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A Guide to Low-Valent Titanocene Complexes as Tunable
Single-Electron Transfer Catalysts for Applications in
Organic Chemistry
Tobias Hilche,[a] Sara L. Younas,[b] Andreas Gansäuer,*[a] and Jan Streuff*[b, c]

Low-valent titanocene catalysts are a versatile tool for organic
synthesis. They promote inter- and intramolecular reactions
ranging from homolytic bond cleavages to reductive umpolung
reactions to additions and cyclizations in single electron steps.
These reactions heavily depend on the redox potential of an
in situ formed titanium(III) center, which can be adjusted by the
choice of appropriate ligands. We herein review various chiral
and achiral ligand-modified titanocene catalysts and their

reduction potentials Ep/2 obtained via cyclic voltammetry. The
latter are found to correlate with the Hammett parameters σp of
the cyclopentadienyl substituents and to the pKa values of the
corresponding acids of the Ti� X ligands. For selected examples,
we further discuss how the adjustment of the redox properties
through modifications of the titanocene ligands can lead to
greatly improved reaction outcomes in titanium(III) catalyzed
single-electron transfer reactions.

Introduction

Organic reactions induced by single-electron transfer (SET) have
experienced a renaissance in the recent years, most prom-
inently in the areas of transition metal and photoredox catalysis
as well as electrochemically promoted transformations.[1–9] The
use of SET catalysts that get and remain actively coordinated by
a substrate is particularly intriguing. This approach opens the
door to catalyst-controlled SET and radical reactions, even
enantioselective reactions, overcoming the substrate-induced
selectivity of traditional diffusion-controlled processes.[10–14] In
the design of such reactions, the adjustment of the electron-
transfer properties of the catalyst is of crucial importance for
achieving a successful and selective transformation.

Low-valent titanium catalysts based on titanocene dihalides
and corresponding half-sandwich complexes, are privileged
catalysts for a range of reactions that involve single electron
transfer steps to epoxides, carbonyls, and other heteroatom
containing groups (Scheme 1).[15–19] In addition, titanium(III)
catalysts and reagents can be used to initiate classical free
radical reactions through bond homolysis of alkyl halides or
alcohols.[20–28] The open coordination site available after reduc-
tion from titanium(IV) to titanium(III) paired with a compact
structure often leads to excellent chemo-, regio-, and stereo-
control. Furthermore, the redox properties of the CpR

2TiX2/
CpR

2TiX catalyst pair can be tailored to match the reactivity of a
substrate class by variation of the cyclopentadienyl motif and
the counter ion. In this work, we evaluate the redox strengths
of various titanocene dihalide catalysts that have been prepared
and used in our laboratories, covering a wide range of
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Scheme 1. Selected reaction types that proceed in presence of titanocene-
based single electron transfer catalysts.
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reduction potential from � 0.85 V to � 2.15 V (vs Fc+/Fc;
conversion to SCE by addition of 0.52 V).[29] Furthermore,
coordinating additives can be used to fine-tune the redox
potential and increase the Lewis acid properties to match a
desired application. For selected examples, we illustrate how
the adjustment of the redox properties of the catalyst can lead
to an improved reactivity and the desired selectivity. Guidelines
are derived that facilitate choosing the right catalyst for future
applications.

Potential Tuning through Ligand Choice

The substitution of the Cp ligand with electron-donating (e.g.
alkyl) and electron-withdrawing substituents (e.g. Cl, CN,
CO2Me) has a strong effect on the redox properties of the
corresponding titanocene dichloride complex. Figure 1 (top)
shows mono-, di-, and decasubstituted achiral titanocenes (1–
13) that cover a range of approx. � 0.99 to � 1.65 V (vs Fc+/Fc).
The given values are the half-wave reduction potentials (Ep/2)
obtained by cyclic voltammetry using platinum and glassy
carbon electrodes as indicated. Note that the electrode material
impacts the overpotential and thus leads to different Ep/2 values
for a single compound. Ep/2 was used to estimate the standard
reduction potential since the reduction process was not fully
reversible in all cases.[30] An inspection of these values reveals a
dependence on the electron-withdrawing/-pushing properties
of the substituent and the effect is additive for multiple
substituents. A rough correlation of the reduction potentials
versus the sum of the Hammett parameters σp shows a linear
relationship even when the electrode type is neglected (Fig-
ure 2). Note that for CH2Ralkyl substituents, σp(ethyl) was applied
if no literature value could be found. In the case of two C5Me5

ligands (Cp*), the electronic influence of overall ten methyl

groups pushed the reduction potential of Cp*2TiCl2 below
� 1.6 V [Ep/2

(CH2Cl2,
gc electrode)= � 1.55 V].[27] For completion, it

should be noted that the reduction potential of the half-
sandwich complex Cp*TiCl3 (26) was determined to be E1/2=

� 1.13 V (in CH2Cl2) and thus lies in the range of the electron-
poor (C5H4CO2t-Bu)CpTiCl2 (9).[31]

The investigated chiral catalysts showed a similar trend but
the complex structural features demand a more elaborate
analysis. In general, the reduction strength increased with the
number of alkyl substituents, but an opposing steric effect was
observed as well. For example, the value of Ep/2 for titanocene
23 bearing a chiral tetrahydropentalene ligand was � 1.3 V. The
reduction potential of 25, the corresponding complex with two
of the bulky tetrahydropentalene ligands, on the other hand,
was reduced to � 1.25 V. In comparison to Cp2TiCl2 (5) (Ep/2

Pt=

� 1.33 V; Ep/2
gc= � 1.27 V) the reduction potentials were also

significantly more positive, which could not be attributed to the
electronic influence of the two or four benzylic substituents.
The X-ray analysis data revealed that the angle between the
two planes (α=126.1°) was about 3.5° smaller than for Cp2TiCl2
(α=129.7°), which may be attributed to the increased steric
demand introduced by the two bulky ligands. Titanocene 23,
on the other hand, showed a slightly widened angle of α=

132.1°. As for Cp*2TiCl2 (1), the electronic influence of additional
methyl groups was significantly larger than the influence of
steric bulk by the diphenyltetrahydropentalene ligands: com-
plex 18 showed again a significantly down-shifted potential of
Ep/2= � 1.49 V. In the case of C2- and C3-bridged titanocenes,
(ebthi)- and (pbthi)TiCl2 (17 and 14) had similar reduction
potentials (� 1.52 and � 1.50 V, respectively) but considerably
different Cp-plane angles (121.8° vs 132.7°). Overall, we
conclude that there is only little to no influence of this inter-Cp
plane angle on the potential. The general steric bulk, on the
other hand, seems to have a small positive-shifting effect.
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However, the electronic influence of the Cp substituents
typically overrules these effects.

The counter ion has a strong influence on the redox
properties of titanocenes as well. As is illustrated by Table 1 and
Figure 3, the reduction potential can be shifted by up to 1 V
just by choosing either the BINOLate (27) or triflate complex
(36), for example. A rough correlation of the pKa values (in

DMSO) of the corresponding acid and the observed half-wave
potential (glassy carbon electrode) can be observed and, hence,
the leaving group quality can be seen as a reasonable indicator
for the reduction potential. In other words, the more cationic
the titanium(IV) species, the easier it gets reduced. However,
the pKa values give only an estimate as the comparison of
Cp2TiCl2 (5) with Cp2Ti(Cl)OEt (29) shows. One would have
expected the reduction potential of 29 to be more negative
than the one of 5. In contrast, a slightly increased value
(� 1.21 V) was determined, which corresponds to a better
stabilization of the unpaired electron in the more symmetric
dichloride complex. Aryloxy counter ions, on the other hand,
lower the reduction potential significantly as is exemplified for
the titanocene BINOLate complex 27 (Ep/2

Pt= � 1.85 V). Combin-
ing the effects of an electron-rich Cp ligand with relatively
strong-coordinating ligands X allows an even further increase of
reduction strength: the ebthi BINOLate and difluoride com-
plexes (37 and 38) have reduction potentials beyond � 2 V
(� 2.05 and � 2.15 V, respectively).

While the reduction of titanium(IV) to titanium(III) can be
readily achieved for the above mentioned precatalysts with
appropriate reducing agents (Mn0, Zn0, electricity, TMS-dihydro-
pyrazine reductants), the reduction rate can be accelerated
through the addition of additives. For example, hydrochloride
additives such as Coll*HCl or Et3N

*HCl significantly shorten the
reduction time, which can be followed in the case of Cp2TiCl2 in
form of a color change from red to lime green.[36] It was further
concluded that the ZnCl2 formed in the reduction with zinc
powder aids in the abstraction of a chloride from the titanium
center, thus promoting the conversion of Cp2TiCl2

� to Cp2TiCl.
[37]

Such an accelerating effect of added Lewis acids was described
for Cp2TiCl-catalyzed epoxide-openings.[38] More recently, Lin

Figure 1. Visualization of the reduction potentials Ep/2 (vs Fc
+/Fc) of achiral and chiral titanocene dichloride catalyst precursors in THF.

Figure 2. a) Correlation of Σσp of the Cp substituents of titanocene
complexes versus the recorded half-wave reduction potentials Ep/2 (see
Figure 1). Linear regression is shown over all data points (Pt and gc
electrodes). b) Angle between the Cp normals for selected titanocene
dichlorides and the corresponding half-wave reduction potentials.
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and co-workers further studied the effect of Lewis acids such as
AlCl3 on the reduction rate of half-sandwich catalyst Cp*TiCl3
and described a dramatic acceleration by this additive.[27] In the
following chapters, we will focus on examples, in which the
catalyst tuning itself had a dramatic effect on the reaction
outcome. For reasons of conciseness, the effects of additives
and the reducing agent will only be briefly discussed.

C� Het and C� CN Bond Activation

Free radical reactions that start with the homolysis of a C� Het
(Het=heteroatom) bond can be readily initiated in presence of
low-valent titanium catalysts, if the initially formed radical is
sufficiently stabilized.[37] For example, Reformatsky reactions
have been reported in the presence of Cp2TiCl2 as precatalyst
(Scheme 2).[24,39] In a similar fashion, homo couplings of allylic
and benzylic halides can be achieved.[22,23] This approach has
been used to realize Giese-type free radical addition reactions
starting from tertiary alkyl chlorides such as 44.[27] Here, the

half-sandwich complex Cp*TiCl3 was found to be superior to
Cp*2TiCl2 or Cp2TiCl2. It was argued that the removal of one
cyclopentadienyl ligand reduced the steric bulk and rendered
the Ti center more accessible for the tert-alkyl halide substrate.
The five methyl substituents then lead to the required
reduction potential for an efficient SET. For the first two
reaction types, the potential involvement of Ti-coordinated
intermediates was discussed. The radical addition of alkyl
chlorides to Michael acceptors, on the other hand, proceeded
via a classical free radical mechanism, for which toluene was
found to be optimal. Even the homolytic cleavage of alcohols
and ethers can be achieved with low-valent titanium reagents
as has been demonstrated as early as 1980 with a mixture of
Cp2TiCl2/LiAlH4.

[21] This concept has been further explored
towards a more general method for deoxygenations and
deoxygenative couplings.[25] More recently, the C� OH homolysis
was combined in a catalytic fashion with Giese-type free radical

Table 1. Data for titanocenes with varied counter ions. Half-wave potentials are given with reference to the Fc+/Fc couple.

Complex pKa(HX)
(DMSO)[32,33]

Ep/2 [V]
(THF)

Ep/2 [V]
(CH3CN)

Cp2Ti(BINOLate) (27) ~17 � 1.85 (Pt)
Cp2TiF2 (28) 15(�2) � 1.79 (gc) � 1.66 (gc)
Cp2TiCl2 (5) 1.8 � 1.33 (Pt) � 1.03 (gc)

� 1.27 (gc)
Cp2Ti(OEt)Cl (29) 1.8 (HCl) � 1.21 (gc)

29.8 (HOEt)
Cp2TiBr2 (30) 0.9 � 1.1 (Pt) � 0.84 (gc)

� 1.08 (gc)
Cp2Ti(TFA)2 (31) 3.4 � 1.01 (gc) � 0.85 (gc)
Cp2Ti(OMs)2 (32) 1.6 � 0.96 (gc) � 0.76 (gc)
Cp2TiI2 (33) � 10[a] � 0.97 (Pt)
Cp2Ti(CSA)2 (34) 1.6 (MsOH)[34] � 0.95 (gc) � 0.79 (gc)
Cp2Ti(OTs)2 (35) n.a.[b] � 0.88 (gc)
Cp2Ti(OTf)2 (36) 0.3 � 0.85 (gc)
(ebthi)Ti(BINOLate) (37) ~17 � 2.05 (Pt)
(ebthi)TiF2 (38) 15(�2) � 2.15 (Pt)

[a] Measured in liquid SO2.
[35] [b] No value or comparable value available.

Figure 3. Plot of pKa values of the respective acids HX of titanocene
complexes Cp2TiX2 versus the recorded half-wave reduction potentials Ep/2 in
THF, gc electrode (see Table 1).

Scheme 2. Catalytic C-Het homolysis and following reactions.
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addition reactions analogous to the C� Cl cleavage.[28] Again,
Cp*TiCl3 was found to be superior to bulkier titanocenes or the
even less bulky and less electron-rich CpTiCl3. These examples
show that the replacement of a Cp ligand with a halide can be
compensated by permethylation of the remaining Cp. This then
maintains a similar reduction potential (� 1.27 V vs � 1.13 V) but
allows the C� Het activation at crowded positions. In this
context, it should be noted that even the homolytic activation
of O� H bonds can be greatly facilitated at titanium(III) centers,
enabling the hydrogen atom transfer (HAT) from water.[26,40–42]

Our labs have further demonstrated that groups like nitriles
and sulfones can be efficiently removed by a titanium-catalyzed
homolytic cleavage of the C� CN and C� SO2R bonds
(Scheme 3).[43,44] Geminal dinitriles, α-cyanosulfones and an α-
cyanoketone were successfully defunctionalized. For the decya-
nation it was concluded based on mechanistic studies that the
combination of ZnCl2 and Coll*HCl shifts the underlying
equilibria between the present titanium(III) species in favor of
the catalytically active monomer Cp2Ti

IIICl. However, although
quite similar at first sight, the conditions for the C� CN and
C� SO2R cleavages differed dramatically. The decyanation of 50
proceeded in presence of Cp2TiCl2 as catalyst precursor and a
mild temperature of 35 °C while the desulfonylation of 52
required harsher temperatures of 80–110 °C. The absence of a
background reaction was carefully checked. The decyanation
proceeded via two simultaneous electron-transfers from two
titanium(III) species, coordinated to one nitrile each. This
cooperative catalyst-controlled cleavage avoided the occur-
rence of free radical intermediates and ensured a low activation
barrier. In contrast, it was proposed that the desulfonylation
switched from a dual activation to a single-site activation mode,
upon change of the catalyst from Cp2TiCl2 to the bulkier, yet
more electron-rich, Cp*2TiCl2. Hence, in this particular reaction,
it was possible to choose between a non-free radical or a free
radical pathway, the latter being overall more efficient and
leading up to 96% yield.

Radical Arylation

The titanium(III)-catalyzed radical arylation developed in our
labs illustrates well how a fine-tuning of the redox properties of
the catalyst greatly improves the reaction yield (Scheme 4).[45]

The reaction converts β-epoxyaniline precursors such as 54 into
indolines through a mechanism involving two SET events. First,
the epoxide is opened by the homolysis of the more substituted
C� O bond triggered by coordination to the titanium(III) center
and a formal SET from the titanium to the substrate. After a
radical attack to one of the arene units, a second SET occurs:
the back-transfer of an electron from the aryl unit to the
titanium catalyst. An intramolecular rearomatizing protonation
releases the catalyst and forms the product (55). Hence, the
redox potential of the catalyst must match the potentials for
the two SET events to occur smoothly.

The original procedure relied on Cp2TiCl2 as precatalyst and
Mn as the catalyst-forming reducing agent, and the reaction
proceeded rapidly with an excellent 98% yield.[45] But the
electron-poor para-bromo derivative 56 gave an inferior
conversion of 13%. The back-SET to the catalyst was found to
be rate-determining and it proved to be so slow that the
catalyst decomposed before the reaction was completed. A
workaround could be achieved by the addition of a catalyst-
stabilizing additive (Coll*HCl),[46] however, simply changing the
catalyst 5 to the more electron-poor variant 8 (C5H4Cl instead of
Cp) was more effective. The less negative reduction potential of
(C5H4Cl)2TiCl2 (+160 mV vs Cp2TiCl2) facilitated this step and
thus significantly accelerated the reaction.

A reinvestigation showed that a similar effect could be
achieved by exchanging the counter ion at the titanium center
with less coordinating anions.[47] The bis-trifluoroacetate catalyst
31 gave the best result (93%), while counterions derived from
even stronger sulfonic acids (tosylate, 35) led again to slightly
lower yields. It was concluded that in the case of the latter, the

Scheme 3. Catalytic decyanation and desulfonylation under catalyst control.
Scheme 4. Examples of radical arylation reactions with two critical SET
events.
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epoxide opening step became rate-limiting due to the
decreased reducing power of the corresponding titanium(III)
species. Increased steric demand (camphorsulfonate, 34) further
reduced the reaction yield by 10%. Overall, this example shows
nicely how tuning of the redox properties of the catalyst can
significantly improve a reaction involving single-electron trans-
fer steps, especially if, as in this case, opposing trends are
present within the catalytic cycle. Using such electronically
modified catalysts then enabled radical cyclization reactions to
other polycyclic molecules, including tetrahydrofurans, pyrroles,
and tetrahydroquinolines.[46–49]

In an electroreductive setup, it was discovered that
additives which reversibly bind anions through hydrogen
bonds, e.g. thiourea 58, aid in the formation of the active low-
valent catalyst Cp2TiCl by abstraction of a chloride from
Cp2Ti

IIICl2
� (Scheme 5).[50,51] In absence of this additive and in

absence of Lewis-acids like ZnCl2, Cp2TiCl was not formed.[37]

This positive effect was observed for other anions (Br� , MsO� ) as
well. Cyclic voltammetric, rotating ring-disk electrode, and DFT
studies revealed that these additives are not only suitable
agents to cleave the Ti� Cl bond but also form supramolecular
complexes with the various titanium species in solution by
coordinating to the chloride ligands.[52] In case of the [Cp2TiCl2]/
[Cp2TiCl2]

� redox couple, this formation of a precomplex leads
to a shift of the redox potential to slightly more positive values.
Our investigations suggested that this shift in reduction
potential of the titanium(III) species may directly correlate with
the observed binding affinity and abstraction power of the
additive. Good yields of 62 were then obtained by combining
an electron-poor catalyst [Cp2Ti(OMs)2] with thiourea 58
(78%).[50] These observations show that, in electrochemical
applications of titanocenes, the use of a suitable additive and
its effect on the reduction potential can be decisive. Moreover,

it can be concluded that, for these systems, the degree of
formation of the active catalyst is important for a successful
substrate conversion. Cyclic voltammetry proved to be an
excellent tool for identifying the optimal combination of
catalyst precursor and anion-binding additive even without
having to carry out the actual catalytic reaction.[51]

Pinacol and Related Couplings

The choice of ligand X in Cp2TiX2 cannot only have an effect on
the reactivity but also on the stereoselectivity of the catalyst as
shown in an example reported by the Daasbjerg group
(Scheme 6).[53] Zinc-reduced solutions of Cp2TiX2 complexes 5,
30, and 33 (X=Cl, Br, I) promoted the pinacol coupling of
benzaldehyde (63) with dl:meso ratios ranging from 97 :3 (Cl),
over 94 :6 (Br) to 87 :13 (I). The authors suggested the presence
of a stabilizing gauche effect in the main conformer responsible
for the dimerization.[54–58] This effect should be more pro-
nounced for substituents OTiCp2X with higher electronegativity
that is largest for X=Cl. The Itoh group reported a dl:meso ratio
of 67 :33 if Cp2TiPh is used as reducing agent.[59] The Ph ligand
employed here has an even lower electronegativity than the
iodo ligand. This further supports the hypothesis of steric
effects.

An interesting influence of the X ligand has been observed
in pinacol couplings and related ketone-nitrile cross couplings
that were conducted with a metal-free 1,4-dihydropyrazine
reducing reagent developed by Mashima (Scheme 7).[60,61] In the
pinacol coupling of benzaldehyde, an increase in yield from 40
to 70% was observed if Cp2TiI2 was used instead of Cp2TiCl2.
Moreover, for the cross coupling of acetophenone with benzyl
cyanide, a survey of different Cp ligands and X ligands showed
that Cp2TiI2 was superior here as well. The results support the
proposal that dissociation of one X ligand is essential for
generating the catalytically active species Cp2TiX. In absence of
metal Lewis acids, this can be achieved by using a more labile X
ligand such as iodide. A more electron-rich titanocene, having
ethylcyclopentadienyl ligands, on the other hand, gave an even
lower yield than the parent Cp2TiCl2 catalyst.

Scheme 5. Electrochemical titanium-catalyzed radical arylations with ligand-
optimized catalysts.

Scheme 6. a) Titanocene catalyzed pinacol coupling leading to dl-hydro-
benzoin and b) Newman projection of the conformer with gauche effect.
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Conclusions

Low-valent titanocene complexes and to some extent the
corresponding half-sandwich catalysts constitute a unique class
of single-electron transfer catalysts with numerous applications
in synthesis. By choice of particularly electron-poor or electron-
rich cyclopentadienyl and X ligands, the reduction potential can
be adjusted over a range of � 0.85 to � 2.15 V (vs Fc+/Fc). For
applications in non-diffusion-controlled single-electron transfer
reactions, which involve the coordination of the substrate to
the catalyst, the ability of the X ligand to dissociate and open a
coordination site plays a crucial role. Here, ligands derived from
strong acids with weak Ti� X bonds were found to be superior,
but in turn decrease the reducing strength of the active
catalyst. This can be compensated by choice of more electron-
rich Cp ligands such as Cp* (C5Me5) if needed.

In order to successfully apply this insight to new trans-
formations, however, some insight on the reaction mechanism
will facilitate the choice of catalyst. For example, reactions in
which ligand dissociation to give the active CpR

2TiX is rate-
limiting, weakly-binding X ligands will perform superior. If back-
electron-transfer from a reaction intermediate to the catalyst is
rate-limiting, again a weakly-binding X as well as electron-poor
CpR ligand will be ideal. In contrast, more electron-rich catalysts
will perform superior if a bond homolysis induced by SET from
the catalyst is the limiting step.
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