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Five new, intensely green diferrocenylphenylmethylium complexes 1+–5+ with electron donating (EDG:

4-MeO, 4-Me, 4-Br) or withdrawing (EWG: 3,5-CF3, 4-
nC6F13) substituents were synthesized and fully

characterized. The substituent inଏuence on their electrochemical and spectroscopic properties was

investigated by cyclic voltammetry, UV/Vis/NIR and T-dependent EPR spectroscopy of the cationic as

well as the oxidized (12+–52+) and reduced (1•–5•) species. The reduced forms equilibrate with their

corresponding dimers (65–83%) with a clear substituent inଏuence as expressed by their Hammett para-

meters in an ordering 4+ > 5+ > 3+ > 2+ > 1+. The structures of all ଏve precursor carbinols 1-OH–5-OH

and those of three of the diferrocenylphenylmethylium cations (1+, 4+
–5+) were established by X-ray

crystallography.

Introduction

The year 2021 marks the 70th anniversary of the discovery of
ferrocene.1 Since early gold-rush days, ferrocene has seeped
into nearly all fields of chemistry,2,3 including organic
synthesis,4,5 materials sciences,6,7 medicinal chemistry,8 and
homogeneous catalysis.3,9 Over the years a vast number of
diଏerently substituted mono-,10 bi- and tri-ferrocenes were pre-
pared and studied. (Multi-)bridged ferrocenophanes, wire-like
polymers and cyclic oligomers,11 as well as di- and triferroce-
nylmethanes constitute further burgeoning subclasses of ferro-
cenyl compounds,7,12,13–15 which, inter alia, provided impor-
tant insights on intramolecular electron transfer in their
mixed-valent states.16–18

Another 50 years earlier, exactly 120 years ago, the
triphenylmethylcarbenium (tritylium) cation made its first
appearance in the scientific literature.24 Its BF4

− and PF6
−

salts are commercially available and are commonly employed
as hydride abstracting agents.25 In 1962, Pauson and Watts
published its all-ferrocenyl-substituted analog Fc3C

+ ClO4
− as

an oily, deep blue substance (cf. Scheme 1).20 Some
diferrocenylmethylium derivatives Fc2RC

+ (R = H, Me) can also
be found in the literature,19,22 as is exemplarily shown on the

top middle of Scheme 1. The variety of phenyl-substituted con-
geners Fc2

RPhC+ (RPh = –C6H5 or substituted phenyl substitu-
ent) is even smaller.21 The violet to blue-black BF4

−, PF6
− and

ClO4
− salts of phenyl-substituted Fc2PhC

+ (R = H) and the
BF4

− salt of the 4-fluoro-substituted derivative (Scheme 1, top
right) are known from the work of Boev, Dombrovskii,
Kreindlin, Dyker and others.19,21,26–30 These cations were
mostly prepared by protonation of the corresponding diferro-
cenyl carbinol precursor Fc2

RPhC–OH with a strong acid and
subsequent dehydration.

Early studies on tri- and diferrocenylmethylium ions often
suଏered from their rather limited stabilities,26 and this has

Scheme 1 Literature-known tri- (top left) and diferrocenyl (top middle,

right) methylium cations and tetravalent, neutral tri-and diferrocenyl-

methanes (bottom).13,14,19–23

†Electronic supplementary information (ESI) available. CCDC 2095436 (1-OH),
2095438 (2-OH), 2095439 (3-OH), 2095440 (4-OH), 2095442 (5-OH), 2095444 (1+),
2095445 (4+), and 2095447 (5+).
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often prohibited their in-depth characterization.21 As strong
electrophiles, Fc3C

+ and Fc2PhC
+ cations are highly susceptible

to nucleophilic addition. Such reactions, including the (re-)
addition of water, were studied as early as in 1980 by Watts
and coworkers. These authors also pointed out the importance
of the steric bulk imposed by the attached aryl substituents.26

Addition of hydrocarbon or heterocyclic nucleophiles to Fc3C
+

yields tetravalent triferrocenylmethanes Fc3C-R with pyrrolidi-
nyl, alkyl or methylenephosphinyl substituents CH2PR2.

13,14

Fc3C–CH2PPh2 was found to be a good ligand for Pd-catalyzed
Suzuki–Miyaura coupling reactions.15

We have more recently noted that Brookhart’s acid
[H(OEt2)2]

+ [B{C6H3(CF3)2-3,5}4]
− (ref. 31) with the very weakly

coordinating [B{C6H3(CF3)2-3,5}4]
− (BArF24

−)32–35 anion is par-
ticularly well suited to aଏord pure, chemically more stable
samples of ferrocenyl(diaryl)methylium cations and even of
highly electrophilic ferrocene-1,1′-bis(diarylmethylium) dica-
tions [Fe(η5-C5H4-CAr2)2]

2+.36–38

The bottom row of Scheme 1 lists some diferrocenyl carbi-
nols,39 including the distannyl and the tert-butylsulfinyl deriva-
tives SnFc2BuC–OH and SvOFc2PhC–OH with additional func-
tional substituents on one of the Cp decks.13,23 We are now
adding the five new diferrocenyl(phenyl) carbinols 1-OH–5-OH

of Scheme 2 with electron-donating or -accepting substituents
to this series. Carbinols 1-OH–5-OH were all characterized by
spectroscopic methods and by X-ray crystallography. Moreover,
we converted all of them into stable diferrocenyl(phenyl)
methylium ions 1+–5+ and studied them by various spectro-
scopic methods, and in the case of 1+, 4+ and 5+, also by X-ray
crystallography. Cyclic voltammetry indicated reversible redox
processes, and this allowed for the spectroscopic characteriz-
ation of their one-electron oxidized and reduced forms. The
present series of complexes thus compliments previous reports
on diphenyl-,36 (thio)xanthyl-,40 dibenzocycloheptatrienyl-,40

and fluorenyl-substituted ferrocenylmethylium ions.38

Results and discussion
Synthesis and characterization

Our approach to synthesizing the target complexes consisted
in lithiating the respective, commercial bromoarenes 1-PhBr,
2-PhBr, 4-PhBr, 1,4-iodobromobenzene (3-PhBr), or (4-trideca-
fluorohexyl)bromobenzene (5-PhBr),41 with tBuLi (cf.
Scheme 2). The so-obtained lithiated arenes 1-PhLi–5-PhLi

were added to diferrocenyl ketone Fc2CO
42 to aଏord the carbi-

nols 1-OH–5-OH of Scheme 2 as orange, crystalline solids.
Yields ranged from 60% to 70% for the methyl-, methoxy-, and
trifluoromethyl-substituted congeners to only 15–20% in the
cases of 3-OH and 5-OH. Addition of Brookhart’s acid H(OEt2)

+

[B{C6H3(CF3)2-3,5}4]
− (ref. 31) and subsequent solvent removal

yielded the corresponding mono-cationic target complexes 1+–

5+, which are stabilized by the very weakly nucleophilic and
poorly ion-pairing BArF24

− counterion.32,34,36 Complex cations
1+–5+ are intensely coloured in diଏerent shades of green,
ranging from lime green (RGB 65, 220, 0; 1+) to dark cyan
(RGB 0, 174, 91; 3+).36,43,44 A graphic representation of their
solutions in dichloromethane is provided in Fig. S1 of the
ESI.†

The purity of the carbinols and of the cationic complexes
was verified by multinuclear NMR spectroscopy (1H-, 13C- and
19F-NMR, where applicable). Mass spectrometry confirmed the
presence of the cations 1+–5+ (see Fig. 1 and Fig. S2–S33 of the
ESI† for MS and NMR spectra). Chemical shifts of the most
important proton and carbon NMR resonances are compiled
in Table 1. As representative examples, the proton and fluorine
NMR spectra of the CF3-substituted congeners 4-OH and 4+ are
juxtaposed in Fig. 1.

As a peculiarity in all five carbinols, the protons (H2/H3)
and carbon (C2/C3) atoms of the substituted cyclopentadienyl
rings give rise to two resonance signals each (e.g. H2/H2′ and
H3/H3′, cf. Fig. 1), which is due to the neighbouring tetrahedral
sp3 centre C5. This implies that the two ferrocenyl substituents
adopt diଏerent orientations and are stereochemically distinct,
meaning that the plane through the carbinol C and oxygen
atoms and the ipso C atom at the phenyl substituent is no
mirror plane. All other atoms, however, remain unaଏected and
therefore yield a single set of resonances for chemically equi-
valent nuclei.

Of note is the large downfield shift of ca. 80 to 90 ppm for
the 13C NMR resonance of carbon atom C5 on conversion of
the tertiary carbinol to a methylium centre. The shift diଏer-
ence ̀δ′ of carbon atom C5 between carbinols 1-OH–5-OH and
the corresponding triarylmethylium-type cations 1+–5+

increases with stronger electron donation from the attached
phenyl ring, i.e. in the order 4+ < 5+ < 3+ < 2+ < 1+, with the
known, parent Fc2PhC

+ (δ = 184.5 ppm)45 blending in between
its 4-tolyl- and 4-bromo-substituted congeners 2+ and 3+,
respectively. A plot of δ(C5) versus the substituent Hammett
parameter σp is linear (see Fig. S34 of the ESI†). Regression
provides an estimate of the so far unknown Hammett para-
meter σp of the C6F13 substituent as +0.26(±0.06). Comparison
with the known values σp(CF3) = +0.54,46 σp(C2F5) = +0.52 (ref.

Scheme 2 Synthesis of the diferrocenyl(phenyl)methylium dyes 1+–5+

and their carbinol precursors 1-OH–5-OH.
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46) and σp(C3F7) = +0.48 (ref. 46) underscores that the σp value
of a perfluorinated CnF2n+1 substituent decreases steadily with
an increasing length of the alkyl chain. The C5 resonance shift
of the 3,5-bis-trifluoromethyl-substituted derivative 4+ already
approaches that of the FcPh2C

+ ion47 (see Table 2), again defin-
ing it as the most electron-deficient species of this work.45

Table 2 provides a comparison of the chemical shifts of the
methylium carbon atom C5 and the directly attached ipso carbon
atoms C4 of the cyclopentadienyl and C6 of the phenyl substitu-
ents for the parent tritylium and the triferrocenylmethylium ions
as well as for their mixed congeners and for the present diferroce-
nyl(phenyl)methylium ions. The shift diଏerence ̀δ between

carbon atoms C5 and C4/C6 has been identified as a good indi-
cator for the dipolar character of a tritylium-type ion.4,36,48 A
smaller value ̀δ correlates with a lesser resonance stabilization of
the positive charge at the trivalent carbon atom, a smaller polariz-
ation of the attached aryl/ferrocenyl substituent and a larger con-
tribution of a pentafulvene-type resonance structure with a posi-
tive charge at the Fe ion (cf. structure at the top of Fig. 1).4

The ordering of ̀δ values 4+ < 5+ < 3+ < 2+ < 1+, which is
identical to that for ̀δ′, thus mirrors a decreasing ability of
the phenyl substituent to contribute to stabilizing the positive
charge at the methylium centre, which puts more of this
burden on the attached ferrocenes. Notable, yet attenuated
shift diଏerences between the cationic complexes and their car-
binol precursors are also seen for carbon atoms C2/2′, C3/3′and
C7.

In the proton channel, particularly large downfield shifts
are seen for protons H2 (̀δ ca. 1.7 ppm) and H3 (̀δ ca.

1.0 ppm) at the substituted cyclopentadienyl rings. Extensive
broadening of these proton resonances, in particular that of
H3 in direct vicinity to the methylium centre, is noted (see

Fig. 1 Comparison between the 19F- (left) and 1H-NMR (right) spectra of the carbinol precursor 4-OH (bottom) and the cationic complex 4+.

Table 1 Characteristic NMR data for carbinols 1-OH–5-OH and cations

1+–5+

δ (H1/
C1)

δ(H2/H2′) (C2/
C2′)

δ(H3/H3′) (C3/
C3′)

δ (COH/
C5) δ(H7/C7)

1-
OH

4.14/
68.8

4.10/4.13 3.85/4.17 3.26/
100.3

6.84/
112.468.1/67.5 68.3/67.2

1+ 4.37/
76.4

5.68 5.01 n.a./
188.7

7.47/
133.277.2 84.1

2-
OH

4.13/
68.8

4.09/4.15 3.89/4.17 3.26/
100.2

7.31/
126.367.6/68.4 68.2/67.2

2+ 4.39/
76.7

5.72 4.96 n.a./
187.1

7.35/
130.077.2 84.7

3-
OH

4.12/
69.3

4.10/4.15 3.82/4.20 3.25/
99.8

7.35/
128.968.7 67.9/67.7

3+ 4.42/
77.1

5.79 4.93 n.a./
182.5

7.30/
130.676.9 85.4

4-
OH

4.14/
69.3

4.17/4.19 3.77/4.26 3.42/
98.8

8.00/
127.468.9/69.2 67.5/68.3

4+ 4.49/
77.9

5.90 4.88 n.a./
174.9

7.80/
127.876.4 86.8

5-
OH

4.10/
69.3

4.14/4.20 3.85/4.22 3.32/
99.5

7.64/
127.268.0/68.8 68.9/67.5

5+ 4.45/
77.4

5.83 4.91 n.a./
179.7

7.55/
128.976.6 99.5

Table 2 Exocyclic carbon atom shifts (ppm) for ions

δ(C4) δ(C5) δ(C6) ̀δ(C5
–C4) ̀δ(C5

–C6)

1+ 87.9 188.7 132.8 100.8 55.9
2+ 88.4 187.1 144.9 98.7 42.2
3+ 88.9 182.5 138.7 93.6 43.8
4+ 90.4 174.9 141.7 84.5 33.2
5+ 89.4 179.7 143.1 90.3 36.6
Ph3C

+ a n.a. 209.7 130.2 n.a. 79.5
FcPh2C

+ a 101.8 171.6 139.8 69.8 31.8
Fc2PhC

+ a 89.5 184.5 140.7 95.0 43.8
Fc3C

+ a 89.3 209.0 n.a. 119.7 n.a.

a Literature data from ref.13,28,47,49
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Fig. 1), while the proton resonance of the unsubstituted Cp
ring remains sharp. Such a phenomenon was already observed
by Dyker et al. for Fc2

FPhC+ (cf. Scheme 1).21 In contrast to
ferrocenylmethylium ions with (thio)xanthyl-,40 dibenzocyclo-
heptatrienyl-,40 or fluorenyl-substituents,38 this broadening is
not due to coexisting, paramagnetic Fc•+Ar2C

• (or, in this case,
Fc•+FcArC•) isomers, as samples of 1+–5+ are EPR silent. It is
rather caused by a hindered rotation around the bonds con-
necting the cyclopentadienyl rings to the methylium centre, as
was verified by T-dependent NMR spectra of complex 2+

BArF24
− in 1,2-C2D4Cl2. Over a temperature range of 280 K to

330 K, a clear sharpening of the resonances of the H2/H3 and
C2/C3 resonances ensued, as is shown in Fig. S35–S37 of the
ESI.† The ortho-protons H7 at the phenyl substituent show a
rather peculiar behaviour, in that they experience a downfield
shift of up to 0.39 ppm for complexes with acceptor substi-
tution at the attached phenyl ring, but an upfield shift of the
same magnitude in donor-substituted 1+.

Single crystals of all five alcohols 1-OH–5-OH and of the
BArF24

− salts of the cationic complexes 1+, 4+, and 5+ suitable
for X-ray crystallography were obtained and successfully sub-
jected to X-ray diଏraction studies (cf. Fig. 2 and 3). The latter
seem to represent the first crystal structures of any diferroce-
nyl(phenyl)methylium species.

ORTEPs of the carbinols are provided as Fig. 2, while
selected crystal data as well as details of the structure solutions
and refinements can be retrieved from Table 3 and Table S1 of
the ESI.† 1-OH and 2-OH crystallized in the triclinic space
group P1Ȁ, and 3-OH in the monoclinic space group P21/c. As a

common feature of these structures, two molecules each
associate to hydrogen-bonded, centrosymmetric dimers, just
as it was previously observed for unsubstituted Fc2PhC–OH (cf.
Fig. S39, S41 and S43 of the ESI†).50,51 The O–HȂO hydrogen
bonds measure 2.581 Å for 1-OH, 2.438 Å for 2-OH, or 2.426 Å
for 3-OH and are even shorter than that of 2.615 Å in crystal-
line PhFc2–OH.50 The CF3- and C6F13-substituted complexes 4-

Fig. 2 Perspective view on complexes 1-OH to 5-OH. Thermal ellipsoids are displayed at a 50% probability level.

Fig. 3 Perspective view on the complex cations 1+, 4+ and 5+. Anions

are omitted for reasons of clarity. Thermal ellipsoids are displayed at a

50% probability level.
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OH and 5-OH, which both crystallize in the orthorhombic
space group Fdd2, show remarkably diଏerent hydrogen-
bonding patterns (cf. Fig. S45 and S48 of the ESI†). Rather
than dimerising via O–HȂO hydrogen bonds, the hydroxyl
groups of carbinol 5-OH engage in pairwise intermolecular C–
HȂO interactions of 2.546 Å. The so-formed centrosymmetric
dimers are further supported by pairwise C–HȂπ interactions
of 2.822 Å. Individual dimers connect to neighbouring mole-
cules via four C–HȂπ and four C–HȂF contacts of 2.742 Å or
2.543 Å, respectively, as well as via additional C–HȂF contacts
of 2.630 Å and 2.648 Å to the C6F13 substituents to form stacks
that run along the b axis of the unit cell. C6F13 substituents
belonging to neighbouring stacks interdigitate to generate
fluorous layers that protrude to either side of the hydrocarbyl
stacks, giving them a zip-lock type appearance (cf. Fig. S46 and
S49 of the ESI†). Somewhat surprisingly, the hydroxyl function-
ality of carbinol 4-OH does not engage in hydrogen bonding at
all. Instead, short, single C–HȂF contacts of 2.439 Å intercon-
nect individual molecules of 4-OH to one-dimensional chains
(cf. Fig. S46†), which associate with their neighbours via

weaker C–HȂF and C–HȂπ interactions. Closer inspection of
the packing motifs within the crystals of the other carbinols
reveals further, short intermolecular C–HȂπ or, in the case of
3-OH, C–HȂBr contacts. Additional graphical material to high-
light these weaker H-bonding interactions can be found as
Fig. S45 and S48 in the ESI.†

The chemical inequivalence of the ferrocenyl substituents
within a molecule, which was already noted in the NMR-
spectra (vide supra), also prevails in the solid state and is mani-
fest through their diଏerent orientations (exo or endo) and the
diଏerent tilt and average rotation angles as listed in Table 3.
Here, we define the ferrocenyl substituent associated with Fe1,
which points towards the other ferrocenyl substituent, as
being endo, while the other one is termed exo. The angles
Cipso–C1–Cipso of the central carbinol C atom C1 come close to
the ideal tetrahedral angle of 109.47° (Table 3).

In addition to the carbinols, we were also able to grow
single crystals of the cationic diferrocenyl(phenyl)methylium
complexes 1+, 4+ and 5+, the latter two as their [B{C6H3(CF3)2-

3,5}4]
− (BArF24

−) salts. These structures add to those of the
diferrocenylmethylium cation Fc2HC+,52 and those of the (fer-
rocenyl)diphenylmethylium cations FcPh2C

+ (ref. 44) and (η5-
C5Me5)Fe(η

5-C5H4)(C6H4-4-OMe)2C
+ (ref. 36) as the closest rela-

tives. Graphic representations of their molecular structures are
provided in Fig. 3. Fig. S50, S55 and S58 of the ESI† display the
respective cation–anion pairs. High thermal displacement
parameters of the C6F13 ponytail of complex 5+ unfortunately
prohibit a meaningful discussion of bond parameters of this
complex, but the overall structural features are clear.

Table 3 and Tables S7–S10 of the ESI† summarize the crys-
tallographic details and the most pertinent metric parameters
of the cationic complexes 1+, 4+ and 5+. Angle sums of 359.9°
at the methylium centre C1 attest to sp2 hybridization. With
125.3(3)°, 126.5(10)° or 123.6(8)°, the angle spanned by the
ipso C atoms of the ferrocenyl residues at the methylium
centre is considerably larger than the ideal value of 120°.
Those enclosed by a ferrocenyl and the aryl Cipso atom are
accordingly compressed to 116.6(3)° and 118.1(3)° in 1+, 114.7
(10)° and 118.8(10)° in 4+, or to 117.6(8)° and 118.7(8)° in 5+.
The ferrocenyl substituents of all three cations adopt anti

orientations and are roughly coplanar with the sp2 plane of
the methylium atom. Interplanar angles between the methyl-
ium plane defined by carbon atom C1 and the ipso C atoms of
the attached Cp or phenyl substituents and the planes of the
Cp ligands of cations 1+, 4+ and 5+ fall into a range of 12.4°
(5+) to 20.8° (1+, 4+). Considerably larger rotations of 47.1° (1+),
46.3° (4+) or 59.1° (5+) are observed for the phenyl rings, result-
ing in propeller-like arrangements. Coplanarity of the methyl-
ium and cyclopentadienyl planes is a prerequisite for eଏcient
resonance stabilization of the methylium centre by the ferroce-
nyl donors. In this respect, one commonly invokes contri-
butions of fulvalenic-type resonance structures,36 which put
the positive charge at a Fe atom (see Fig. 1).

The experimental structures of 1+, 4+ and 5+ agree with
such notion. Hence, we observe shortened bonds between the
methylium centre and the ipso C-atoms of the attached ferroce-
nyl substituents of 1.397(13) Å to 1.437(13) Å (see Table 3) as
compared to values of 1.477(5) Å, 1.505(15) Å or 1.488(12) Å to

Table 3 X-ray crystallographic dataa for carbinols and cations 1–5

Ȃtilt
b,c

ȂC2–C1–C12 ȂCp-torsion
b
–
d dC1–O dC1–C22 dC1–C2/dC1–C12

1-OH 3.34/4.47 111.05(13) −9.69/−12.84 1.442(2) 1.538(3) 1.517(2)/1.512(2)
2-OH 2.41/4.56 109.99(13) −5.92/−8.68 1.437(2) 1.541(2) 1.517(2)/1.517(2)
3-OH 3.52/3.91 109.76(2) −6.08/−5.34 1.436(3) 1.532(3) 1.512(39/1.520(4)
4-OH 2.35/4.00 109.40(2) −23.63/−0.82 1.433(3) 1.522(4) 1.520(4)/1.509(4)
5-OH 2.22/4.59 109.35(2) −21.49/−10.78 1.436(4) 1.532(4) 1.514(4)/1.524(4)
Fc2PhC–OH

e 3.16/2.82 110.37 −12.16/−7.04 1.438 1.540 1.519/1.522
PhSvOFc2C–OH

f 11.69/5.88 110.95 21.23/n.a. 1.413 1.540 1.523/1.539

1+ 5.28/5.49 125.3(3) −1.474/−5.452 n.a. 1.477(5) 1.435(4)/1.426(6)
4+ 6.36/6.77 126.5(10) −23.09/−6.548 n.a. 1.505(15) 1.415(15)/1.422(16)
5+ 8.51/5.62 123.6(8) −1.642/−19.248 n.a. 1.488(12) 1.437(13)/1.397(13)

a Angles are given in degrees [°] and distances in [Å]. b Values for exo/endo-positioned ferrocenyl substituents. c Tilt angle between Cp-decks of
the same ferrocenyl group. d Average torsion angles H(R)-C–C–H of Cp decks of a ferrocenyl substituent. eData from ref. 50. fData from ref. 23 no
data for one of the lower Cp-rings are provided due to positional disorder of the C-atoms.
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the ipso C atom C22 at the phenyl ring. This is accompanied
by a lengthening of the intracyclic C–C bonds to the ipso C
atoms within the substituted Cp rings (range 1.432(16) Å to
1.504(14) Å) with respect to the other C–C bonds and a
bending of the methylium plane C+(Cipso,Fc)2(Cipso,Ph) towards
the Fe-atom as shown by the angles CCp,centr.–Cipso,Fc–C

+ of
166.4° to 173.7°. No such bending is observed for the phenyl
substituents. Moreover, the two Cp rings of every ferrocenyl
substituent are tilted out of coplanarity so that the unsubsti-
tuted Cp ring points away from the C+(Cipso,Fc)2(Cipso,Ph) plane.
Angles Cpcentr–Fe–Cpcentr are 174.2° and 174.3° in 1+, 172.9°
and 173.4° in 4+, and 173.2° or 173.5° in 5+. These distortions
are, however, considerably smaller than that of 132.9° in
FcH2C

+,52 or of 169.1° in FcPh2C
+.53 In the crystal lattice, the

complex cations and BArF24
− anions of 4+ form tubular

arrangements along the b axis of the unit cell, similar to what
was reported for the related (pentamethylferrocenyl)-di(4-
anisyl) methylium salt.36

The crystallized salt of complex 1+ shows an interesting
peculiarity. Single crystals were only obtained after six months
with moisture slowly diଏusing into the flask. The crystalline
material thus obtained contains a centrosymmetric anion,
which can be viewed as the triarylborate (ArF6)3B(OH)−, which
is strongly hydrogen-bonded to the corresponding borane-
hydrate Lewis acid/base adduct, i.e. (ArF6)3B(OH)−Ȃ(H2O) →

B(ArF6)3 (ArF6 = C6H3(CF3)2-3,5). This peculiar species results
obviously from partial decomposition of the BArF24

− anion via

hydrolysis of a B–ArF6 bond with release of the corresponding,
free arene. Although BArF24

− is widely considered as being
chemically inert, Krossing and Raabe reported that its
decomposition by attack of a proton or the softer Lewis acid
Cu+ is energetically favoured in both, the gas phase and in
solution.54 Earlier studies have already shown, that BArF24

−

can act as an aryl transfer agent towards highly electrophilic
[Pt(PR3)2(Me)(solv)]+ (solv = Et2O, MeOH) or ReO3

+ complex
cations,35 with B(ArF6)3, the bis(THF) adduct of H2O → B(ArF6)3
or the diarylborinic acid HO–B(ArF6)2 as identified decompo-
sition products.55 The same kind of anion was also observed
on several occasions to be formed from the closely related
[B(C6F5)4]

− anion or the triarylborane hydrate Brønsted acid
B(C6F5)3·H2O.

56–58 As in several other cases,56,59 the proton
within the hydrogen bridge of the central H3O2

− entity lies on
a special position (in this case an inversion centre). The OȂO
distance of 2.456(4) Å within this anion is slightly longer than
those of 2.403–2.416 Å observed in the B(C6F5)3-derived
analogs,57 but is still well within the range of 2.40–2.52 Å for
strong OHȂO hydrogen bonds.60 Contrary to other structures
with this peculiar kind of anion, the other hydrogen atoms of
the central H3O2

− entity do not engage in OHȂF hydrogen
bonds to fluoro substituents. Rather, they form short OHȂO
contacts (dOȂO = 2.999 Å; dOHȂO = 2.151 Å, angle OHȂO =
166.1°) with the 4-methoxy substituent of the anisyl ring at the
methylium cation. Several other short contacts C–HȂF to Cp
protons, which are augmented by additional CHȂπ inter-
actions to the electron-deficient aryl rings at the anion, associ-
ate every cation with five anion neighbours and generate alter-

nating, spiral-shaped chains of interconnected cations and
anions (Fig. S51–S54 of the ESI†). The most notable of these
C–HȂF contacts are as short as 2.203 Å, which is by 0.467 Å
shorter than the sum of the van der Waals radii. Such kind of
intermolecular contacts, albeit significantly longer and less
numerous, are also observed in the structures of the other two
methylium salts. Diଏerent views of the hydrogen-bonding
motifs and selected packing patters can be found as Fig. S51–
S60 of the ESI.†

Electrochemistry

The redox properties of the bis(ferrocenyl)phenyl carbinols 1-

OH–5-OH, the diferrocenylketone precursor Fc2CO, and of the
methylium cations 1+–5+ were probed by cyclic voltammetry in
the very weakly ion-pairing 0.1 M NBu4

+ [B{C6H3(3,5-CF3)2}4]
−/

CH2Cl2 and the NBu4
+ PF6

−/CH2Cl2 electrolytes. The results of
these measurements are provided as Fig. 4 and Fig. S61–S66 of
the ESI† with the CVs of the carbinols marked in blue and
those of the corresponding cationic species as black lines. All
relevant data is compiled in Table 4. Table 4 also lists literature
values for other cationic ferrocenyl-substituted triarylmethyl-
ium cations.

All carbinols show two consecutive, reversible or quasirever-
sible one-electron waves for the stepwise oxidations of the indi-
vidual ferrocenyl substituents (see Fig. S61 and S62 of the
ESI†). Half-wave potentials of the individual complexes vary by

Fig. 4 Cyclic voltammograms of carbinols 1-OH to 5-OH (blue lines)

and of cations 1+ to 5+ (black lines) in CH2Cl2/0.1 M NBu4
+ BArF24

−

(293(±3) K, v = 100 mV s−1).
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100 mV for the first and by 70 mV for the second oxidation.
They are hence only moderately aଏected by the specific phenyl
substituents, which is due to the lack of direct π-conjugation
across the sp3-hybridized carbon centre.36 Plots of half-wave
potentials E1/2

+/2+ and E1/2
2+/3+ against the substituent’s

Hammett parameters are to a good approximation linear as
shown in Fig. S66 of the ESI.† Of particular note is, however,
the unexpectedly large half-wave potential splitting ̀E1/2 of
370 to 415 mV in the NBu4

+ [B{C6H3(3,5-CF3)2}4]
−/CH2Cl2 elec-

trolyte. Substituting the BArF24
− anion for PF6

− decreases ̀E1/2
to 170 to 190 mV, signalling the large influence of ion pairing
on ̀E1/2 (see Fig. S63 of the ESI† for further information).
Similar observations were made for the ketone precursor
Fc2CO. These sizable potential splittings render the intermedi-
ate, mixed valent forms with one oxidized ferrocenium and
one neutral ferrocenyl substituent thermodynamically stable
species and make them amenable to further investigation
(vide infra).

CVs of the cationic complexes 1+–5+ feature only one oxi-
dation, but also two reduction waves within the accessible
potential window of the used electrolyte. The latter have no
counterparts in the carbinols and are thus assigned to the
stepwise reductions of the respective triarylmethylium con-
stituent to first give a trityl-type radical Fc2

RPhC• (1•–5•) and
then the corresponding carbanion Fc2

RPhC− (1−–5−). The first
reduction is chemically reversible when the scan is clipped
after traversing the respective cathodic peak (cf. Fig. S65 of the
ESI†), but it is associated with slightly larger than ideal peak
potential splitting of 66 to 78 mV. The half-wave potentials
E1/2

+/• decrease from −665 mV for 4+ to −910 mV for methoxy
substituted 1+ in a sequence paralleling the decreasing accep-
tor/increasing donor capacities of the aryl substituents.
Hammett plots of the redox potentials and their splittings
̀E1/2 are provided as Fig. S69–70 of the ESI† and show again
approximately linear correlations with the σp values of the aryl

substituent. The second reduction is, however, chemically irre-
versible and leads to partial “electrode fouling”. Adsorptive
behaviour poses a particular problem for 5+ as is evident from
the extreme height and sharpness of the associated cathodic
peak (cf. Fig. 4). The irreversibility of the second reduction
results probably from protonation of the carbanion with con-
comitant formation of the respective diferrocenyl(phenyl)
methane. Our observation of small, new oxidation waves at
slightly more cathodic potentials than those of the corres-
ponding carbinols after passing through the second reduction
is suggestive of such a follow process.27

In addition to the reduction(s), CVs of all complexes 1+–5+

also contain an anodic wave due to the oxidation of the first
ferrocenyl substituent.27 Again, the ease of oxidation scales
with the electronic properties of the aryl substituents with an
only modestly lower sensitivity than was observed for the first
reduction (total span 125 vs. 170 mV for the 4-substituted con-
geners, Table 4). The oxidation waves are associated with unu-
sually large peak-to-peak splittings ̀Ep of 91 mV (4+) to
198 mV (5+). Such deviation from ideal Nernstian behaviour
(̀Ep ≈ 59 mV) was already noted for similar complexes and is
suggestive of a sluggish structural rearrangement upon oxi-
dation, resulting in slow electron-transfer kinetics.36,37 A likely
scenario is a rotation of the oxidized ferrocenium residue out
and a concomitant rotation of the phenyl substituent into a
more parallel alignment with the methylium plane. This is
probably accompanied by a larger fulvalenic distortion of the
remaining ferrocene donor to counterbalance the increased
electron demand of the methylium acceptor. The expected
anodic wave due to oxidation of the second ferrocenyl residue
is shifted to outside the accessible potential window of the 0.1
M NBu4

+ [B{C6H3(3,5-CF3)2}4]
−/CH2Cl2 electrolyte. Here, one

should consider that the eଏects of π-conjugation and of a
stronger electrostatic repulsion for higher charged species (di-
and tri- versus mono- and dications)44 should both contribute

Table 4 Electrochemical data for all complexes

X

Carbinols X–OH Methylium cations X+

E1/2
°/+ (̀Ep)

a/b E1/2
+/2+ (̀Ep)

a/b ̀E1/2
c,a/b E1/2

+/2+ (̀Ep) E1/2
+/° (̀Ep) ̀E1/2

c E°/− (̀Ep)
d

1 25 (66)/−25 (74) 420 (70)/170 (72) 395/195 665 (93) −910 (66) 1575 −2030
2e 20 (68)/−30 (73) 420 (75)/160 (71) 400/190 735 (127)a −815 (71)a 1550a −1980a

470 (100)b −805 (68)b 1275b −2008b

3 45 (61)/−5 (90) 455 (77)/175 (82) 410/180 705 (150) −805 (78) 1510 −1960
4 120 (76)/70 (72) 490 (88)/240 (66) 370/170 770 (91) −665 (70) 1435 −1765
5 75 (66)/25 (95) 490 (88)/200 (84) 415/175 790 (198) −740 (71) 1530 −2080
FcPh2C — — 780d, f,g −680 f,g 1460 −1920 f,g

Fc2PhC −100g,h 90g,h 370g,h −970g,h 1340 −2070g,h

Fc3C — — 110g,h −980g,h 1090 —

Fc2CO 260 (76)/195 (74) 640 (86)/395 (69) 380/200 n.a. n.a. n.a. n.a.

a Potentials (±5 mV) in mV in CH2Cl2/NBu4
+ [BArF24]

− (0.1 M) at T = 293(±3) K and a scan rate v of 100 mV s−1 relative to the Cp2Fe
0/+ redox

couple. b Potentials (±5 mV) in mV in CH2Cl2/NBu4
+ PF6

− (0.1 M) at T = 293(±3) K and a scan rate v of 100 mV s−1 relative to the Cp2Fe
0/+ redox

couple. cHalf-wave potential separation in mV. d Peak potential of an irreversible redox process. e Additional peak potential of an irreversible oxi-
dation process at E2+/3+ = +1110 mV for 2+ with PF6

− as the electrolyte counter anion. f Values from ref. 27 of the PF6
− salts in CH2Cl2/NBu4

+

[BF4]
− (0.1 M) at T = 293(±3) K and scan rate v of 200 mV s−1; no ̀Ep values available. g Values originally measured and referenced against SCE,

converted to the Cp2Fe
0/+ scale. h Values from ref. 61 in CH2Cl2/NBu4

+ [PF6]
− (0.1 M) at T = 293(±3) K and scan rate v of 200 mV s−1; no ̀Ep values

available.
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to increasing ̀E1/2 further with respect to the already substan-
tial potential splitting of ≥400 mV in the respective carbinols.
When we exemplarily investigated complex 2+ in 0.1 M NBu4

+

PF6
−/CH2Cl2, the first oxidation was shifted cathodically by

265 mV. This observation highlights again the unusually large
impact of ion pairing between the complex cations and the
electrolyte counterion on E1/2. This cathodic shift and the
obviously smaller redox splitting ̀E1/2 between the first and
the second anodic processes also allowed us to observe the
expected oxidation of the second ferrocenyl residue as a chemi-
cally irreversible peak at +1110 mV (see Fig. S66 of the ESI†).
We also note that the observed ordering 4+ < 3+ < 5+ < 2+ < 1+

of half-wave potential splittings ̀E1/2 between the first oxi-
dation and the first reduction is well matched by a parallel
increase of DFT-computed HOMO–LUMO gaps (see Table S11
of the ESI†).

Diଏerent redox states in UV/Vis/NIR and EPR spectroscopy

Our electrochemical studies suggest that the new diferrocenyl
(phenyl)methyl(ium) complexes are stable in three consecutive
oxidation states 1n+–5n+ (n = 0, 1, 2), making them amenable
for UV/Vis/NIR spectroscopic, and, in the case of the one-elec-
tron reduced species 1•–5•, for EPR spectroscopic
investigations.

In their native, unipositive charge state, the metal–organic
tritylium dyes appear in five diଏerent shades of green: lime
green (1+), jade green (2+), cyan (3+), ivy green (4+) and teal
green (5+, cf. Fig. S1 of the ESI;† for RGB colour codes, see the
Experimental section). This resemblance in colour mirrors the
only modest diଏerences in the peak positions of the two pro-
minent absorption bands in their UV/Vis/NIR spectra (cf.
Table 5 and Fig. S1 of the ESI†).

The most remarkable feature is the rather intense absorp-
tion at the border between the Vis and the near infrared (NIR).
This band shifts slightly red with increasing acceptor substi-
tution at the phenyl ring, from 743 nm in complexes 1+ to 3+

to 761 nm for 4+. Our TD-DFT calculations assign the under-
lying transition as the so-called yM band (marked blue in
Fig. 5)36–38,40 with ensuing charge-transfer (CT) from the ferro-
cene-based HOMO to the arylmethylium-centred LUMO (cf.
Fig. 5). The second prominent absorption peaks at the high-
energy border of the Vis. It appears as a single band in accep-
tor-substituted 3+ to 5+, but is composed of two diଏerent, over-

lapping transitions for donor-substituted 1+ and 2+ (see Fig. S1
of the ESI†). The corresponding absorption of complexes 1+ to
3+ envelopes the so-called x- and y-bands,62 which involve CT
from the phenyl ring (x) or the directly attached Cp rings (y) of
the ferrocenyl donors to the methylium acceptor (see Fig. 5 for
contour diagrams of the relevant MOs of complexes 1+ and 4+).
The experimental results are well-matched by our TD-DFT cal-
culations, which predict two separate bands for the donor-sub-
stituted congeners, but very close energies of these transitions
for complex 3+. For complexes 4+ and 5+, the x-band is shifted
to outside the Vis regime as a result of their acceptor substi-
tution. Fig. 5 and Fig. S71–S73 of the ESI† demonstrate the
close agreement between computed and experimental spectra.

We also investigated the change in absorption profiles as
induced by one-electron oxidation to dications 12+–52+ and
one-electron reduction to neutral 1•–5•. The corresponding
data from UV/Vis/NIR spectroelectrochemistry is compiled in
Table S12 of the ESI,† while Fig. 6 provides graphical accounts
for complexes 1+ and 4+. The interested reader may consult
Fig. S74–S76 of the ESI† for the remaining compounds.
Both processes, reduction and oxidation, are reversible over
at least three cycles under the conditions of UV/Vis/NIR
spectroelectrochemistry.

Upon oxidation, the oscillator strengths of the yM-, y- and
x-bands decrease significantly and give rise to a weak ferroce-
nium shoulder at ca. 500 nm (cf. Table S12†). All bands invol-
ving CT from the ferrocenyl donor(s) (yM and y) are, however,
not completely bleached, but are shifted to slightly higher
energies, as one neutral ferrocenyl entity remains while the
other is transformed into an electron acceptor. Oxidation
hence leads to a change of the colour impression to a less
intense bluish green.

In spite of large half-wave potential splittings between the
two ferrocene-based oxidations and the intrinsic mixed-valent
character of the one-electron oxidized dications, we could not
observe any ligand field (LF) or intervalence charge transfer
(IVCT) band as would be characteristic of ferrocenium ions
with a π-conjugated aryl substituent or an electronically
coupled bis(ferrocenyl) radical cation.16,17,63 Cursory investi-
gations on carbinol 2-OH likewise showed strict valence local-
ization in the one-electron oxidized mixed-valent state as
revealed through the complete absence of any IVCT band in
the spectra of both, the electrochemically and chemically oxi-
dized samples (see Fig. S77 of the ESI†). We therefore conclude
that the large half-wave potential splittings for cations 1+–5+

and their carbinol precursors 1-OH–5-OH are entirely due to
the combined actions of electrostatic repulsion and inductive
eଏects.44,64 This makes them rather extreme cases of “preten-
ders”, i.e. mixed-valent systems that, despite being thermo-
dynamically stable with respect to disproportionation, are
devoid of any detectable electronic coupling.65

During reduction, the original absorption bands of the
diferrocenyl tritylium cations are replaced by new absorptions
at appreciably lower wavelengths (higher energies), which
accounts for the colour change from green to red or violet. The
bottom panels of Fig. 6 provide graphical accounts for com-

Table 5 UV/Vis/NIR data of all cationic complexes in 1,2-C2H4Cl2

λ(yM)
a

ε(yM)
b

λ(y)a ε(y)b λ(x)a ε(x)b

1+ 743 5.3 393 10.8 423 9.7
2+ 743 7.0 426 12.3 391 13.6
3+ 743 6.0 384c 13.1 — —

4+ 761 6.8 389 11.4 n.a. n.a.
5+ 752 2.48 391 4.16 n.a. n.a.
Fc2PhC

+ 725d 6.9d 383d 15.0d n.a. n.a.

aWavelengths in nm. b In 103·L mol−1 cm−1. cOverlapping contri-
butions from the x and y bands. dData in CH2Cl2 from ref. 29.
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plexes 1+ and 4+; corresponding representations of the other
three derivatives can be found as Fig. S74–S76 of the ESI.† The
new Vis band at ca. 560 nm or 545 nm is dominated by the
α-HOMO−4 → α-LUSO+1 transition. Like the original yM band,
it involves CT from Fe dδ orbitals to the C•-phenyl part of the
molecule. The sizable blue shift of ca. 4500 to 5000 cm−1 is
thus due to the increase in energy of the former LUMO as it is
occupied by one electron. The rather intense UV band at 345
to 355 nm (cf. Table S12†) resembles that of the parent trityl
radical at 340 nm (ref. 66) and is thus assigned as resulting
from a π–π* transition. TD-DFT calculations provide again

excellent matches with the experimental spectra, thereby con-
firming the above assignments. Reduced complex 4• is the
only to also show an additional, weak band at very low energy
(cf. bottom right of Fig. 6). This band is assigned as a tran-
sition from ferrocene-based β-HOMO to the phenylcarbyl-
centred β-LUMO, matching with similar observations for com-
plexes Fc(C6H4R)2C

• with 4-substituted phenyl rings.36 As
shown in Fig. S74 of the ESI,† the second reduction of the
p-tolyl derivative 2+ caused an irreversible bleaching of all
bands. This is in line with chemical decomposition as was
already noted in cyclic voltammetry.

The one-electron reduced forms of complexes 1+–5+ consti-
tute trityl-type radicals and are hence EPR active. We prepared
samples in CH2Cl2 for EPR studies by chemically reducing the
corresponding cations with an only minor excess of cobalto-
cene (1.1 equiv.). Considering its half-wave potential E1/2 of
−1.33 V,67 cobaltocene is a suଏciently strong reductant to
eଏect complete reduction, which is an important prerequisite
for quantitative spin counting. Due to the chemical irreversi-
bility of the second reduction, it was crucial to use stoichio-
metric amounts of the reducing agent in order to avoid overre-
duction (note, that according to LeChateliers principle, a
chemical follow process would otherwise drag the equilibrium
to the side of the decomposition products, even if a reducing
agent of seemingly insuଏcient strength to also eଏect the
second reduction is employed). Radicals 1•–5• are character-
ised by isotropic EPR signals at 20 °C (cf. Fig. 7) and g-values
in the range of 2.02 to 2.03, which are slightly larger than
those found for ordinary trityl68 or other diferrocenyl(phenyl)
methyl and the triferrocenylmethyl radicals.69

Like their purely organic congeners, ferrocenyl(diaryl)
methyl radicals such as FcPh2C

•,36 1,1′-{η5-

Fig. 5 TD-DFT calculated UV/Vis/NIR spectra (blue) compared to the experimental spectra (black) of 1+ and 4+ and the involved MOs (molecular

orbitals) plotted in blue and white involved in the major absorptions. EDDM (electron density diଏerence map) plots are displayed in blue (electron

density loss) and red (electron density gain) for the indicated transitions (numbers in black correspond to experimental, and numbers in blue to

TD-DFT computed values).

Fig. 6 Changes in UV/Vis/NIR spectra of complexes 1+ and 4+ (blue)

upon oxidation (top, red) and reduction (bottom, green) in 1,2-C2H4Cl2/

0.1 M NBu4
+ BArF24

−.
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C5H4C
•(C6H4R-4)2}2Fe,

37 (4-ferrocenylphenyl)(thio)xanthyl-,
-fluorenyl-, and -cycloheptatrienylmethyl38,40 radicals have gen-
erally a strong tendency to dimerize with the formation of a
new C–C bond. For these dimers, hexaphenylethane (HPE)
structures,70 as it was originally proposed, but later rejected
for triphenylmethane itself, were invoked as the most likely
structural alternatives.71 Reaction of such radicals to EPR-
silent dimers was evidenced by the reversible decrease of the
integrated EPR signal intensity on lowering the temperature
and by quantitative spin counting at variable T.36,37,40 Such
intensity decrease contrasts with the regular Maxwell–
Boltzmann behaviour (cf. eqn (1) in the ESI†), according to
which the diଏerence in occupancies between the ground and
excited states, ̀N, and hence the EPR signal intensity, should
scale with T−1 and hence increase at lower T.

Samples of 1•–5• showed the same contrasting behaviour
with a decrease in signal intensity as T was lowered. Graphical
accounts for complexes 1•, 3• and 5• are provided in the
bottom panel of Fig. 7, while those for 2• and 4• can be found
as Fig. S78–S79 in the ESI.† This goes even to the point of com-
plete EPR silence at – 150 °C (4•), suggesting complete dimeri-
zation. Some minor diଏerences between the individual com-
pounds are noted. For 3•, the signal intensity initially stagnates
on cooling to 0 °C before the decrease sets in. This already
hints at a smaller value of the constant Kdim than for its other
congeners.

In order to obtain a more quantitative insight into the
monomer-dimer equilibria, we applied quantitative EPR spec-
troscopy to 20 mM complex solutions, using a calibration line
for doubly integrated signal intensities recorded with the
stable 2,2-diphenyl-1-picrylhydrazyl (DPPH•) standard at
various concentrations and at otherwise identical instrument
settings (for further details, see the Experimental section and
the ESI†).40 So determined degrees of dimerization range from
∼65% for 3• and 5• to approximately 75% for 1• and 4• and to

83% for 2• at 20 °C in CH2Cl2 solution (cf. Table 6 and the top
middle panel of Fig. 7). Inaccuracies inherent to sample prepa-
ration (e.g. the high volatility of CH2Cl2) and determination of
actual spin concentration (cf. Experimental section and ESI†)
render the error margins rather large (cf. Table 6), so that our
present data must be considered as only qualitative. In line
with the arguments brought forward on a previous occasion,36

we propose a HPE structure as shown at the right of Scheme 3
as the most probable structures for the neutral dimers. DFT-
computed spin densities at the methyl carbon atoms are close
to 90% for all five derivatives and do hence not account for the
admittedly small observed diଏerences in dimerization degrees.
In the case of 4•, a diଏerent structure of the dimer, such as the
Jacobsen–Nauta structure of Scheme 3, is also possible. DFT
calculations however indicate that the spin density at this posi-
tion amounts to only 2.7%. The degrees of dimerization of rad-
icals 1• and 3•–5•, while still sizable (Table 6), are smaller, or in
the case of 2•, at the lower end compared to those of 85% to
99.9% obtained for (4-ferrocenylphenyl)(thio)xanthyl-, -fluore-
nyl- and – cycloheptatrienylmethyl radicals with only one ferro-
cenyl unit.38,40 Contrary to the latter compounds, samples of

Table 6 EPR data for all complexesa

giso
b

cspin,−50 °C/
cspin,20 °C

cspin
[mM]

Amount
monomerb [%]

Spin
densityc

1• 2.0267 92% 4.7 24 (±8)% 89.6%
2• 2.0270 88% 3.4 17 (±6)% 89.5%
3• 2.0282 90% 6.8 34 (±12)% 89.2%
4• 2.0301 84% 4.9 25 (±9)% 89.4%
5• 2.0284 91% 7.0 35 (±12)% 89.6%

a All samples were reduced with 1.1 eq. of cobaltocene and contained a
nominal radical concentration cnom of 20 mM, assuming complete
conversion. b At 20 °C. cMulliken spin density at central carbyl carbon
from DFT calculations on the radicals (charge: 0, multiplicity: 2).

Fig. 7 EPR spectra of 20 mM samples of 1•–5• at 20 °C (top, middle) recorded at identical instrument settings. Calculated spin densities (SOMO)

from DFT for 1• (top, left) and 5• (top, right) along with T-dependent EPR spectra at selected temperatures in CH2Cl2 solution (bottom panel).
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cationic complexes 1+–5+ are completely EPR silent. Obviously,
a conceivable, zwitterionic valence isomer FcFc+PhC• is energe-
tically too far uphill to be detectably populated at r. t.38,72

Summary and conclusions

We present five new diferrocenyl(phenyl)methylium complexes
1+–5+ with electron-donating or -withdrawing substituents at
the phenyl ring. The intensely green organometallic tritylium
dyes were obtained as the [B{C6H3(CF3)2-3,5}4]

− (BArF24
−) salts

by treatment of their corresponding carbinol precursors with
Brookhart’s acid. In the crystalline state, molecules of 1-OH–5-

OH exhibit intricate inter- and intramolecular hydrogen-
bonding patterns as were established by X-ray crystallography.
Crystal structures were also obtained for three of the five difer-
rocenyl(phenyl)methylium ions. Common features are an anti

arrangement of the ferrocenyl pendants and close to planar
orientations of the cyclopentadienyl substituents with respect
to the sp2 methylium plane. The structure of complex 1+ holds
a surprise by means of the centrosymmetric, strongly hydro-
gen-bonded [{(3,5-CF3)2C6H3}3B(OH)]−ȂH+

Ȃ
−[(OH)B

{C6H3(CF3-2,5)2}3] counterion, which obviously resulted from
partial hydrolysis of the BArF24

− anion.
The ferrocenyl constituents of every complex are oxidized in

two consecutive one-electron processes. Half-wave potential
splittings ̀E1/2 are as large as 415 mV in the NBu4

+

[B{C6H3(CF3)2-3,5}4]
−/CH2Cl2 electrolyte, but are attenuated to

170 to 195 mV in the presence of PF6
− ions. The absence of

any intervalence charge-transfer (IVCT) absorption in the
mixed-valent, one-electron oxidized state of the carbinols, as
was verified for 2-OH+, and for complexes 1+–5+ indicates that
redox splittings are exclusively due to electrostatic and induc-
tive eଏects. These compounds constitute therefore ideal test-
beds to assess ion and solvent eଏects on redox potential split-
tings ̀E1/2, seemingly without any perturbations from elec-
tronic coupling eଏects. Complexes 1+–5+ can be reduced to the
corresponding trityl radicals. Further reduction to the associ-
ated carbanions is observed as a chemically irreversible
process in each case.

Cations 1+–5+ are characterised by intense absorption
bands in the visible/near infrared (NIR) with ensuing charge-
transfer (CT) from the appended aryl or cyclopentadienyl rings
or from the Fe atoms to the methylium-centred acceptor
orbital. Oxidation to 12+–52+ decreases the intensities of all
absorption bands with Fe/Cp → methylium CT character with
concomitant, modest shifts to higher energies. Reduction
strongly attenuates the electron-accepting capabilities of the
former methylium centre and causes much larger blue shifts
of the absorption bands. T-Dependent and quantitative EPR
studies revealed that the carbyl radicals obtained upon chemi-
cal reduction engage in monomer Ă dimer equilibria.
Observed monomer concentrations vary from 17% to 35%
at r. t.

Experimental
General methods

All syntheses, (electro-)chemical reductions, and oxidations
were carried out under an inert gas atmosphere using dry, dis-
tilled, and nitrogen-saturated solvents. All reagents were used
as obtained from commercial sources, including the starting
materials 1-PhBr–4-PhBr. NMR data acquisition was done with
a Bruker Avance III 400 spectrometer (1H-NMR (400 MHz),
19F-NMR (376 MHz), and 13C-NMR (101 MHz)). If not indicated
otherwise, spectra were recorded in CD2Cl2 solutions at room
temperature. For variable T NMR spectroscopy, 1,2-C2D4Cl2
was employed as the solvent. Spectra were referenced by
employing residual protonated (1H) and solvent signals (13C).
Mass spectra were recorded on a Pierce LTQ Velos ESI-cali-
brated LTQ Orbitrap Velos Spectrometer with the ESI method
at a spray voltage of 4.0 kV. Detection was done in the positive-
ion mode using dichloromethane as the sample solvent. A
positive calibration solution was used prior to every
measurement.

For X-ray crystallography, a STOE IPDS-II diଏractometer
equipped with a graphite-monochromated radiation source
(either Cu-Kα or Mo-Kα) and an image plate detection system
was used at 100 K. All structures were solved by the heavy-atom
methods. Structure solution was completed with diଏerence
Fourier syntheses and full-matrix least-squares refinements
using SHELX73 and OLEX2,74 minimizing w(Fo

2
− Fc

2)2. The
weighted R factor (wR2) and the goodness of the fit GOOF are
based on F2. All non-hydrogen atoms were refined with aniso-
tropic displacement parameters, and hydrogen atoms were
introduced at the calculated positions in a riding model.

Spectroscopic and electrochemical methods

UV/Vis/NIR spectra were acquired with a TIDAS fiber-optic
diode array spectrometer combining a MCS UV/Vis/NIR and a
PGS NIR instrumentation from J&M. CV experiments were per-
formed inside a Schlenk line-attachable, custom-made and
vacuum-tight one-compartment cell. Spiral-shaped Pt and Ag
wires served as the counter and the pseudo reference electrode.
The metal wires are sealed in glass capillaries and are intro-

Scheme 3 Two potential structures (Jacobsen–Nauta, left; HPE, right)

resulting from the intermolecular dimerization of substituted diferroce-

nyl(phenyl)methyl radicals.
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duced into the cell via air-tight Quickfit screws. A BASi Pt-disk
electrode with a diameter of 1.6 mm was used as the working
electrode. It was successively polished with first 1 ̀m and then
0.25 ̀m diamond pastes from Buehler & Wirtz before each
measurement series. A 0.1 M solution of NBu4

+ [B{C6H3(CF3)2-
3,5}4]

− or of NBu4
+ PF6

− in CH2Cl2 was used as supporting
electrolyte. Data acquisition was done on a BASi CV50 poten-
tiostat with a positive feedback correction for Ohmic drop. For
referencing, appropriate amounts of decamethylferrocene
(Cp*2Fe), ferrocene, or cobaltocenium hexafluorophosphate
([Cp2Co]

+ [PF6]
−) were added to the analyte solution after all

data of interest had been acquired, and all sets of scans were
repeated with an added standard. Potentials were calibrated
against the ferrocene/ferrocenium (Cp2Fe

0/+) redox couple by
using E1/2(Cp*2Fe

0/+) = −550 mV and E1/2(Cp2Co
+/0) =

−1340 mV vs. E1/2(Cp2Fe
0/+).44,67 The supporting electrolyte

NBu4
+ [B{C6H3(CF3)2-3,5}4]

− was prepared by a published pro-
cedure.75 Spectroelectrochemistry employed an Ottle cell
custom-built according to the original design by Hartl and co-
workers (Pt-mesh working and counter electrode, silver wire
pseudo reference electrode sandwiched in between CaF2
windows of a conventional thin layer IR cell).76 Extinction
coeଏcients were determined in HELLMA quartz cuvettes with
1 cm optical path lengths.

T-Dependent electron paramagnetic resonance (EPR) spec-
troscopy employed a X-band spectrometer MiniScope MS5000
by Magnettech GmbH and a thermostat with temperature con-
troller HO3 using liquid nitrogen as a coolant (measurement
parameters: B = 330 mT–345 mT, sweep time = 60 s, modu-
lation = 0.3 mT, power = 6.3096 mW) in combination with the
program ESR Studio 1.63.0. EPR samples (glass tubes: 3 mm
outer-, 2 mm inner diameter, filling height: 60 mm) were pre-
pared and sealed inside a nitrogen-filled glovebox.

Quantum chemical calculations

Density functional theory (DFT) calculations including geome-
try optimization and vibrational analysis in 1,2-dichloroethane
as the solvent (polarizable continuum model) were performed
with the Gaussian 16 program package.77 Consecutively, the
TD-DFT method was applied to calculate the electronic spectra
from these optimised structures. All calculations were done
using a WachTer basis set78 for the Fe atom and a 6-316(d)79

polarized double-ξ basis set with PBE080 as correlation func-
tional for the remaining atoms. For data processing and
graphical representations the GaussSum,81 Avogadro,82 GNU
Parallel,83 vmd,84 and POV-Ray85 program packages were used.

Synthesis and characterization. All five diferrocenylmethyl
carbinol precursors as well as cationic target complexes 1+–5+

were synthesized by following general methods.
Diferrocenyl(phenyl)methyl carbinols (1-OH–5-OH). tert-

Butyllithium (3.0 eq., 1.9 M in hexanes) was added dropwise to
a solution of the respective bromoarene 1-PhBr–5-PhBr (1.5
eq.) in 30 mL of dry, degassed THF at −78 °C. The reaction
mixture was stirred for 1 h at −78 °C and then for 30 minutes
at r.t. The bright yellow reaction mixture was recooled to
−78 °C. A solution of diferrocenyl ketone Fc2CO (1.0 eq.) in

THF was added dropwise at −78 °C and the orange to brown
reaction mixture was then allowed to warm to r.t. and stirred
for 12 h. The reaction mixture was refluxed for 4 h and con-
secutively quenched with 3 mL of water. The aqueous phase
was extracted with diethyl ether (3 × 100 mL), and the com-
bined organic layers were washed with brine (50 mL), dried
over Na2SO4 and concentrated under reduced pressure. The
dark orange residue was purified by gradient column chrom-
atography (PE/EE 1 : 0–4 : 5) to yield the respective carbinols as
pure orange solids.

1-OH. The para-methoxy substituted congener was obtained
in a yield of 290 mg (0.57 mmol, 65%) for a batch size of
0.88 mmol. 1H-NMR (CDCl3, 400 MHz) δ [ppm] = 7.34 (d, 3JHH

= 8.8 Hz, 2H, H-8), 6.84 (d, 3JHH = 8.8 Hz, 2H, H-7), 4.17 (br s,
2H, H-3′), 4.14 (s, 10H, H-1), 4.13 (br s, 2H, H-2′), 4.10 (br s,
2H, H-2), 3.85 (br s, 2H, H-3), 3.82 (s, 3H, –OCH3), 3.26 (s, 1H,
–OH). 13C{1H}-NMR (CDCl3, 101 MHz) δ [ppm] = 158.1 (C-6),
139.4 (C-9), 127.6 (C-8), 112.4 (C-7), 100.3 (C-5), 73.5 (C-4), 68.8
(C-1), 68.3 (C-3), 68.1 (C-2), 67.5 (C-2′), 67.2 (C-3′), 55.4
(–OCH3).

2-OH. The para-methyl substituted congener was obtained
in a yield of 260 mg (0.53 mmol, 60%) for a batch size of
0.88 mmol. 1H-NMR (CDCl3, 400 MHz) δ [ppm] = 7.31 (d, 3JHH

= 8.1 Hz, 2H, H-7), 7.10 (d, 3JHH = 8.1 Hz, 2H, H-8), 4.17 (br s,
2H, H-3′), 4.15 (br s, 2H, H-2′), 4.13 (s, 10H, H-1), 4.09 (br s,
2H, H-2), 3.89 (br s, 2H, H-3), 3.26 (s, 1H, –OH), 2.35 (s, 3H,
–CH3).

13C{1H}-NMR (CDCl3, 101 MHz) δ [ppm] = 144.0 (C-6),
136.0 (C-9), 127.8 (C-8), 126.3 (C-7), 100.2 (C-5), 73.7 (C-4), 68.8
(C-1), 68.4 (C-2′), 68.2 (C-3), 67.5 (C-2), 67.2 (C-3′), 21.2 (–CH3).

3-OH. The para-bromo substituted congener was obtained
in a yield of 62 mg (0.11 mmol, 15%) for a batch size of
0.73 mmol. 1H-NMR (CD2Cl2, 400 MHz) δ [ppm] = 7.44 (d, 3JHH

= 8.7 Hz, 2H, H-8), 7.35 (d, 3JHH = 8.7 Hz, 2H, H-7), 4.20 (br s,
2H, H-3′), 4.15 (br s, 2H, H-2′), 4.12 (s, 10H, H-1), 4.10 (br s,
2H, H-2), 3.82 (br s, 2H, H-3), 3.25 (s, 1H, –OH). 13C{1H}-NMR
(CD2Cl2, 101 MHz) δ [ppm] = 146.8 (C-6), 130.6 (C-8), 128.9
(C-7), 120.7 (C-9), 99.8 (C-5), 74.0 (C-4), 69.3 (C-1), 68.7 (C-2′/
C-2), 67.9 (C-3), 67.7 (C-3′).

4-OH. The bis-meta-trifluoromethyl substituted congener
was obtained in a yield of 430 mg (0.7 mmol, 69%) for a batch
size of 1.01 mmol. 1H-NMR (CD2Cl2, 400 MHz) δ [ppm] = 8.00
(s, 2H, H-7), 7.83 (s, 1H, H-9), 4.26 (br s, 2H, H-3′), 4.19 (br s,
2H, H-2′), 4.17 (br s, 2H, H-2), 4.14 (s, 10H, H-1), 3.77 (br s,
2H, H-3), 3.42 (s, 1H, –OH). 13C{1H}-NMR (CD2Cl2, 101 MHz) δ
[ppm] = 150.3 (C-6), 130.7 (q, 2JCF = 32.6 Hz, C-8), 127.4 (br s,
C-7), 124.3 (d, JCF = 272.4 Hz, CF3), 121.0 (quint, 3JCF = 3.9 Hz,
C-9), 98.8 (C-5), 74.1 (C-4), 69.3 (C-1), 69.2 (C-2′), 68.9 (C-2),
68.3 (C-3′), 67.5 (C-3).19F{1H}-NMR (CD2Cl2, 376 MHz) δ [ppm]
= −62.9 (s, CF3).

5-OH. The para-tridecafluorohexyl substituted compound
was obtained in a yield of 65 mg (0.08 mmol, 20%) for a batch
size of 0.41 mmol. 1H-NMR (CD2Cl2, 400 MHz) δ [ppm] = 7.64
(d, 3JHH = 8.5 Hz, 2H, H-7), 7.56 (d, 3JHH = 8.5 Hz, 2H, H-8),
4.22 (br s, 2H, H-3′), 4.20 (br s, 2H, H-2′), 4.14 (br s, 2H, H-2),
4.10 (s, 10H, H-1), 3.85 (br s, 2H, H-3), 3.32 (s, 1H, –OH). 13C
{1H}-NMR (CD2Cl2, 101 MHz) δ [ppm] = 151.7 (C-6), 134–109
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(C6F13, C-9, multiple XJCF couplings), 127.2 (C-7), 126.1 (C-8),
99.5 (C-5), 74.1 (C-4), 69.3 (C-1), 68.9 (C-3), 68.8 (C-2′), 68.0
(C-2), 67.5 (C-3′). 19F{1H}-NMR (CD2Cl2, 376 MHz) δ [ppm] =
−126.35 (2F, CF2), −122.96 (2F, CF2), −122.10 (2F, CF2),
−121.56 (2F, CF2), −110.51 (2F, CF2), −81.15 (3F, CF3).

Diferrocenyl(phenyl)methylium dyes (1+–5+). Brookhart’s acid
(1.0 eq.) was added as a solid to a solution of the respective
carbinol in dry, degassed dichloromethane in the presence of
molecular sieves (4 Å). This caused an instantaneous colour
change to intense green. Removal of the solvent gave the cat-
ionic dyes in quantitative yields as dark green solids. 1H-, 13C-
and 19F-NMR resonances of the [B{C6H3(CF3)2-3,5}4]

− counter-
ion in CD2Cl2 were essentially invariant for all cations 1+–5+.86

Therefore, spectroscopic data for the anion are provided below
and are not further mentioned in the other NMR characteriz-
ations. 1H-NMR (CD2Cl2, 400 MHz) δ [ppm] = 7.73 (br s, 8H,
Hortho), 7.55 (s, 4H, Hpara).

13C{1H}-NMR (CD2Cl2, 101 MHz) δ
[ppm] = 161.9 (q, 1JCB = 49.8 Hz, Cipso), 135.1 (s, Cortho), 129.3
(q, 2JCF = 31.4 Hz, Cmeta), 124.7 (q, 1JCF = 272.6 Hz, CF3), 117.9
(s, Cpara).

19F{1H}-NMR (CD2Cl2, 376 MHz) δ [ppm] = −62.9 (s,
CF3). Due to the in situ preparation for the NMR experiments,
signals arising from diethyl ether previously coordinated to
the proton of Brookhart’s acid were present and are assigned
as follows: 1H-NMR (CD2Cl2, 400 MHz) δ [ppm] = 3.43 (q, 3JHH

= 7.0 Hz, CH2), 1.15 (t, 3JHH = 7.0 Hz, CH3).
13C{1H}-NMR

(CD2Cl2, 101 MHz) δ [ppm] = 66.11 (s, CH2), 15.44 (s, CH3).
1+: This complex provides a lime green solution in CH2Cl2

(RGB 65, 220, 0). 1H-NMR (CD2Cl2, 400 MHz) δ [ppm] = 7.47
(d, 3JHH = 8.8 Hz, 2H, H-7), 6.94 (d, 3JHH = 8.8 Hz, 2H, H-8),
5.68 (br s, 4H, H-2/H-3), 5.01 (br s, 4H, H-2/H-3), 4.37 (s, 10H,
H-1), 3.90 (s, 3H, –OCH3).

13C{1H}-NMR (CD2Cl2, 101 MHz) δ
[ppm] = 188.7 (C-5), 165.3 (C-9), 133.2 (C-7), 132.8 (C-6), 114.6
(C-8), 87.9 (C-4), 84.1 (br s, C-2/3), 77.2 (br s, C-2/3), 76.4 (C-1),
56.5 (–OCH3). ESI-MS calcd for C28H25Fe2O

+ m/z = 489.0599
(M+); found 489.0590 (measured in CH2Cl2, calibrated).

2+: The para-methyl substituted product in CH2Cl2 solution
appears in jade green (RGB 0, 192, 100). 1H-NMR (CD2Cl2,
400 MHz) δ [ppm] = 7.35 (d, 3JHH = 8.2 Hz, 2H, H-8), 7.23 (d,
3JHH = 8.2 Hz, 2H, H-7), 5.32 (br s, 4H, H-2/H-3), 4.96 (br s, 4H,
H-2/H-3), 4.39 (s, 10H, H-1), 2.37 (s, 3H, –CH3).

13C{1H}-NMR
(CD2Cl2, 101 MHz) δ [ppm] = 187.1 (C-5), 145.0 (C-6), 137.3
(C-9), 130.0 (C-8), 129.4 (C-7), 88.4 (C-4), 84.7 (br s, C-2/3), 77.2
(br s, C-2/3), 76.7 (C-1), 22.1 (–CH3). ESI-MS calcd for
C28H25Fe2

+ m/z = 473.0650 (M+); found 473.0653 (measured in
CH2Cl2, calibrated).

3+: The para-bromo substituted product in CH2Cl2 solution
appears in dark cyan green (RGB 0, 174, 91). 1H-NMR (CD2Cl2,
400 MHz) δ [ppm] = 7.60 (d, 3JHH = 8.6 Hz, 2H, H-8), 7.30 (d,
3JHH = 8.6 Hz, 2H, H-7), 5.79 (br s, 4H, H-2/H-3), 4.90 (br s, 4H,
H-2/H-3), 4.42 (s, 10H, H-1). 13C{1H}-NMR (CD2Cl2, 101 MHz) δ
[ppm] = 182.5 (C5), 138.7 (C6), 132.0 (C-8), 130.6 (C-7), 127.9
(C-9), 88.9 (C-4), 85.4 (br, C-2/3), 77.1 (C-1), 76.9 (C-2/3).
ESI-MS calcd C27H22Fe2Br

+ m/z = 536.9598 (M+); found
536.9600 (measured in CH2Cl2, calibrated).

4+: The bis-meta-trifluoromethyl-substituted product in
CH2Cl2 solution appears in ivy green (RGB 0, 181, 79). 1H-NMR

(CD2Cl2, 400 MHz) δ [ppm] = 8.25 (s, 1H, H-9), 7.80 (s, 2H,
H-7), 5.90 (br s, 4H, H-2/3), 4.88 (br s, 4H, H-2/3), 4.49 (s, 10H,
H-1). 13C{1H}-NMR (CD2Cl2, 101 MHz) δ [ppm] = 174.9 (C-5),
141.7 (C-6), 132.2 (q, 2JCF = 34.2 Hz, C-8), 127.8 (C-7), 125.5
(C-9), 123.1 (d, 1JCF = 273.2 Hz, –CF3), 90.4 (C-4), 86.8 (C-2/3),
77.9 (C-1), 76.4 (C-2/3). 19F{1H}-NMR (CD2Cl2, 376 MHz) δ

[ppm] = −63.22 (–CF3). ESI-MS calcd for C29H21Fe2F6
+ m/z =

595.0241 (M+); found 595.0242 (measured in CH2Cl2,
calibrated).

5+: The para-methoxy substituted product in CH2Cl2 solu-
tion appears in teal green (RGB 0, 186, 102). 1H-NMR (CD2Cl2,
400 MHz) δ [ppm] = 7.69 (d, 3JHH = 8.3 Hz, 2H, H-8), 7.55 (d,
3JHH = 8.3 Hz, 2H, H-7), 5.83 (br s, 4H, H-2/3), 4.91 (br s, 4H,
H-2/3), 4.45 (s, 10H, H-1). 13C{1H}-NMR (CD2Cl2, 101 MHz) δ
[ppm] = 179.7 (C-5), 143.1 (C-6), 133.2 (–C6F13), 132.4 (C-10
from –C6F13), 128.9 (C-7), 127.2 (C-8), 127.1 (–C6F13), 126.2 (–
C6F13), 121.1 (C-9), 99.5 (C-2/3), 89.4 (C-4), 76.6 (C-2/3), 77.4
(C-1). 19F{1H}-NMR (CD2Cl2, 376 MHz) δ [ppm] = −126.3 (2F,
CF2), −122.9 (2F, CF2), −121.6 (2F, CF2), −111.3 (2F, CF2),
−110.5 (2F, CF2), −81.1 (3F, CF3). ESI-MS calcd for
C33H22Fe2F13

+ m/z = 777.0207 (M+); found 777.0212 (measured
in CH2Cl2, calibrated).
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