solution added dropwise with
stirring to an agueous solution of NH4PFs (0.95 g 5.83 mmol),
whereupon [6]PFs and [7](PFs)2 precipitated quantitatively.
The precipitate was collected on a frit and triturated with
diethyl ether (20 mL). [6]PFs and [7](PFs). were separated
by repeated crystallization from a mixture of acetonitrile and
diethyl ether, in which [7](PFe¢). possesses the lower solubility.
Deep brown X-ray quality crystals of [7](PFs)2. were grown
by gas-phase diffusion of diethyl ether into an acetonitrile
solution of [7](PFs)2. Yield of [6]PFs: 2.08 g (73%). Yield of
[71(PFe)2: 0.43 g, (16%).

[6]PFe. *'B NMR (128.4 MHz, CDsCN): 6 6.1 (hy, = 170
Hz). *H NMR (250.1 MHz, CD3sCN): ¢ 2.39 (s, 2H, BCH>), 3.99
(n.r., 2H, CsHy), 4.12 (s, 5H, CsHs), 4.33 (n.r., 2H, CsH4), 8.19
(ddd, 2H, J = 7.3, 5.9, 1.5 Hz, bipy-5,5"), 8.71 (m, 4H, bipy-
3,3,4,4"), 9.05 (d, 2H, J = 5.9 Hz, bipy-6,6’). *C NMR (62.9
MHz, CDsCN): 6 10.7 (br, BCH,), 69.3 (CsHs), 71.2, 71.2,
(CsHy), n.o. (CsHy4-ipso), 120.6 (CN), 123.9 (bipy-3,3'), 129.9
(bipy-5,5"), 144.2 (bipy-6,6'), 146.0 (bipy-2,2"), 146.3 (bipy-4,4').
ESI-MS of [6]PFs: m/z 392 [M — PFg]*. Anal. Calcd for CxHo-
BFsFeNsP [537.03]: C, 49.20; H, 3.57; N, 7.82. Found: C,
49.22; H, 3.74; N, 7.89.

[71(PFé)2. *'B NMR (128.4 MHz, CD3CN): 9 6.4 (hy, = 270
Hz). IH NMR (250.1 MHz, CD3CN): ¢ 2.52 (s, 1H, BCH), 3.37
(s, 10H, CsHs), 3.87 (n.r., 4H, CsHa), 4.20, 4.21 (2 x n.r., 2 x
2H, CsHy), 7.89 (ddd, 2H, J = 7.3, 5.8, 1.6 Hz, bipy-5,5'), 8.09
(ddd, 2H, 3 = 5.5, 5.5, 3.7 Hz, bipy-5,5"). 8.29 (d, 2H, 3 = 5.6
Hz, bipy-6,6'), 8.64 (m, 8H, bipy-3,3',4,4'), 8.89 (d, J = 5.7 Hz,
2H, bipy-6,6'). 33C NMR (100.6 MHz, CDsCN): ¢ 15.6 (CH),
68.9 (CsHs), 71.0, 71.5, 71.7, 71.8 (CsHa), n.o. (CsHs-ipso), 124.3
(CN), 124.5, 124.7 (bipy-3,3'), 130.2, 130.6 (bipy-5,5'), 144.5,
144.8 (bipy-6,6'), 145.6, 145.7 (bipy-2,2'), 146.7, 147.0 (bipy-
4,4"). UV—vis in acetonitrile: 1 (hm) 314, 313, 273. ESI-MS of
[71(PFe)2: m/z 888 [M — PFg]™, 371 [M — 2PFg]>". Anal. Calcd
for CsoH3sB2F12Fe2NsP, [1033.01]: C, 48.83; H, 3.42; N, 6.78.
Found: C, 48.73; H, 3.29; N, 6.75.

Ma et al.

Synthesis of [8](PFs)2. A CH.CIl; (20 mL) solution of
4-methoxyaniline (0.28 g, 2.27 mmol) was added dropwise with
stirring at 0 °C to [1]Br» (0.47 g, 0.56 mmol) in 50 mL of CH.-
Cl,. The color of the reaction mixture changed from blue to
purple, and a pale brown precipitate formed. The resulting
slurry was allowed to warm to ambient temperature and
stirred for 6 h. After all insolubles had been removed by
filtration, the filtrate was evaporated in vacuo to yield a red-
purple solid. The crude material was dissolved in 10 mL of
water, and the resulting solution added dropwise with stirring
to an aqueous solution of NH;PFs (0.20 g, 1.23 mmol),
whereupon [8](PFs). precipitated quantitatively. Deep red-
purple X-ray quality crystals of [8](PFs). were grown by gas-
phase diffusion of diethyl ether into an acetonitrile solution
of [8](PFe)2. Yield: 0.48 g (81%).

1B NMR (128.3 MHz, CDsCN): 6 7.4 (hy; = 450 Hz). H
NMR (250.1 MHz, CD3sCN): 6 3.57 (s, 6H, 2 x OCH3), 3.87,
4.17 (2 x vtr, 2 x 4H, J = 1.8 Hz, CsH4), 5.96, 6.47 (2 x dd, 2
x 4H, J = 6.6, 2.3 Hz, ar-2,3,5,6), 8.11 (ddd, 4H, J = 7.6, 5.6,
1.2 Hz, bipy-5,5'), 8.73 (ddd, 4H, J = 7.6, 7.6, 1.4 Hz, bipy-
4,4"), 8.95 (m, 8H, bipy-3,3',6,6'). **C NMR (62.9 MHz, CDs-
CN): 0 55.6 (OCHj3), 70.8, 71.5 (CsHa), n.o. (CsH4-ipso), 115.3,
116.7 (ar-2,3,5,6), 124.8 (bipy-3,3'), 129.8 (bipy-5,5'), 140.6 (ar-
CN), 144.1 (bipy-6,6'), 145.2 (bipy-2,2'), 146.4 (bipy-4,4'), 152.7
(ar-CO). UV—vis in acetonitrile: 1 (nm) 522, 314, 304, 244.
ESI-MS of [8](PFs)2: m/z 381 (M — 2PF)?". Anal. Calcd for
CasHa0B2F12FeNsO,P, [1052.23]: C, 50.22; H, 3.83; N, 7.99.
Found: C, 50.62; H, 3.84; N, 8.24.

Synthesis of 10. Compound 9 (1.23 g, 2.34 mmol) in 40
mL of toluene was treated at —78 °C with a mixture of
4-methoxyaniline (0.29 g, 2.35 mmol) and Et;N (0.47 g, 4.64
mmol) in 20 mL of toluene. The color of the reaction mixture
changed gradually from red to yellow, and a pale yellow
precipitate formed upon warming to ambient temperature. The
resulting slurry was stirred for 1 h and then heated at reflux
temperature for 2 h. After all insolubles had been removed by
filtration, the filtrate was condensed to a volume of about 10
mL in vacuo and stored at —30 °C overnight. The yellow
crystalline precipitate obtained was isolated by filtration,
triturated with cold hexane (5 mL), and dried in vacuo. Yield:
0.69 g (61%).

1B NMR (128.4 MHz, CDCls): 6 46.3 (hy, = 550 Hz). *H
NMR (250.1 MHz, CDCls): 6 3.86 (s, 3H, OCH3), 4.41, 4.67 (2
x vtr, 2 x 4H, 3 = 1.7 Hz, CsHy), 6.95, 7.12 (2 x dd, 2 x 2H,
J = 6.7, 2.2 Hz, ar-2,3,5,6). 13C NMR (62.9 MHz, CDClg): 6
55.3 (OCH3), 76.9, 78.3 (C5H4), n.o. (C5H4-ipSO), 114.0, 129.1
(ar-2,3,5,6), 139.3 (ar-CN), 157.9 (ar-CO).

Synthesis of [11](PFs)2. 2,2'-Bipyridine (0.30 g, 1.92 mmol)
in 10 mL of toluene was added with stirring at —78 °C to 10
(0.46 g, 0.95 mmol) in 40 mL of toluene. The mixture
instantaneously adopted a deep blue color, and a blue precipi-
tate gradually formed upon warming to ambient temperature.
The slurry was stirred for 5 h, and the blue solid of [11]Br»
was collected on a frit, triturated with toluene (3 x 10 mL),
and dried in vacuo. TIPFs (0.67 g, 1.92 mmol) in 20 mL of
acetonitrile was added to a slurry of [11]Br. in acetonitrile
(20 mL) at ambient temperature. A blue solution and a
colorless precipitate (TIBr) was obtained. The slurry was
stirred for 1 h and filtered, and the volume of the filtrate was
reduced to about 10 mL in vacuo. Deep purple X-ray quality
crystals were grown by gas-phase diffusion of diethyl ether
into an acetonitrile solution of [11](PFs).. Yield: 0.81 g (92%).

1B NMR (128.3 MHz, CDsCN): 6 10.0 (hy; = 300 Hz). H
NMR (250.1 MHz, CDsCN): ¢ 3.28 (s, 3H, OCHs), 4.31, 4.45
(2 x vtr, 2 x 4H, 3 = 1.5 Hz, CsHy), 5.50, 5.90 (2 x dd, 2 x
2H, J = 6.7, 2.3 Hz, ar-2,3,5,6), 8.25 (m, 8H, bipy-3,3',5,5'),
8.50 (ddd, 4H, 3 = 7.9, 7.9, 1.3 Hz, bipy-4,4"), 9.51 (d, 4H, J =
5.7 Hz, bipy-6,6'). 1*C NMR (60.0 MHz, CDsCN): 6 55.5
(OCHg), 72.9, 73.2 (CsH4), n.o. (CsH4-ipso), 114.8 (ar-3,5 or 2,6),
123.7 (bipy-3,3'), 130.3 (bipy-5,5'), 130.8 (ar-2,6 or 3,5), 138.6
(ar-CN), 145.2, 145.3, 146.2 (bipy-2,2',4,4',6,6'), 156.9 (ar-CO).
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UV—vis in acetonitrile: 1 (nm) 539, 315, 304, 244. ESI-MS of
[11](PF5)2: m/z 784 [M — PF6]+. Anal. Calcd for C37H31BoF12-
FeNsOP, [929.08]: C, 47.83; H, 3.36; N, 7.54. Found: C, 47.44;
H, 3.75; N, 7.44.

Synthesis of [12](PFe).. 4-Bromo-N,N-bis(trimethylsilyl)-
aniline (0.61 g, 1.93 mmol) in 40 mL of toluene was added with
stirring to 9 (1.02 g, 1.94 mmol) in 120 mL of toluene at —78
°C. The reaction mixture was allowed to warm to ambient
temperature and then heated under reflux for about 2.5 h,
whereupon the color changed gradually from yellow to red and
a small amount of yellow precipitate formed. The slurry was
cooled to ambient temperature again and filtered, and the
volume of the filtrate was reduced to about 15 mL in vacuo.
The yellow crystalline solid, which formed upon storage of this
solution at —30 °C overnight, was isolated by filtration,
triturated with cold hexane (2 x 2 mL), and redissolved in
about 40 mL of toluene. Addition of 2,2'-bipyridine (0.61 g, 3.91
mmol) in toluene (20 mL) at —78 °C resulted in an instanta-
neous color change from yellow to deep blue and the formation
of a deep blue precipitate. The slurry was stirred for 1 h at
ambient temperature, and the blue solid of [12]Br, was
collected on a frit, triturated with toluene (3 x 10 mL), and
dried in vacuo. TIPFs (0.77 g, 2.20 mmol) in 10 mL of
acetonitrile was added at ambient temperature to a slurry of
[12]Br; (0.93 g, 1.10 mmol) in 10 mL of acetonitrile. After
stirring for 1 h, TIBr was filtered off, and the volume of the
filtrate was reduced to about 15 mL in vacuo. Deep purple
X-ray quality crystals were grown by gas-phase diffusion of
diethyl ether into an acetonitrile solution of [12](PFse)2.
Yield: 1.00 g (53%).

1B NMR (128.3 MHz, CDsCN): ¢ 10.1 (hy,; = 730 Hz). *H
NMR (250.1 MHz, CDCl3): 0 4.32,4.44 (2 x vtr, 2 x 4H,J =
1.7 Hz, CsH,), 5.55, 6.54 (2 x dd, 2 x 2H, J = 6.3, 2.1 Hz,
ar-2,3,5,6), 8.25 (ddd, 4H, 3 = 7.6, 5.8, 1.5 Hz, bipy-5,5'), 8.33
(d, 4H, J = 7.6 Hz, bipy-3,3'), 8.53 (ddd, 4H, 3 = 7.6, 7.6, 1.7
Hz, bipy-4,4'), 9.51 (d, 4H, J = 5.8 Hz, bipy-6,6'). *C NMR
(62.9 MHz, CD3CN): 0 72.9, 73.1 (CsH4), n.o. (CsHa-ipso), 121.1
(ar-CBr), 123.9 (bipy-3,3'), 130.4 (bipy-5,5'), 132.0, 132.8 (ar-
2,3,5,6), 145.1 (bipy-2,2'), 145.3 (bipy-4,4' or 6,6"), 145.8 (ar-
CN), 146.3 (bipy-4,4' or 6,6"). UV—vis in acetonitrile: 1 (nm)
531, 317, 305. ESI-MS of [12](PFg)2: m/z 832 [M — PFg] ™, 343
[M - 2PF6]2+. Anal. Calcd for C3sH2sB2BrF,FeNsP; [97795]
C, 44.21; H, 2.89; N, 7.16. Found: C, 44.07; H, 2.79; N, 6.96.

Synthesis of [13](CO.CFs3).. A clear colorless toluene
solution (30 mL) of lithium bis(trimethylsilyl)amide (0.84 g,
5.02 mmol) was added dropwise with stirring at —78 °C to 9
(2.64 g, 5.03 mmol) in 30 mL of toluene. The resulting deep
red solution was allowed to warm to ambient temperature,
heated at 90 °C for 2 h, and then cooled to —78 °C again. 2,2'-
Bipyridine (1.60 g, 10.24 mmol) in 30 mL of toluene was added,
whereupon the color of the reaction mixture changed instan-
taneously from deep red to deep blue, and a blue precipitate
formed. The deep blue slurry was stirred at ambient temper-
ature for 10 h. The solid material was isolated by filtration,
triturated with toluene (3 x 10 mL), and dried in vacuo. An
analytically pure sample was obtained by HPLC separation
using (H20/0.1% trifluoroacetic acid)/acetonitrile, 70:30, as
eluent. Deep blue-purple X-ray quality crystals were grown
by gas-phase diffusion of diethyl ether into an acetonitrile
solution of [13](CO,CF3),. Yield: 1.67 g (40%).

11B NMR (128.4 MHz, CD3CN): 6 13.5 (hy» = 250 Hz). 1°F
NMR (235.3 MHz, CD3sCN): d 2.06. 2°Si{*H} NMR (49.7 MHz,
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CD3CN): ¢ 5.62 (s, SiMes). *H NMR (400.1 MHz, CDClz): o
—1.02 (s, 9H, SiMe3), 3.89, 4.02 (2 x vitr, 2 x 4H, J = 1.8 Hz,
CsH.), 8.38 (ddd, 4H, J = 7.3, 5.7, 1.8 Hz, bipy-5,5'), 8.70 (m,
8H, bipy-3,3',4,4'), 9.73 (dd, 4H, J = 5.7, 1.0 Hz, bipy-6,6').
3C NMR (62.9 MHz, CD3CN): 6 2.9 (SiMeg), 70.7, 71.5 (CsHa),
n.o. (CsH4-ipso), 123.6 (bipy-3,3'), 129.3 (bipy-5,5'), 143.9 (bipy-
2,2"), 145.0, 145.3 (bipy-4,4',6,6'). UV—vis in acetonitrile: 1
(nm) 547, 314, 304. ESI-MS of [13](CO,CFs3),: m/z 303 [M —
2COch3]2+. Anal. Calcd for Cz7H33B2FeFeNs04Si [83124] +
1.5 H,0 [27.03]: C, 51.78; H, 4.23; N, 8.16. Found: C, 51.91;
H, 4.51; N, 7.82.

X-ray Single-Crystal Structure Determinations. Data
collection was performed with graphite-monochromated Mo Ka
radiation (A = 0.71073) on a Siemens CCD three-circle dif-
fractometer {[3](PFs)2, [5]1(PFs¢)2, [8](PFe)2, [13](CO2CFs)2}
and on a Stoe-IPDS-1l two-circle-diffractometer {[7](PFe)2,
[11](PF¢)2}. The structures were solved with direct methods*®
and refined by full-matrix least-squares calculations on F?
using the program SHELXL97.1* Hydrogen atoms in [3](PFe)2,
[51(PFs)2, [7](PFe¢)2, [11](PFs)2, and [13](CO.CFs3), were
placed in ideal positions and refined with fixed isotropic
displacement parameters (riding model). For [8](PFg)., the
hydrogen atoms were taken from a difference Fourier synthesis
and refined with isotropic thermal parameters. The crystal
structure of [7](PFs)2 contains disordered diethyl ether solvent
molecules located in channels along the crystallographic b-axis.
The atoms of one of these molecules could be located on
discrete positions with the O atom on a center of inversion
and with two different sites for the methylene groups. How-
ever, the second ether molecule could not be identified
unambiguously, because six peaks were found for the five non-
hydrogen atoms. From an inspection of the crystal packing it
is evident that the second ether molecule is disordered along
the lattice channel as well. The crystal of [11](PFe). contains
two ordered acetonitrile molecules and one ordered diethyl
ether molecule in the unit cell.

Electrochemical Measurements. Materials and appara-
tus for electrochemistry have been described elsewhere.'> All
potential values are referred to the saturated calomel electrode
(SCE).
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