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Introduction

Cyclopropyl radical cations have attracted considerable in-
terest over the last 30 years as intermediates for initiating
radical or radical cationic cascade reactions as well as for
mechanistic or structural reasons.[1–19] Interestingly aliphatic
or aromatic substituted cyclopropyl radical cations are—in
absence of nucleophiles—structurally and configurationally
stable. This has been demonstrated by CIDNP (chemically
induced dynamic nuclear polarization) and by other transi-
ent spectroscopic experiments based on photoinduced elec-
tron transfer (PET).[1,2, 10] The nucleophilic ring opening of
cyclopropyl radical cations under PET conditions, which
takes place under inversion of the carbon center which is at-
tacked by the nucleophile (Scheme 1), has been studied
mainly by the group of Dinnocenzo.[11–14]

In contrast to these results, we found that cyclopropyl silyl
ethers undergo spontaneous fragmentation, sometimes fol-
lowed by re-cyclisation to form new products, in absence of
nucleophiles,[17–19] that is, under conditions where alkyl- or
aryl-substituted cylopropanes do not even epimerize.[10] In
cyclic systems intermolecular addition reactions lead pre-
dominately to the endo-addition products, which is caused
by the selectivity of initial fragmentation (Scheme 2).

To gain insight into the nature of the oxidative ring-open-
ing process of cyclopropyl silyl ethers and its selectivity we
carried out ab initio DFT calculations[20, 21] on a typical
member of this class of substances, 1-trimethylsilyloxybicyclo-ACHTUNGTRENNUNG[4.1.0]heptane 1 (n=1 in Scheme 2) which can easily be syn-
thesized from cyclohexanone and was used successfully in
preparative experiments.[17–19]

Abstract: In contrast to the structurally
and configurationally stable alkyl- or
aryl-substituted cyclopropyl radical cat-
ions, cyclopropyl silyl ethers undergo
spontaneous ring opening upon oxida-
tion whereby the endocyclic C�C ACHTUNGTRENNUNG(O-
TMS) bond is cleaved with remarkable
selectivity. DFT calculations on 1-
trimethylsilyloxybicycloACHTUNGTRENNUNG[4.1.0]heptane

show that this selectivity arises from
the topology of the potential surface of
the corresponding radical cation which
is initially generated in a very steep

region of the potential surface from
where the steepest descent leads to
cleavage of the endocyclic rather than
the lateral C�C ACHTUNGTRENNUNG(OTMS) bond. Cleav-
age of the lateral bond leads to inter-
esting conformational changes which
are explored in detail.

Keywords: cations · cyclopropyl
ethers · electron transfer · radicals ·
potential surfaces

[a] Dr. H. Rinderhagen, Prof. J. Mattay
Department of Chemistry, Bielefeld University
P.O. Box 100131, 33501 Bielefeld (Germany)
E-mail : oc1jm@uni-bielefeld.de

[b] R. Nussbaum, Prof. T. Bally
Department of Chemistry, University of Fribourg
Chemin du Mus�e 9, 1700 Fribourg (Switzerland)
E-mail : thomas.bally@unifr.ch

[c] Dr. H. Rinderhagen
Present Address: CILAG AG, Hochstrasse 201
8205 Schaffhausen (Switzerland)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201000255.

Scheme 1. Example for the nucleophilic ring opening of cyclopropyl radi-
cal cations.[11–14]
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Results and Discussion

The HOMO of 1 is derived from the symmetric component
of the degenerate Walsh MO of cyclopropane, the energy of
which is raised in 1 through interaction with the pp lone pair
on the oxygen atom. It is bonding along C1�C6 as well as
along C1�C7, and antibonding along C6�C7 and along C1�
O. Therefore we expect that ionization will lead to a length-
ening of both the C1�C6 (r1) and the C1�C7 bonds (r2), and
a shortening of the C6�C7 and the C1�O bonds (Figure 1).
It is, however, not possible to predict from the nodal struc-
ture of the MO from which an electron is removed on ioni-
zation whether any bond will break and, if yes, which of the
two that are weakened.

Unconstrained geometry op-
timization of the vertically
formed radical cation of 1 leads
in fact to (partial) cleavage of
the C1�C6 bond and results in
structure C depicted in
Figure 2, where r1 has increased
to 2.19 � and r2 has slightly
shrunk (r2 =1.49 �). The singly
occupied MO (SOMO) of C is
now localized in the C1�C6
bond, that is, this retains the
character of a one-electron
bond, which is the reason why
it is not completely broken.
Note also that the C�O bond
length shortens from 1.41 to
1.28 � on ionization, in accord
with the nodal structure of the
SOMO.

If the C1�C6 bond is pre-
vented from breaking during
the relaxation of vertically ion-
ized 1, for example, by con-
straining its length to never
exceed 1.6 �, this optimization
leads to a (nonstationary) point
that lies in a region of the po-

tential surface with one direc-
tion of negative curvature. This
suggests the proximity of a
saddle point and a correspond-
ing transition state can indeed
readily be found. In this struc-
ture B both C�C bonds ema-
nating from C1 are lengthened,
although much less in the case
of C1�C6 than C1�C7, while
the C�O bond is shortened to
1.31 �. These changes are in
accord with the nodal structure
of the SOMO of B.

On the one side, the minimum energy downhill path leads
to the potential minimum C, on the other side, do another
equilibrium structure D where the C1�C7 bond is now parti-
ally broken (r2 =2.18 �), whereas the C1�C6 bond retains

Scheme 2. Cyclopropyl silyl ether radical cations in preparative reactions.[1, 18, 19]

Figure 1. Numbering scheme (left) and HOMO (right) of 1.

Figure 2. Stationary points on the potential surface of ionized 1 (cf., Figure 3). Numbers indicate bond lengths
in �.
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the value it had in neutral 1 (r1 = 1.51 �), and the C�O
bond retains the partial double bond character (1.28 �) it
has already in structure B (see Figure 2).

In order to gain more detailed insight into the mechanism
by which 1 decays on ionization, we decided to explore the
potential surface of the radical cation in the space defined
by coordinates r1 and r2 (see below). Thereby we found that,
if r2 is stretched beyond the equilibrium value of 2.18 � in
structure D, a new, more stable minimum F is eventually
reached. In this structure the C1�C7 bond is completely

broken, while the C�O bond
has attained the value it has in
a protonated ketone (1.26 �).
Formally structure F is a diston-
ic radical cation, that is, a spe-

cies where the spin and charge are localized on different
atoms.

A Mulliken population analysis reveals indeed that in F
99 % of the spin resides on the exocyclic CH2 moiety, where-
as 68 % of the positive charge is accommodated by the TMS
group (the O atom effectively carries a negative charge of
0.59 which is, however, counterbalanced by a positive charge
of similar magnitude on C1).

The passage from D to F is, however, not easily achieved
because it necessitates a change from the twist conformation
of the cyclohexane ring as it prevails in D to the chair struc-
ture of the same ring in F. On stretching of r2 starting from
D or compression of r2 starting from F one finds that the
surfaces of the two conformers cross along a seam that is in-
dicated by a dot/dash line in Figure 3 and by the red and

green dashed lines in Figure 2 (of course this crossing ap-
pears only as such in the two- or three-dimensional subspa-
ces represented in the figures above).

Finding the transition state for the conformational change
that gets the system from one to the other surface is not
easy, but eventually we succeeded to locate a saddle point
E, about 6 kJ mol�1 above the lowest-energy point on the
two surfaces for the values of r1 and r2 that prevail in E.
Apart from the conformational change, which is largely re-
sponsible for the exothermicity of the rearrangement lead-
ing from D to F (in spite of the fact that the one-electron
C1�C7 bond is cleaved), the only notable change is a length-
ening of the C1�C7 bond by 0.26 � on the way from D to
E.

In spite of this secondary rearrangement, the decay of
ionized 1 to C is about 25 kcal mol�1 more exothermic than
that to F, so one could say that the decay is driven thermo-
dynamically. Inspection of the three-dimensional potential
surface shown in Figure 3 shows, however, that the greater
stability of C may not be the reason why this product is
formed, instead of D or F, but much rather the position of
the vertically formed cation (structure A) relative to the
transition state B.

“Seen” from D, this transition state is a very early one (r2

is still quite long while r1 has hardly lengthened from the
value it had in neutral 1), which follows of course from the
large exothermicity of the D ! C rearrangement. Conse-
quently, rather than lying immediately below the vertically
formed structure A, the transition state B is displaced to-
wards D and will thus not be visited with any probability in

the course of the decay of ion-
ized 1, a process that will have
a tendency to follow the path of
steepest descent which leads di-
rectly into the potential valley
directed towards C (see dashed
line in Figure 3). Thus, the se-
lectivity of the observed frag-
mentation has its origin in the
topology of the potential sur-
face depicted in Figure 3.

It is interesting to compare 1
to other substituted cyclopro-
panes. Dinnocenzo et al. have
observed that on ionization 1-
phenyl-2-alkylcyclopropanes
relax to structures where the
PhC�C bond is lengthened to
1.7–1.8 �, but is never fully
cleaved (in the absence of nu-
cleophiles, aryl�alkyl cyclopro-
panes do not epimerize upon
oxidation).[14] Obviously the
OTMS group has a more pro-
found influence on the elec-
tronic structure of the cyclopro-
pane radical cation than the

Figure 3. Three-dimensional potential surface for the decay of ionized 1, calculated by the B3LYP/6-31G*
method. Contour lines are separated by 3 kJ mol�1. Point A corresponds to the equilibrium structure of neutral
1.
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phenyl group, as cyclopropyl silyl ethers undergo a multi-
tude of radical cationic fragmentation, addition and rear-
rangement reactions.[16–19]

Calculations on the model compound, 1-methoxy-1,2-di-
methylcyclopropane 3, show that the strong distortions on
ionization persist even if the OTMS group is replaced by an
OMe group (but 3 a is 6.3 kcal mol�1 more stable than 3 b).

Actually, this distortive effect of the OMe group comes as
a bit of a surprise: Due to its superior electron donor ability,
one would expect this group to attenuate the effect of ioni-
zation of the cyclopropane structure, rather than to rein-
force it. However, the partial separation of spin and charge
which the breaking of the OC�C bonds entrails leads to the
formation of a very stable C=O+R bond. This stability
seems to overwhelm that provided by benzylic resonance in
the case of a phenyl substituent, as can be seen from the
below isodesmic reaction, which is exothermic by 13.5 kcal
mol�1.

Conclusion

In contrast to alkyl- or aryl-substituted cyclopropanes, cyclo-
propyl silyl ethers undergo spontaneous C�C bond cleavage
on ionization, even in the absence of nucleophiles, which ex-
plains the chemistry of these compounds under oxidative
conditions. Calculations on 1-trimethylsilyloxybicyclo-ACHTUNGTRENNUNG[4.1.0]heptane 1, a bicyclic cyclopropyl silyl ether that was
used in preparative studies, show that the choice of which of
the two bonds cleaves depends on where the vertically
formed radical cation is situated on the its potential sur-
face.[22]
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