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Tuning the Redox Properties of the Titanocene(lll)/(1V)-Couple for
Atom-Economical Catalysis in Single Electron Steps

A. Gansiuer,’ S. Hildebrandt,” E. Vogelsang,” and R. A. Flowers II°

Radical-based transformations are an attractive target for the development of catalytic processes due to ease of radical

generation, high functional group tolerance and selectivity of bond-forming reactions. In spite of these appealing features,
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the potential of radicals as key intermediates in catalysis remains largely untapped. Herein we present recent work that

exploits the innate ability of titanocene-based catalysts to undergo both oxidative addition and reductive elimination in
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single-electron steps. We further demonstrate that tuning the redox properties of the titanocene-based catalyst can be
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Introduction

Chemical reactions involving carbon-centred radicals are highly
attractive due to their chemoselectivity, the opportunities for
C-C bond formation, and ease of generation.l’2 Originally,
radical reactions were conducted as chain processes. These
very powerful reactions usually feature free radicals as
intermediates and proceed under substrate control. An
alternative approach to performing radical reactions is to
mediate radical generation and trapping by metal complexes.
Usually, both steps occur via single electron transfer (SET)
from the metal and therefore proceed under reagent control
because their reactivity as well as chemo- and stereoselectivity
can be influenced by the choice of the metal and its ligands.
Recent developments with Sml,, the most popular SET
reagent, highlight this important aspect and its topicality. It
has been shown that the redox-potential of Sml, can be
substantially varied (-0.89 V to -1.75 V vs. SCE) by additives
such as HMPA, H,0, and mixtures of amines and H20.3 This
redox modulation, sometimes resulting in change in
mechanism® has not only enabled the discovery of unusual
reactions, but also the development of reaction sequences
that allow a dramatic increase in molecular complexity.5

From the point of view of sustainability, catalytic reactions are
more desirable than stoichiometric processes. In the field of
reagent-controlled catalysis with radicals, titanocene(lll)
catalysed reactions have emerged as a powerful synthetic
tool.® A typical example of a regiodivergent ring-opening that
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used to develop efficient catalytic free radical processes including tetrahydrofuran synthesis, and radical arylation.

is based on enantioselective openings of meso-epoxides is
. 7
shown in Scheme 1.
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Scheme 1: Regiodivergent epoxide opening.

Other unusual reactions that can be catalysed using the protic
reagent combination Coll*HCI/Zn or Mn (Coll = 2,4,6-Me;Py)
are radical cyclizations to yield small rings.8 By employing the
silylating combination Coll*Me;SiCl/Zn or Mn many very mild
epoxypolyene cyclizations proceeding via radicals have been
realized.® Furthermore, redox-umpolung reactions based on
Ti(lll) catalysis have recently been developed.10 Thus, catalysis
of radical reactions under reagent control can be readily
carried out.™ However, from a conceptual point of view these
reactions suffer from generation of a considerable amount of
waste and hence their low overall atom-economy.

Discussion

To address this shortcoming and to increase the overall
efficiency of catalysis with radicals, the concept of catalysis in
single electron steps was introduced.”” To understand the
underlying idea, it is important to recognize that epoxide
opening by Ti(lll) to provide a B—titanoxy radical can be viewed
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as a single electron oxidative addition. After electron transfer,
the oxidized titanocene(lV) attached to the radical is formed.
The titanocene has oxidatively added to the epoxide! A DFT
computational study of this step revealed that the energy of
ring opening was surprisingly low.™ Thus, the formation of the
supposedly strong Ti-O bond and the release of ring strain
barely compensate the unfavourable formation of the C-
centred radical from the ‘Ti-radical’. This finding suggests that
without the release of ring strain, a pendant radical, such as a
6—titanoxy radical, should be able to homolytically cleave a
titanocene(IV)-O bond. As a consequence, a tetrahydrofuran
and a titanocene(lll) complex would be generated. This second
step formally constitutes a single electron reductive
elimination because the titanocene(lll) is formed from the
substrate radical with concomitant formation of the C-O bond.
These points are illustrated in Scheme 2.

Single Electron Oxidative Addition

Q TiVCp,Cl

Single Electron Reductive Elimination

a)  CpoTilcl +

i .
b) oTeeLl | 0 + CppTilCl

AH favourable in both cases
-AHp) > -AH,)

Scheme 2: A single electron oxidative addition and reductive elimination.

Upon oxidative addition and reductive elimination all that is
required to complete a catalytic cycle is the transformation of
a P-titanoxy radical to a &-titanoxy radical. This ‘radical
translocation’ can be realized by 5-exo and 6-exo™ (and in
principle by any) cyclizations. The catalytic cycle that results in
an atom-economical reaction is shown in Scheme 3.%
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Scheme 3: Catalysis with a ‘classical’ 5-exo cyclization as ‘radical translocation’ step.
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In the titanocene catalysed reactions, Mn (or Zn) is required
for the initial reduction of Cp,TiCl, to Cp,TiCl. The role of

2| J. Name., 2012, 00, 1-3

Coll*HCI was initially unclear. Later it was established that it
serves to provide a resting state for the catalyst.16

The successful reaction demonstrates that single electron
reductive elimination can be incorporated into catalytic cycles
featuring radicals as key intermediates. Thus, the
titanocene(ll1)/(IV) redox couple can shuttle between the two
oxidation states rather efficiently as anticipated from the DFT
calculations.

The success of the catalytic reaction raises two interesting
questions:

Can the performance of the reaction be
modifying the redox properties of the catalyst?
Can the catalytic cycle shown in Scheme 3 be used as a
blueprint for the design of other atom-economical reactions
based on our concept of catalysis in single electron steps?

improved by

The influence of redox properties on the catalyst performance
was investigated first.”” We discovered that the use of
titanocenes with cyclopentadienyl ligands containing electron
withdrawing substituents lead to substantially higher yields of
the desired product (Scheme 4).
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Scheme 4: Influence of ligand substitution on the performance of tetrahydrofuran
formation.

This result can be attributed to two interconnected factors.
First, the efficiency of the reductive elimination is enhanced by
a stabilization of the titanocene(lll) complex through the
electron withdrawing ligands. Second, the main side-reaction
of the reductive elimination, the B—hydrogen atom abstraction
to yield an olefin is becoming less favourable because of a
destabilization of the titanocene(lV) complex by the electron
withdrawing ligand. These results clearly demonstrate that
tailoring the catalyst’s redox properties is essential for
increasing the efficiency of the overall process.

In principle, it should be possible to devise novel atom-
economical and catalytic reactions based on the use of single
electron oxidative additions and reductions. To date, we have
achieved this goal with a novel epoxide hydrosilylation” and a
radical arylation of epoxides.18 The latter reaction (Scheme 5)
will be the focus of discussion for two reasons. First, its
efficiency strongly depends on the redox-properties of the
catalyst. Second, a more straightforward approach to
generating electron deficient catalysts than the use of
cyclopentadienyl  ligands  with  electron  withdrawing
substituents was discovered during the study of the reaction.

In the Ti(lll)-catalysed radical arylation, single electron
oxidative addition proceeds via the epoxide opening. The

This journal is © The Royal Society of Chemistry 20xx
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radical translocation occurring through addition of the epoxide
derived radical to the electron rich arene is exothermic and
only somewhat slower than a 5-exo cyclization and therefore
facile. Finally, the single electron reductive elimination is
comprised of two steps, back electron-transfer through the
oxidation of the radical o—complex by the pendant
titanocene(lV), and the rearomatization by proton abstraction.

) [ ;L jO/

N Cp,Ti'Cl N

96% Ph Ph
o%”'szu Ti"'Cp,Cl

1 mol% Cp,TiCl,
5 mol% Coll*HCI

:/\ N
9 |
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\ H OTiVCp,Cl
\
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Scheme 5: Catalytic cycle for the radical arylation of epoxides.

The turnover-limiting and only endothermic step of the
catalytic cycle is the back electron transfer from the radical o-
complex to the pendant Ti(IV)."® As might be anticipated, this
step can be accelerated and rendered thermodynamically
more favourable by the use of catalysts with cyclopentadienyl
ligands containing electron withdrawing substituents. Of the
catalysts investigated (CsH,4Cl),TiCl turned out to be the most
versatile. This is especially important for arenes with electron
deficient substituents that lead to even more unfavourable
back electron transfers. The introduction of more electron
withdrawing substituents, such as —CO,Me or —CN, provided
unstable catalysts.19

While this approach was effective, the use of the ring
substituted titanocenes has two disadvantages. First, the
reaction requires Coll*HCI for catalyst stability and efficient
turn-over.”® Second, the synthesis of the ring substituted
titanocenes can be tedious. To avoid these issues, we
employed [Cp,Ti]" as a catalyst.20 The advantage of using
[Cp,Ti]" is that it has a redox potential similar to (CsH,Cl),TiCl
as determined by cyclic voltammetry. Additionally, the cation
can either be generated by dissolving Cp,Ti(OTf) in THF*! or by
the reduction of Cp,TiCl, with Zn in CH3CN as
[Cp,Ti(CHsCN),1,[ZnCl,].22 The generation of the cation is
enabled by its strong solvation and formation of the only
weakly coordinating [ZnCI4]2’.

One problem with generating [Cp,Ti(CH3CN),]" in acetonitrile is
that the coordinated solvent is not easily replaced by the
epoxide substrates. As a consequence, epoxide coordination to
Ti()" and ring-opening becomes turn-over limiting. As
summarized in Scheme 6, [Cp,Ti]" in THF is a highly efficient

This journal is © The Royal Society of Chemistry 20xx
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catalyst for the radical arylation. It is substantially more robust
than (CsH4Cl),TiCl and does not require additives. Thus, the
exploitation of weakly coordinating anions as ligands
combined with solvent effects results in an efficient and
straightforward approach to electron deficient ET reagents.

f

Scheme 6: Radical arylation of epoxides by [Cp,Ti]" in THF.

Other catalytic radical reactions have been developed using
this principle even though the terms (single electron) oxidative
addition and reductive elimination were not used.
Conceptually related examples to our processes are the
. . ‘ . 123

reactions employing cobalt(lll)-carbene  radicals or
‘cobalt(lll)-nitrene radicals’.>* These Co(ll)-porphyrin catalysed

cycIopropanations,Ba’b

transformations include
23 23d .
¢ and chromene**® synthesis, and C-H

aziridinations,24b ketene
bond amination.****

Radical generation through single electron oxidative addition
occurs via reaction of diazo compounds or azides with Co(ll)-
porphyrins. It has been demonstrated experimentally and
computationally that ‘nitrene-radical’ formation from an azido
formate is strongly dependent on the electronic properties of
the porphyrin ligand. In line with the interpretation of this step
being the single electron oxidative addition, electron
withdrawing substituents disfavour radical formation. The
‘carbene-radicals’ and nitrene-radicals may add to olefins,
alkynes, or CO in the radical translocation step. The single
electron reductive eliminations occur via homolytic
substitution involving the weak Co(lll)-C bond or via ‘rebound-
like’ steps.

Conclusions

In summary, we have shown how atom-economical radical
reactions can be designed using the concept of catalysis in
single electron steps. Examples include a tetrahydrofuran
synthesis, hydrosilylation of epoxides, and radical arylation of
epoxides. The key mechanistic issue in catalysis in single
electron steps is that oxidative additions and reductive
eliminations can be carried out to generate radicals or can be
carried out with radicals if the metal can efficiently shuttle
between neighbouring oxidation states. This requires a precise
adjustment of the redox properties of the catalyst. Our
examples of catalysis in single electron steps rely on the use of
the titanocene(lll)/(IV) couple. The titanocene catalysts proved
to be especially well suited for the realization of atom-
economical catalysis in single electron steps because their
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electronic (and steric) properties can be tailored in a
straightforward manner.
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