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Porphyrin-Containing [3]Rotaxanes

Synthesis of Porphyrin-Containing [3]Rotaxanes
by Olefin Metathesis**

Ruud G. E. Coumans, Johannes A. A. W. Elemans,
Pall Thordarson, Roeland J. M. Nolte, and
Alan E. Rowan*

Rotaxanes are fascinating examples of interlocked molecules.
Their synthesis is now well-established, and a large variety of
interesting rotaxane-based architectures have been report-
ed.["2 Our interest in rotaxanes partly arises from the reports
by others on the synthesis of these molecules and their
application in molecular devices, but predominantly by the
impressive way nature makes use of catalytically efficient
(pseudo)rotaxane structures in processes such as DNA
replication and degradation.¥! In these structures the enzyme
(for example, DNA polymerase III)P! completely encircles
the DNA strand and performs numerous rounds of catalysis
(for example, template polymerization or hydrolysis) on the
macromolecular substrate before dissociating from it. These
so-called processive enzymes are therefore very efficient.
Inspired by this concept, we have initiated a research project
to construct synthetic analogues of these processive enzymes.
For this purpose we have designed porphyrin host 1 (see
Scheme 1), which can form very stable 1:1 host—guest com-
plexes with viologen derivatives (K, >10°M!), and have
synthesized simple porphyrin-containing [2]rotaxanes.” Tt
was also shown that the manganese derivative of 1 is a very
active epoxidation catalyst.’)" A polymeric rotaxane with
double bonds in the polymeric thread and host 1 as the
circular component is needed to be able to construct a
processive mimic. The latter molecule can then slide over the
thread and epoxidize the double bonds (Figure 1). Herein we
report the synthesis of such a rotaxane molecule by using
olefin metathesis protocols.

Grubbs and co-workers have developed an elegant and
efficient route to synthesize end-functionalized polybuta-
dienes. They showed that an acyclic olefin can act as a chain
transfer agent (CTA) in the ring opening metathesis polymer-
ization (ROMP) of 1,5-cyclooctadiene (COD), using ruthe-
nium carbenes 2 and 3 (Scheme 1) as initiators.”! The CTA is
incorporated at both ends of the polymer, with the average
number of end groups per polymer chain (F,) being close to 2.
We decided to apply this protocol to synthesize the desired
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Figure 1. Schematic representation of an oxidative processive enzyme mimic, which involves a synthetic porphyrin threaded on a polymeric chain
containing double bonds. The manganese porphyrin catalyst is shielded on the outside by a bulky 4-(tert-butyl)pyridine group and converts the

double bonds into epoxides on the inside.
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Scheme 1. Synthesis of [3]rotaxane 6 and [4]rotaxane 7.

rotaxane by using a [3]rotaxane which contains a double bond
as the CTA. The latter compound is synthesized by olefin self-
metathesis. To the best of our knowledge there is only one
example in the literature where olefin metathesis has been
used to synthesize [2]rotaxanes, one in which the double bond
is in the macrocyclic part.[5]

As a first step in the synthesis, viologen derivative 4 was
synthesized which contains a blocking group on one end and a
terminal alkene on the other end (Scheme 1). As expected,
complexation of this guest molecule with host 1 afforded

Angew. Chem. 2003, 115, Nr. 6
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[2]pseudorotaxane 5, which was soluble in solvents such as
dichloromethane and 1,2-dichloroethane (DCE). The forma-
tion of 5 was evidenced by the large upfield complexation-
induced shifts (CIS) of the bipyridinium protons A-D in the
TH NMR spectra (Table 1) and by the presence of NOE
contacts between these protons and the pyrrole NH protons E
of the porphyrin.

It was envisioned that the addition of the second
generation Grubbs' catalyst 2 (20 mol %) to a solution of 5
in DCE at 55°C would give rise to a homodimerization
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Table 1: Complexation-induced shifts for viologen protons A-D of

[2]pseudorotaxane 5.1

Proton 4 (6 [ppm]) 5 (AS [ppm])
A 8.97 —2.48
B 8.44 —4.04
C 8.44 —4.30
D 8.94 —2.81

[a] 500 MHz, 298 K, CDCl;/MeCN (1/1, v/v), 4x1073m

reaction and yield [3]rotaxane 6 (Scheme 1). MALDI-TOF
analysis of the reaction mixture after 20 h indeed showed
peaks at m/z 4243.6, 4097.1, 3952.4, and 3807.2, which
correspond to [M*—nPF,] (n=1,2,3,4; Figure 2a). However,
only a 25% conversion to 6 was observed (as judged by
'"H NMR spectroscopy). Therefore, an excess (five equiva-
lents) of host 1 was used to drive the equilibrium more to the
direction of 6 to improve the conversion of the reaction.
Disappointingly, the conversion did not increase, but to our
surpriss MALDI-TOF analysis now clearly showed the
presence of [4]rotaxane 7 ([M*t—nPF,] (n=1,2,3,4) at m/z
5588.1, 54432, 52982, and 5153.2) in addition to the
[3]rotaxane (Scheme 1), which were inseparable (Figure 2a).
This result suggests that viologen 4 is capable of forming a 2:1

host-guest complex with 1.11%

a)

[M*-3PFy-14](3938.1)
v
- |M-3PF(3952.4)

| M- 2PF,- 1 4]{4083.5)

Interestingly, MALDI-TOF analysis showed, in addition
to the expected masses for the rotaxanes 6 and 7, peaks with
values m/z 14 lower than the expected masses (Figure 2a). We
believe that these peaks arise from a product that is formed
from an initial isomerization reaction of a terminal alkene to
an internal alkene, which can react with a second terminal
olefin (with liberation of propene) to yield a [3]rotaxane with
one methylene group less than in the expected product.
Previous reports have demonstrated that catalyst 2 indeed is
active in isomerization reactions of terminal alkenes to
internal alkenes and leads to similar results.'!l Moreover,
the isomerization of homoallyl ethers by 2 to yield vinyl ether
species has been described in a recent report.'?l This
observation can explain the rather low yield in the rotaxane
synthesis, since the generated vinyl ether species can react
with the metathesis catalyst to yield a Fisher carbene, which
has already been shown to be inactive in cross-metathesis.['*]
A signal at 0=13.74 ppm arising from Ru=CHOR was
observed in the '"H NMR spectrum, which definitively sup-
ports the presence of this Fisher-carbene species.['3]

It was decided to use catalyst 3 instead of 2 to induce a
metathesis reaction between the [2]pseudorotaxanes because
of this interfering isomerization side-reaction. However, in a
recent report by Grubbs and co-workers on cross-metathesis
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Figure 2. MALDI-TOF spectra of: a) [3]rotaxane 6 and [4]rotaxane 7, b) [3]rotaxane 10, and c) polymeric [3]rotaxane 12.
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Scheme 2. Synthesis of [3]rotaxanes 10 and 12.

using catalyst 3, it was demonstrated that 4,4-diethoxy-1-
butene is not very active in self-metathesis.'¥l We, therefore,
switched to using viologen 8, in which the oxygen atom is
omitted from the alkene part of the molecule (Scheme 2).

A solution of [2]pseudorotaxane 9 was treated with
16 mol % of 3 in DCE at 55°C for approximately 4 h to reach
a conversion of approximately 60 % into [3]rotaxane 10 (as
judged by "H NMR spectroscopy; Scheme 2). Small amounts
of [2]rotaxane, styrene-cross coupled [2]pseudorotaxane, and
9 were observed as side-products. MALDI-TOF analysis
revealed peaks at m/z 4184.6, 4039.8, 3894.8, and 3749.2,
which correspond to [M*+H-nPF] (n=1, 2, 3, 4; Fig-
ure 2b). No peaks for any isomerized product were visible,
which probably accounts for the increase in the conversion
relative to that in the previous reaction using 2. Purification of
the product was possible by chromatography: firstly on silica
gel and and then on a size-exclusion column,
and afforded [3]rotaxane 10 in 40 % yield as
a mixture of cis and transisomers in a

Angewandte

alkylidene complex is 11, which is already a [2]rotaxane since
the bulky PCy; groups bound to the ruthenium center prevent
porphyrin host 1 from sliding off the thread. This intermedi-
ate could be oberved by 'H NMR spectroscopy, namely, by
the presence of a characteristic triplet at 19.26 ppm (Ru=
CHR).

'"H NMR spectroscopic analysis showed that the resonan-
ces of protons A-D in 10 were dramatically shifted relative to
those in [2]pseudorotaxane 9 (Table 2). The data suggest that
the porphyrin beads in [3]rotaxane 10 are pulled towards each
other, which results in downfield shifts for resonances A and
B and upfield shifts for resonances C and D relative to those
in the spectrum of the [2]pseudorotaxane 9. Furthermore,
NOE contacts of viologen protons A-D with porphyrin
protons E and side-wall protons F are indicative of a rotaxane
geometry.’! The cis or trans geometry at the double bond is

Chemie

Table 2: Comparison of chemical shifts of viologen protons A-D in [2]pseudorotaxane 9 and [3]rotaxane

2:3 ratio. The accepted mechanism for olefin 10
self-metathesis is that catalyst 3 reacts witha  Proton 9 (0 [ppmi) ¢is-10 (A6 [ppm]) trans-10 (A0 [ppml) A(cis —trans) [ppm]
terminal alkene to give an intermediate A 6.46 40.90 +0.71 +0.19
alkylidene complex.'”) This complex further B 5.08 +0.44 +0.35 +0.09
reacts with another terminal alkene to give C 4.73 —0.76 —0.68 —0.08

D 5.91 —0.98 —0.79 —0.19

the homodimer and a propagating methyli-

dene complex. In our case, the intermediate

Angew. Chem. 2003, 115, Nr. 6
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[a] 500 MHz, 298 K, CDCl;, 4x 1073 m.
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reflected in the differences in the chemical shift of the
resonances arising from the viologen protons A-D in the
'H NMR spectrum of 10 (Table 2). These differences can be
explained from the fact that the porphyrin beads are slightly
more shifted towards the central double bond in the
cis isomer than in the trans isomer, which results in downfield
shifts for resonances A and B, and upfield shifts for
resonances C and D.

Compound 10 was used as a chain transfer agent in the
polymerization of cyclooctadiene catalyzed by 2 to synthesize
a [3]rotaxane containing a polymeric thread (Scheme 2).
Initial studies using 15 equivalents of COD showed that up to
10 units of COD are inserted (Figure 2c¢). This observation
means that [3]rotaxane 10 can successfully be extended to
[3]rotaxane 12. Since 2 is a very active catalyst, chain transfer
results in a stepwise increase in mass of m/z 54 (Figure 2c).

In conclusion, we have presented a novel procedure to
synthesize porphyrin-containing [3]rotaxanes starting from
[2]pseudorotaxanes through a self-metathesis reaction using
Grubbs' catalyst 3. These [3]rotaxanes can be extended to
[3]rotaxanes containing a polymeric thread by using them as a
CTA in the polymerization of COD by 2. Further studies will
be focused on the catalytic epoxidation of the double bonds in
the manganese porphyrin derivative of [3]rotaxane 12, with
the intention of mimicking a natural processive enzyme.
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Crown-Shaped Ln Polyoxometalates

Alkali-Metal-Controlled Self-Assembly of
Crown-Shaped Ring Complexes of Lanthanide/
[0-AsW,05;]° : [KC{Eu(H,0),(0-AsWyO33)}6]*
and [CsC{Eu(H,0),(a-AsWy0;;)}, ]2 **

Keisuke Fukaya and Toshihiro Yamase*

Polyoxometalates that are formed by self-assembly combine
their nanoscopic size with the electronic, magnetic, or optical
properties of the metal atoms, which should lead to interest-
ing new materials.l!!l The incorporation of the lanthanide ions
Ln** in such polyoxometalates is of interest in supramolecular
chemistry because of their luminescent and magnetic proper-
ties.l'>2 'With the aim of producing large clusters, much
attention has focused on developing Ln**-incorporated poly-
oxometalates (polyoxometallolanthanoates), in which the
Ln’t ions are used as linkers in the self-assembled structure.
Recently it was demonstrated that nano-sized polyoxometal-
lolanthanoates, such as {PrgMo;},P! {EuMoy),[ 1 and
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