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1. Introduction

The Swiss Chemical Society awarded
the Paracelsus prize 2012 to Bernd Giese
“for his pioneering work on stereoselec-
tive radical reactions in synthesis and his
elaboration of the mechanism of electron
transfer processes in biopolymers”. This
account will give a short, historical intro-
duction into the synthetic and stereochemi-
cal work of the ‘Giese reaction’, and our
ongoing work on electron transfer through
biopolymers. The research demonstrates
that radicals and radical cations can react
with high selectivities.

2. C–C Bond-forming Synthesis
with Radicals

This new synthetic method (‘Giese re-
action’) was first published in 1977.[1]We
studied its mechanism[2] and discovered
that the process is a cyclic radical chain
reaction (Scheme 1).[3]

Each radical (1, 2 or 3) attacks selec-
tively one of the starting molecules (4, 5
or 6) and generates a new chain-carrying
intermediate. In order to avoid unwanted
recombination of these radicals they have
to react very fast with the starting mate-
rial (reactivity condition). As the different
intermediates in the chain shall undergo

reactions with different educts, the radi-
cals must show high and contrasting selec-
tivities (selectivity condition). Thus, the
challenge for an effective synthesis was to
combine high reactivity with high selectiv-
ity. We worked out the substituent influ-
ence on the rate and selectivity of radical
reactions,[2] and applied the method to the
synthesis of several target molecules.[3,4]

Quite early it became obvious that
these intermolecular radical reactions not
only occur with high substrate and regio-
selectivities but also with predictable ste-
reoselectivities.[5] In a joint effort together
with Ned Porter and Dennis Curran, we
elucidated the influence of chiral centers
on the stereoselectivity of acyclic systems
from the late 1980s on.[6] It was demon-
strated how chiral auxiliaries,[6] allylic
strain effects,[7,8] and Cram’s (Felkin-Anh)
rule[9] govern radical chemistry (Fig. 1).
An advantage of radicals for prediction of

their stereoselectivities is that their ground
states, whose conformations can be de-
tected by ESR spectroscopy,[8b] are often
energetically close to the transition states.

We applied this synthetic method also
to carbohydrate chemistry,[10] and this
shifted our research interest in the early
1990s into the direction of DNA radical
chemistry. During these experiments we
became aware of electron transfer (ET)
processes through double-stranded DNA.

3. Electron Transfer through DNA

In 1993, one year after Rudi Marcus
received the Nobel prize for his theoreti-
cal work on ET processes,[11] Jackie Barton
described her first experiments on long dis-
tance electron transfer through DNA.[12]
The question of howET throughDNAover
long distances occurs launched a contro-
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es the G radical cation and stops ET.[16]
Therefore the question remained how ET
can occur if the G-bases are separated by
long A:T-sequences. We solved the prob-
lem by an analysis of literature data in 2000
(together with Martin Spichty), and in a
new experimental study.[17] It turned out
that in DNA sequences where more than
two or three adenines separate the Gs, oxi-
dation of the As to adenine radical cations
start to compete with ET between Gs. In
these sequences also As become hopping
stations (A-hopping, Fig. 3). Interestingly,
the trapping rate of guanine radical cations
by water is slower than the oxidation rate
of A (of course one can think of situations
where other nucleophiles might change the
picture).

In the early 2000s the groups ofMichael
Sevilla and Thomas Carell demonstrated
that excess electron transfer uses the py-
rimidine bases as hopping stations.[18]
This process differs slightly from electron
hole transfer as the difference of the re-
duction potentials between cytosine (C)
and thymine (T) is smaller than the oxida-

versial discussion. Theory predicts an ex-
ponential decrease of the ET rate k with an
increase of the distance between the elec-
tron donor and the electron acceptor (Eqn.
(1), k

o
is the rate at contact distance r

o
, r is

the distance between donor and acceptor,
and β is a ‘material constant’ that describes
the distance influence on the rate of an ET
reaction step).[11]

k
ET
= k

0
exp[–β(r – r

0
)] (1)

In order to explain the observed weak
distance influence unrealistically small
β-values were suggested. In 1998, our
experiments (together with Eric Meggers
and Maria Michel-Beyerle) demonstrated
that electron hole transfer through DNA
over long distances occurs in a multistep
hopping process using guanines (G) as
stepping stones (G-hopping).[13] For short
distances between the Gs the intervening
adenins (A) serve as bridges, they are not
oxidized as the oxidation potential of A
is much higher than that of G. The over-
all rate follows the theory of random walk
(diffusion of the charge). For reversible
hopping steps k

hop
of the same rate and an

irreversible last step the overall rate k
ET
is

described by Eqn. (2), where N is the num-
ber of the steps.[13,14] As a consequence of
this hopping mechanism the ET rate does
not slow down in an exponential but in
an algebraic fashion with the distance be-
tween donor and acceptor. In cases where
the hopping steps occur with very different
rates the slowest step becomes rate deter-
mining.

west step becomes rate determining.k
ET
= k

hop
/N2 (2)

Interestingly, each hopping step fol-
lows the Marcus rule (Eqn. (1)), and we
determined a β-value of 0.7 for ET be-
tween guanines.[13] This was in accord
with laser experiments of Fred Lewis and
Michael Wasielewski who measured intra-

molecular ET rates between a G-base and
photoexcited stilbene in 1997.[15] Charge
hopping is faster than a single step (super-
exchange) reaction because instead of one
long and therefore very slow reaction sev-
eral very fast steps occur (Fig. 2).

The G-hopping mechanism has a limit
as guanine radical cations are not only traps
for electrons, they also react with the sol-
vent water. Such a water trapping quench-
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of the peptide backbone as stepping stones,
and in 2010 Kimura measured an oxida-
tion potential of about 1.1 V vs. NHE for
the amide bond in α-helical peptides.[31b]
In the same year, Robert Cukier published
calculations that supported the suggestion
of amide bond participation in ET process-
es through α-helical peptides because their
large dipole moments reduce the oxidation
potential of the amide groups.[32] In 2012,
we set out to investigate the special role of
α-/3

10
-helical peptides in ET processes.[33]

Kinetic laser experiments were performed
with peptides of different secondary struc-
ture (PPII-helical peptide andα-/3

10
-helical

peptide) that carried our radical cation as
electron acceptor with an oxidation poten-
tial of 1.3 V vs.NHE at the C-terminal end.
It turned out that this oxidation potential is
high enough to oxidize the amide bonds in
α-helical peptides, and our results were in
accord with a mechanism where the amide
groups of α-/3

10
-helical peptides function

as stepping stones and transport the charge
along the peptide backbone as exemplified
in Fig. 7.

tion potentials between the purine bases G
andA. Our contribution to this area was the
discovery that one electron can repair more
than one T-photodimer, and that these di-
mers induce a conformational constraint
into DNA so that the ET process has a pre-
ferred direction.[19]

4. Electron Transfer through
Peptides

After having elucidated the major pic-
ture of ET in DNA, we became interested
in studying long-distance ET through pep-
tides as another classofbiopolymers.These
reactions are vital for all living organisms
during energy conversion and metabolic
processes.[20] From the pioneering work
of Harry Gray it was obvious that long-
distance ET through proteins is too slow if
it would occur as a single step reaction.[21]
Indeed, studies of the enzymes ribonucleo-
tide reductase[22] as well as photolyase[23]
have shown that the aromatic side chains
of tyrosine, tryptophan and histidine be-
come stepping stones for a multistep hop-
ping reaction. We have called them relay
amino acids. In order to elucidate which
amino acids can act as relay amino acids,
we developed a versatile assay for the
charge injection into peptides in 2005.[24]
Laser irradiation generated peptide 7 that
contains the radical cation of a substi-
tuted phenylalanine as electron acceptor
(Fig. 4). Our experiments using transient
UV/Vis spectroscopy for the determina-
tion of reactive intermediates showed that
not only aromatic amino acids[25] but also
sulfur containing ones can act as stepping
stones[26] for an ET hopping reaction.[27]

Next, we were interested in the influ-
ence of the dipole moment of PPII-helical
peptides on the ET process. Already at the
end of the last century, Marye Anne Fox
showed that in α-helical peptides ET is in-
fluenced by the overall dipole moment.[28]
Our experiments demonstrated, first in
terms of yields[26] and in 2011 also with
regard to the observed ET rates[29] that in
PPII-helical peptides ET from the N- to the
C-terminus is faster than in the opposite di-
rection (Fig. 5). This is in accord with the
calculated dipole moments, which are op-
posite in direction for PPII- compared to
α-helical peptides.[30]

In the same year, we were wonder-
ing to which extent the introduction of
charges influences the ET rates along the
peptide backbone considering that the di-
pole moment already has such an impact.
Using similar model peptides with acety-
lated (8a) or protonated N-termini (8b), it
was shown that the ET rate between relay
amino acid and N-terminal amino acid is
influenced by the introduction of a posi-
tive charge at the N-terminus.[29] For an ET

proceeding in the direction C→N, this ET-
rate is about one order of magnitude higher
for the charged peptide (Fig. 6). This find-
ing is in agreement with a change in the
Coulomb repulsion. While in the neutral
peptide the Coulomb energy remains un-
changed during the ET process, the charge
shift in the charged peptide (8b) leads to
a difference in the Coulomb energy of
approximately 3.0 kcal mol–1, which, ac-
cording to the Marcus theory, corresponds
to a rate enhancement of about ten and is
in good agreement with our experimental
result.[29]

The last important player in ET pro-
cesses through peptides, which is cur-
rently under discussion in the literature,
is the amide function itself as possible
stepping stone. Shunsaku Kimura’s elec-
trochemical experiments in 2008 showed
only a weak distance dependency for ET
processes through α-helical peptides that
contained no aromatic side chains and
were self-assembled on a gold surface.[31]
One possible explanation was a hopping
mechanism, which uses the amide bonds
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All the aforementioned modulators
for ET through peptides, namely i) side-
chain participation, ii) charge introduc-
tion, and iii) α-/3

10
-helical conformation,

can be used to explain complex processes
currently under discussion in the scien-
tific literature such as mineral respiration
by anaerobic bacteria. In 2012, Gemma
Reguera published the molecular and
electronic structure of bacterial pilin (pro-
teins containing 61 amino acids), which
self-assemble into pili.[34] The latter are
required for the growth of Geobacter sul-
furreducens with Fe(iii) oxides since they
are thought to be responsible for the ET
between the interior of the cell and the
extracellular electron acceptor Fe(iii). All
three modulators for long-distance ET by
a hopping mechanism in peptides can in-
deed be found in the pilin since they are
mainly α-helices and contain aromatic as
well as charged side chains. Due to the
self-assembly of pilin subunits into pili, the
subunits come close to each other, allow-
ing the electron to travel from one pilin to
the other and hence from the cell interior to
mineral salts outside of the cell.
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