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a b s t r a c t

A ruthenium porphyrin functionalized with a cavity based on diphenylglycoluril is applied as a catalyst in
carbenoid transfer reactions using a-diazoesters as substrates. The latter compounds contain a blocking
group connected via an a,u-dioxyalkyl spacer of 3 or 6 carbon atoms. The reaction of an excess of the a-
diazoester with the short spacer with the ruthenium porphyrin macrocycle leads to two products, a [2]
rotaxane and a maleate ester, which are the result of dimerization reactions at the inside and the outside
of the cavity, respectively. A similar reaction using the a-diazoester with the long spacer also yields high
molecular weight species. Mass spectrometric and NMR studies suggest that CeH and/or C]C insertion
reactions take place on the thread of the initially formed rotaxane. It is proposed that these reactions are
favoured by effective molarity effects because of the close proximity of reactive species in the interlocked
geometry.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Rotaxanes are important members of the family of supramo-
lecular architectures.1 They consist of a dumbbell-shaped molecule,
which is threaded through a macrocycle. These interlocked struc-
tures have been used as models for processive enzymes in nature2

and have been applied3 as components of mechanical,4 (nano)
electronic5 and electrochemical6 devices, sensors,7 and catalysts.2,8

There are a number of synthetic strategies by which rotaxanes can
be prepared. Initially, statistical methods were used, but these were
later largely replaced by methods based on a templated synthesis.
Also an auto-catalytic threading approach has been reported.9 An
alternative method to synthesize a rotaxane is to incorporate a
metal center into its macrocyclic component and bind the two
‘half-thread’ dumbbell components,10 which are subsequently
connected via a catalytic reaction mediated by the metal center.
. Elemans), R.Nolte@science.
n).
Following this approach, Cu(I)-functionalized macrocycles have for
example been employed to catalyze the formation of a triazole
linker between azido and alkyne-functionalized half-threads,11 and
Pd(II)-functionalized macrocycles for the oxidative coupling of
terminal alkynes.12 These approaches have in common that a large
effective molarity of the reagents is realized, leading to a more
efficient synthesis. Enzymes in nature operate in a similar way:
they possess a binding pocket that binds the substrate and re-
actants in close proximity, thereby creating a high effective
molarity resulting in a high reaction rate and a very selective
reaction.

In this paper we employ the catalytically active ruthenium-
porphyrin-functionalized macrocycle Ru1 (Chart 1) to synthesize
rotaxanes via a carbenoid transfer reaction. Subsequently, wemake
use of effective molarity effects to post-functionalize the rotaxane
thread via additional carbene insertions (C]C and CeH), catalyzed
by the same ruthenium porphyrin. Porphyrin macrocycles have
been extensively studied in our group. In particular the Mn(III)
analogue of Ru1 is catalytically active in the epoxidation of al-
kenes.13 It also efficiently epoxidizes polymeric alkenes,2b,c in a
processive fashion2a in which the catalytic macrocycle threads the
substrate14 and remains bound to it during multiple catalytic
turnovers. Because of its more extensive catalytic scope and

mailto:J.Elemans@science.ru.nl
mailto:R.Nolte@science.tu.nl
mailto:R.Nolte@science.tu.nl
mailto:A.Rowan@science.ru.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tet.2017.05.035&domain=pdf
www.sciencedirect.com/science/journal/00404020
www.elsevier.com/locate/tet
http://dx.doi.org/10.1016/j.tet.2017.05.035
http://dx.doi.org/10.1016/j.tet.2017.05.035
http://dx.doi.org/10.1016/j.tet.2017.05.035


Chart 1. Structure of the catalytic ruthenium porphyrin macrocycle Ru1, and of
reference complex Ru2.
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versatility, we chose to use ruthenium as the metal center in the
porphyrin macrocycle. In addition to oxidation reactions, ruthe-
nium porphyrins can catalyze a wide variety of carbon-carbon
couplings.15 Che and co-workers reviewed carbenoid transfer re-
actions catalyzed by ruthenium porphyrins,16 such as cyclo-
propanations,17 carbon-hydrogen,18 nitrogen-hydrogen19 and
sulphur-hydrogen20 insertion reactions, 1,3-dipolar cycloaddi-
tions,21 olefination of aldehydes22 and dimerization reactions of
diazo compounds.23 We reasoned that the last reaction type would
be of interest for the construction of rotaxanes, employing Ru1
(Chart 1) as the catalyst. We selected the dimerization of a-diazo-
esters as the reaction to generate the rotaxane thread, yielding a
maleate or fumarate ester depending on the stereochemical
outcome of the double bond formation. The coupling has been
proposed to occur via a ruthenium-carbene intermediate, which is
formed after dissociation of an N2 molecule from the a-diazo-
ester.23 The thread of the rotaxane subsequently offers a variety of
options for post-modification using the same ruthenium porphyrin
catalyst, e.g. oxidation or cyclopropanation of the olefin, or a CeH
insertion reaction.
Fig. 1. Crystal structure of Ru1 with a THF guest molecule and a CO molecule coor-
dinated to the ruthenium center.
2. Results and discussion

In order to be able to synthesize rotaxanes based on Ru1we first
prepared the a-diazoesters 5a and 5b (Scheme 1). These com-
pounds contain a bulky 3,5-di-tert-butylphenyl blocking group,
coupled to the a-diazoester moiety via either a C-3 or a C-6 alkyl
spacer, which is too large to fit in or slide through the cavity of the
macrocycle. After alkylating 3,5-di-tert-butylphenol with the
appropriate bromoalcohols, the resulting products 3a-b were
converted to b-diketoesters 4a-b via a reaction with 2,2,6-
trimethyl-4H-1,3-dioxin-4-one.24 Subsequent reaction of com-
pounds 4a-b with 4-methylbenzenesulfonylazide23b afforded a-
diazoesters 5a-b.

A ruthenium center was inserted into the free base porphyrin
derivative of Ru1, H2113b,25 by a reaction with Ru3(CO)12 in boiling
phenol. Reference complex Ru2 (Chart 1) was prepared using a
literature procedure.26 Slow evaporation of a chloroform solution of
a 1:1 host-guest complex of Ru1 and THF yielded crystals that were
suitable for crystal structure analysis. The crystal structure revealed
that an axially coordinated carbonyl ligand was located at the
outside of the cavity of Ru1 and a THF molecule inside the cavity
(Fig. 1).

The reaction of host Ru1with 2 equivalents of a-diazoesters (5a
or 5b) can, in principle, lead to two types of products (Scheme 2).
Scheme 1. Reagents and conditions: (i) K2CO3, MeCN or DMF, DT, 16 h (ii) toluene, reflux, 30 min (iii) TsN3, Et3N, MeCN, RT, 6 h, then LiOH, H2O, RT, 16 h.



Scheme 2. Synthesis of rotaxanes 6a and 6b, and compounds 7a and 7b. Reagents and conditions: (i) 1,2-Dichloroethane, RT, 2.5 h.
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When the reaction takes place at the “outside” of the cavity,
homodimers 7a-b will be generated, whereas rotaxanes 6a-b can
be expected as the products when the reaction takes places “inside”
the cavity. In an initial experiment, two equivalents of 5a were
reacted with Ru1 in 1,2-dichloroethane. The only new product
formed was 7a, which indicates that the coupling reaction had
occurred exclusively on the outside of the macrocycle. Apparently,
there is no favorable interaction between the highly polarized a-
diazoester moiety and the polar crown ether and carbonyl groups
of Ru1. When, however, the same reaction was carried out in the
presence of a large excess (50 equiv.) of 5a, the coupling reaction
Fig. 2. 1H NMR spectrum (500 MHz, CDCl3) and proton assignments of rotaxa
also occurred at the inside of the cavity, resulting in the formation
of a mixture of rotaxane 6a and compound 7a (which was obtained
exclusively as the (Z)-isomer, i.e., the maleate ester). After purifi-
cation by column chromatography and preparative TLC, the rotax-
ane was obtained in 50% yield (based on the amount of Ru1 used).

1H and 13C NMR,MALDI-ToF and Accu-ToF spectra confirmed the
identity of the formed rotaxane. In the 1H NMR spectrum of 6a in
CDCl3 (Fig. 2), proton signals Hd, He and Hf were shifted upfield
by �1.12, �1.69 and �1.67 ppm, respectively, compared to these
signals in 7a, as a result of the magnetic anisotropic shielding of the
porphyrin moiety. The olefinic proton signal Hg of the maleate/
ne 6a (macrocycle and thread are drawn separately for clarity reasons).



Fig. 4. MALDI-ToF spectrum (linear mode) showing high molecular weight compounds
after the reaction of an excess of 5b with Ru1.

Fig. 5. Structure of the expected intermediate ruthenium-carbene species 8b during
the reaction between Ru1 and 5b.
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fumarate functionality of the thread could not readily be identified
in the spectrum. Since the double bond is most likely placed exactly
underneath the porphyrin, a large upfield shift of its proton reso-
nance is expected. With the help of 13C1H correlation NMR spec-
troscopy (HSQC) the alkene carbon signal at 125.5 ppm in the 13C
NMR spectrum was found to correlate with a very broad signal in
the 1H NMR spectrum located at 3.18 ppm. Compared to the same
alkene CeH signal in 7a (6.25 ppm), an upfield shift of �3.07 ppm
has occurred. It was impossible to conclude from the broad NMR
signals whether a fumarate ester, a maleate ester, or a mixture of
both had been formed as the rotaxane thread. Additional evidence
for a rotaxane geometry came from a 2D ROESY spectrum (see SI),
in which NOE contacts were observed between blocking group
proton Hb of the thread and b-pyrrole proton H12 of Ru1. Molecular
modeling of 6a indeed revealed that its blocking groups are posi-
tioned very close to the cavity portals and the porphyrin plane, due
to the relatively short length of the thread, (Fig. 3A).

When aiming at subsequent post-modification of the thread
using the ruthenium center of the rotaxane, this close proximity of
the blocking groups to the cavity may hinder access of reagents,
e.g., additional a-diazoesters. To overcome this restriction we
decided to construct a rotaxane with a longer thread, 6b, using an
a-diazoester with a C-6 alkyl spacer (5b). Molecular modeling of 6b
(Fig. 3B) revealed less blocking of the cavity and a considerable
increase in the ability of the thread to move within the macrocycle.
After employing the same protocol (the addition of 50 equiv. of a-
diazoester to Ru1) as for the synthesis of rotaxane 6a, TLC analysis
of the crude product mixture showed several spots with the typical
orange/red colour of a ruthenium porphyrin complex. The coupling
of the a-diazoesters can in principle lead to the formation of
rotaxanes with two isomeric threads, i.e., a maleate or a fumarate
ester, but during the synthesis of rotaxane 6a this did not give rise
to multiple spots on TLC. Other porphyrin-containing reaction
products could be an intermediate ruthenium-carbene species, or
reaction products of additional a-diazoesters with the rotaxane.
MALDI-ToF analysis (in linear mode, Fig. 4) of the crude product
showed a broad peak at 1790 amu, which probably corresponds to
an intermediate Ru-porphyrin carbene species 8b (Fig. 5).
Furthermore, a broad peak close to the expected mass of rotaxane
6b (2164 amu) is observed, and a series of broad peaks, at quite
regular mass intervals, corresponding to unexpected high molec-
ular weight compounds. Roughly, these peaks can be identified
with products with masses of the rotaxane þ (n � 346) amu
(n ¼ 1,2,3,4). A mass of 346 corresponds with the carbene that
forms when a-diazoester 5b loses a nitrogen molecule in a reaction
catalyzed by the ruthenium porphyrin. Such a carbene might sub-
sequently be inserted into the double bond of the rotaxane thread,
yielding a cyclopropane-like product with a mass of (M6b þ 346)
amu. However, such a cyclopropanation can only occur once,
Fig. 3. Molecular models of rotaxanes 6a (A) and 6b (B), showing the difference in accessi
diazoesters. The ruthenium-porphyrin macrocycle is represented as green sticks, the malea
leaving the products with higher molecular masses unexplained.
Other possibilities are that additional carbene fragments react with
the rotaxane thread via insertion reactions into one of the Ce
OeC]O, AreOeCH2e, or alkyl CeH bonds, or attach to the
framework of the macrocyclic host. The latter possibility is dis-
carded since during the reaction of Ru1 with 5a no reactions with
the framework of the host were observed.

After column chromatography, rotaxane 6b could be isolated in
41% yield. The remaining orange/red material (characterized by the
high molecular weight peaks in the MALDI-ToF spectrum) always
eluted as a single fraction, both on silica columns as on a size-
exclusion column. We can therefore not unambiguously deter-
mine whether this material consists of a single product that
bility of the cavity of the ruthenium porphyrin macrocycle for additional incoming a-
te/fumarate thread as red space-filling.



Fig. 6. 1H NMR spectra (500 MHz, CDCl3) of (A) rotaxane 6b including assignment of the protons of the macrocyclic host and the thread (macrocycle and thread are drawn
separately for clarity reasons), and (B) the product containing the high molecular masses; the signals indicated with (*) all correlate with 13C-signals between 25 and 30 ppm, and
the signals indicated with (�) all correlate with 13C-signals between 62 and 64 ppm (see text for explanation).
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fragments during the MALDI-ToF measurement, or represents a
product distribution. Bothmaterials were analyzed with the help of
NMR spectroscopy (Fig. 6). The 1H NMR spectrum of 6b (Fig. 6A)
resembles that of rotaxane 6a. The inclusion of the thread inside the
cavity of Ru1 can again be concluded from the observed upfield
shifts of in particular protons Hg-Hj, as a result of shielding by the
porphyrin ring current. Although the NMR spectrum of the high
molecular weight material (Fig. 6B) still shows many of the char-
acteristics of a rotaxane-like species, it is strikingly different and
very complex compared to the spectrum of 6b. Particularly
remarkable is the presence of a series of substantial, broad proton
signals between þ1 and �1 ppm.

Interestingly, when similar coupling reactions of 5a or 5b were
carried out using a reference ruthenium porphyrin such as Ru2
(Chart 1) as the catalyst, exclusively the maleate isomers of 7a and
7bwere formed, and no higher molecular weight compounds. This
indicates that the presence of the receptor cavity of Ru1 is essential
for the formation of such compounds. Several possibilities for the
difference in catalytic behavior of Ru1 compared to a ruthenium
porphyrin without a cavity can be envisaged: (i) the crown-ether
spacers and the carbonyl oxygen atoms of the cavity may create a
polar environment that interacts favourably with a-diazoester
substrates, increasing their affinity for the cavity; this option is,
however, not likely since an excess of a-diazoester was found to be
required for a preferred coupling reaction inside the cavity; (ii) as a
result of ring tension due to the attachment of a rigid cavity, the
porphyrin may experience a doming effect, changing its reactivity;
this possibility is also unlikely since the X-ray structure of Ru1
revealed that its porphyrin roof is almost perfectly planar; (iii) an
effective molarity effect: once rotaxane 6b has been formed, the
effective molarity of the thread component inside the cavity of Ru1
is much higher than it would be in the case when it can diffuse
away after the coupling reaction (for example, when such a reaction
occurs at the outside of the cavity, or when it is catalyzed by Ru2).
Therefore, as a result of the interlocked nature of the complex, the
thread of 6b will always reside in very close proximity to the cat-
alytic Ru-center in potential follow-up reactions. We propose that
this effective molarity effect is responsible for the observed re-
action(s) of the thread with additional incoming a-diazoesters.

The complexity of the MALDI-ToF and NMR spectra of the high
molecular mass material makes its identification and the elucida-
tion of its formationmechanism very challenging. A combination of
NMR techniques was used to get an insight in the structure of the
formed product(s). In the 1H NMR spectrum (Fig. 6B) many signals
of the macrocyclic host are split and/or doubled, indicating a non-
symmetric complexation of a guest in the cavity. 13C-1H correlation
spectra (see SI) revealed that the series of broad signals between 2
and �1 ppm (indicated by (*) in the NMR spectrum) can be
assigned toeCH2CH2CH2e protons, since they all correlate with 13C
signals between 25 and 30 ppm. These protons must arise from the
spacer of a thread component. The sharp signals at 0.34
and �2.03 ppm, correlate with 13C signals at 23 ppm, which are
quite typical for the presence of a cyclopropane ring structure.
Compared to the 1H NMR spectrum of 6b, also a series of new,
relatively sharp signals was found between 3.0 and 2.3 ppm, and
at �0.88 ppm (indicated by (�) in the NMR spectrum), that all
correlatewith 13C signals between 62 and 64 ppm. These signals are
assigned to eCH2OC(O)e or eCHOC(O)e protons, that also must
come from a thread component. Remarkably, according to a HSQC
spectrum (signal at 62 ppm), the signal at �0.88 ppm appears to
correspond to a eCH(R)eOC(O)e proton. This is a key observation
with regard to elucidating the reaction mechanism, since such



Scheme 3. Examples of possible reactions of the thread of rotaxane 6b with a-diazoester 5b.
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protons are not present in a linear coupling product such as 7b. We
therefore propose that a thread component must be present in
which a-diazoester 5b has inserted into either the double bond of
the alkene of a preformed linear thread (C]C insertion), or into an
alkyl spacer (CeH insertion), or into both (Scheme 3).

While a cyclopropanation can occur only once, multiple CeH
insertion reactions may take place, which would explain the
masses in the MALDI-ToF spectrum of M6b þ (n � 346) amu
(n ¼ 1,2,3,4). Apparently, after 4 insertion reactions no more
additional a-diazoesters are attached, which can be envisaged
when the progressive increase in steric crowding of the rotaxane
thread after each insertion is considered. A branched thread is
formed, which eventually will lose all its mobility with respect to
the macrocyclic host, and will block access to the cavity for addi-
tional insertions. An example of such a branched rotaxane product
is depicted in Fig. 7.
Fig. 7. Proposed possible structure of a high molecular mass product in which three
carbenes formed from a-diazoester 5b have inserted into the thread of rotaxane 6b:
one in the C]C bond forming a cyclopropane, and two into the CH2-groups next to the
ester. The ruthenium-porphyrin macrocycle is represented as green sticks, the
branched thread as red space-filling.
3. Conclusion

We have demonstrated that a ruthenium porphyrin-
functionalized macrocycle based on diphenylglycoluril can serve
as carbenoid transfer catalyst for the dimerization of a-diazoesters
inside its cavity. When these a-diazoesters contain bulky blocking
groups, rotaxanes are formed. A short alkyl spacer (C-3) between
the a-diazoester moiety and the blocking group yields a rotaxane
with exclusively a linear thread composed of two carbene moieties.
When a longer spacer (C-6) is used, additional reactions of the a-
diazoester with the rotaxane yield higher molecular mass products,
in which up to 4 extra carbenes are incorporated into the rotaxane
thread. NMR and mass spectrometric studies indicate that these
reactions involve C]C and CeH insertions. The observation that a
reference ruthenium porphyrin without a cavity does not display
such post-modification abilities is attributed to an effective
molarity effect exhibited by the rotaxane: once this interlocked
species is formed, the effective molarity of the thread inside the
ruthenium-porphyrin macrocycle is so high that additional re-
actions with a-diazoesters readily take place, because of their close
proximity to the catalytic metal center. The observation that the
rotaxane with short C-3 alkyl spacers is inert towards such inser-
tion reactions is attributed to the restricted access of additional a-
diazoesters to its cavity, due to the close proximity of the blocking
groups.
4. Experimental

4.1. Methods and materials

Solvents used for synthesis were dried using standard proced-
ures and freshly distilled before use. Other chemicals were used as
received. 1D and 2D 1H and 13C NMR spectra were recorded on a
FDRX-500 instrument. Chemical shifts (d) are reported in ppm
downfield from the internal standard TMS (0.00 ppm). Abbrevia-
tions used are: s ¼ singlet, d ¼ doublet, t ¼ triplet, q ¼ quartet,
m ¼ multipley, br ¼ broad. LCQ mass spectra were recorded on a
Thermo Finnigan LCQ Advantage Max spectrometer. Accurate mass
spectra were recorded on a JEOL AccuTOF CS JMS-T100CS instru-
ment. MALDI-ToF mass spectra were recorded on Bruker Biflex III
and Bruker Microflex LRF instruments, using dithranol as the ma-
trix. FT-IR spectra were recorded on a Bruker Tensor-27 machine,
and UVevis spectra on a Varian Cary-50 UV-VIS spectrophotom-
eter. For column chromatography Silica (0.063e0.200mm) from J.T.
Baker was used, and for size exclusion chromatography Bio-Beads
SX1, 200e400 mesh, from Bio-Rad.
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4.2. Syntheses

4.2.1. Ruthenium porphyrin macrocycle Ru1
Compound H2113a,25 (55 mg, 0.041 mmol), tris-

rutheniumdodecacarbonyl (Ru3(CO)12) (79 mg, 0.124 mmol), and
phenol (500 mg) were placed under an argon atmosphere in a
10 mL Schlenk flask. The reaction mixture was heated in a 190 �C
sand-bath and stirred for 45 min. The mixture was cooled to room
temperature and directly purified by silica column chromatography
using a polarity gradient. Unreacted Ru3(CO)12 was removed by
elution with pure dichloromethane (yellow/orange band), and
phenol with a dichloromethane/methanol mixture (99.9/0.1 v/v).
Finally, the product was obtained by eluting with a more polar
mixture of dichloromethane/methanol (9.9/0.1 v/v). The product
was dissolved in a minimum amount of dichloromethane and
precipitated by adding 10 mL of n-heptane. The dichloromethane
was removed under vacuum and the product was isolated from the
n-heptane layer by centrifugation at 2000 rpm. It was dried in
vacuo. Yield: 54 mg (0.037 mmol, 91%) of Ru1 as a bright red solid.
Single crystals suitable for X-ray diffraction were obtained from
slow evaporation of a CDCl3/THF (999:1, v/v) solution of the com-
pound. 1H NMR (500MHz, CDCl3): d 8.68 (s, 4H, b-pyrroleH), 8.60 (s,
4H, b-pyrroleH), 8.12 (d, J ¼ 7.0 Hz, 4H, ArH), 7.73 (t, J ¼ 7.9 Hz, 4H,
ArH), 7.40 (t, J ¼ 7.4 Hz, 4H, ArH), 7.33 (d, J ¼ 8.3 Hz, 4H, ArH), 6.96
(m, 6H, ArH), 6.83 (m, 4H, ArH), 6.19 (s, 4H, ArH), 4.21 (d, J¼ 15.8 Hz,
4H, NCH2Ar), 4.13 (m, 4H, CH2O), 3.94 (m, 4H, CH2O), 3.73 (d,
J ¼ 15.7 Hz, 4H, NCH2Ar), 3.51 (m, 4H, CH2), 3.28 (m, 4H, CH2O). 13C
NMR (125 MHz, CDCl3): d 158.92, 157.34, 146.62, 144.43, 144.01,
135.76, 133.95, 132.76, 131.76, 129.50, 128.80, 128.62, 128.16, 120.62,
117.22, 116.08, 113.84, 85.08, 68.15, 44.35, 35.57, 32.03, 29.17, 26.59,
22.84, 14.27. Accurate mass (Accu-ToF): 1527.37414
(Ru1 þ MeOH þ Naþ) (mass difference 2.55 ppm). Diffusion coef-
ficient (DOSY) 5.95 *10�10 m2/s. UVevis (CHCl3): 413, 527 nm.

4.2.2. 5,10,15,20-Tetraphenylporphyrinato ruthenium carbonyl
(Ru2)

This compound was prepared according to a literature
procedure.26

4.2.3. 3-(3,5-Di-tert-butylphenoxy) propan-1-ol (3a)
A 250 mL Schlenk round bottom flask was charged with 3,5-di-

tert-butylphenol (2.70 g, 13.09 mmol), 3-bromopropan-1-ol (1.66 g,
11.96 mmol), K2CO3 (1.83 g, 13.23 mmol), and 45 mL of argon-
purged acetonitrile. The mixture was placed under an argon at-
mosphere and refluxed for 16 h. The suspensionwas cooled to room
temperature and the salts were filtered off. The solution was
concentrated in vacuo and the solid crude product was purified by
silica column chromatography (eluent ethyl acetate/n-heptane 1:3
v/v). Compound 3a was obtained as a colorless oil (2.78 g,
10.52 mmol, yield 88%). 1H NMR (500 MHz, CDCl3): d 7.04 (t,
J ¼ 1.6 Hz, 1H, p-ArH), 6.78 (d, J ¼ 1.6 Hz, 2H o-ArH), 4.15 (t,
J ¼ 5.9 Hz, 2H, AreOeCH2), 3.89 (q, J ¼ 5.7 Hz, 2 H, CH2eOH), 2.06
(qn, J ¼ 5.9 Hz, 2H, OeCH2eCH2eCH2eOH), 1.93 (t, J ¼ 5 Hz, 1H,
OH), 1.32 (s, 18 H, CH3). 13C NMR (125MHz, CDCl3): d 158.44, 152.40,
115.33, 108.95, 65.95, 61.00, 35.13, 32.26, 31.58. Mass (LCQ): 551
(2 M þ Naþ).

4.2.4. 3-(3,5-Di-tert-butylphenoxy) hexan-1-ol (3b)
A 250 mL Schlenk round bottom flask was charged with 3,5-di-

tert-butylphenol (1.14 g, 5.56 mmol), 3-bromohexan-1-ol (1.0 g,
5.56 mmol), K2CO3 (3.0 g, 21.7 mmol), and 30 mL of argon-purged
DMF. The mixture was placed under an argon atmosphere and
heated at 100 �C for 16 h. The suspension was cooled to room
temperature and the salts were filtered off. The solution was
concentrated in vacuo and the solid crude product was purified by
silica column chromatography (eluent ethyl acetate/n-heptane 1:4
v/v). Compound 3b was obtained as a pale yellow oil (1.21 g,
3.99 mmol, yield 71%).1H NMR (500 MHz, CDCl3): d 7.05 (t,
J ¼ 1.5 Hz, 1H, p-ArH), 6.79 (d, J ¼ 1.5 Hz, 2H o-ArH), 4.17 (t,
J ¼ 6.0 Hz, 2H, AreOeCH2), 3.90 (q, J ¼ 5.9 Hz, 2 H, CH2eOH),
1.8e1.45 (m, 8H, CH2), 1.95 (br, 1H, OH), 1.31 (s, 18 H, CH3). 13C NMR
(125 MHz, CDCl3): d 158.63, 152.13, 114.83, 108.81, 67.58, 62.93,
34.98, 32.72, 31.45, 29.47, 25.99, 25.59. Mass (MALDI-ToF): 307
([M þ H]þ).

4.2.5. 3-(3,5-Di-tert-butylphenoxy)propyl-3-oxobutanoate (4a)
Compound 3a (2.27 g, 8.59 mmol) was dissolved in 15 mL of

toluene and placed in a three-necked roundbottom flask equipped
with an addition funnel and a distillation setup. The mixture was
placed under argon and heated to 110 �C after which 2,2,6-
trimethyl-4H-1,3-dioxin-4-one (1.34 g, 9.44 mmol) in 6 mL of
toluene was added dropwise. The formed acetone was removed by
applying a small stream of argon. The mixture was stirred at 100 �C
for 30 min. The solvent was removed and the crude product was
purified by silica column chromatography (eluent ethyl acetate/n-
heptane 1:3 v/v). Compound 4awas obtained as a yellowish oil in a
yield of 72% (2.16 g, 6.19 mmol). 1H NMR (500 MHz, CDCl3) d 12.08
(s, COH enol), 7.02 (t, J¼ 1.5 Hz,1H, p-ArH), 6.68 (d, J¼ 1.5 Hz, 2H, o-
ArH), 4.98 (s, CH enol), 4,38 (t, J ¼ 6.4 Hz, 2H, AreOeCH2), 4.35 (s,
2H, AreOeCH2 enol), 4.07 (t, J ¼ 6.1 Hz, 2H, CH2eOeC]O), 3.47 (s,
2H, O]CeCH2eC]O), 2.27 (s, 3H, O]CeCH3), 2.16 (q, J ¼ 6.2 Hz,
2H, CH2eCH2eCH2), 1.96 (t, J ¼ 0.6 Hz, eC(OH)CH3 enol), 1.32 (s,
18 H t-butyl). 13C NMR (125 MHz, CDCl3): d 200.52, 175.74, 167.21,
158.40, 152.37, 115.28, 108.93, 89.80, 64.17, 63.99, 62.51, 61.03, 50.17,
35.11, 31.57, 30.27, 28.98, 28.79, 21.33. Mass (LCQ): 719
([2 M þ Na]þ).

4.2.6. 3-(3,5-Di-tert-butylphenoxy)hexyl-6-oxobutanoate (4b)
Compound 3b (0.975 g, 3.19 mmol) was dissolved in 10 mL of

toluene and placed in a three-necked roundbottom flask equipped
with an addition funnel and a distillation setup. The mixture was
placed under argon and heated to 110 �C after which 2,2,6-
trimethyl-4H-1,3-dioxin-4-one (0.496 g, 3.49 mmol) in 4 mL of
toluene was added dropwise. The formed acetone was removed by
applying a small stream of argon. The mixture was stirred at 100 �C
for 1 h. The solvent was removed and the crude product was pu-
rified by silica column chromatography (eluent ethyl acetate/n-
heptane 1:7 v/v). Compound 4bwas obtained as a colourless oil in a
yield of 83% (1.03 g, 2.64 mmol). 1H NMR (500 MHz, CDCl3): d 12.07
(s, COH enol), 7.04 (t, J¼ 1.6 Hz,1H, p-ArH), 6.67 (d, J¼ 1.6 Hz, 2H, o-
ArH), 5.01 (d, J¼ 0.7 Hz, CH enol), 4,18 (t, J¼ 6.3 Hz, 2H, AreOeCH2),
3.85 (t, J¼ 6.1 Hz, 2H, CH2eOeC]O), 3.43 (s, 2H, O]CeCH2eC]O),
2.28 (s, 3H, O]CeCH3), 1.82e1.41 (m, 8H, eCH2e), 1.31 (s, 18H, t-
butyl). Mass (LCQ): 391 ([M þ H]þ).

4.2.7. 3-(3,5-Di-tert-butylphenoxy)propyl 2-diazoacetate (5a)
Compound 4a (2.15 g, 6.17 mmol) was dissolved in a mixture of

acetonitrile (8 mL) and triethylamine (1.02 mL, 6.72 mmol). A so-
lution of 4-methylbenzenesulfonyl azide23b (1.75 g, 8.88 mmol) in
8 mL of acetonitrile was added slowly (±10 min). The mixture was
stirred at room temperature for 6 h. Thereafter, an aqueous solution
of lithium hydroxide hydrate (1.00 g, 23.88 mmol) was added and
the reaction was stirred overnight. The product was extracted with
diethyl ether (4 � 35 mL), and the combined ether layers were
washed with brine (2�) and dried over Na2SO4. The solvent was
removed in vacuo and the product was purified by column chro-
matography with ethyl acetate/n-heptane (2:8 v/v) as the eluent.
Compound 5awas obtained as a yellow oil (1.75 g, 5.25 mmol, 85%
yield). 1H NMR (500 MHz, CDCl3): d 7.04 (t, J ¼ 1.6 Hz, 1H, p-ArH),
6.76 (d, J ¼ 1.6 Hz, 2H, o-ArH), 4.76 (br s, 1H, CH]N2), 4.39 (t,
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J ¼ 6.3 Hz, 2H, AreOeCH2), 4.06 (t, J ¼ 6.1 Hz, 2H, CH2eOeC]O),
2.14 (p, J ¼ 6.2 Hz, 2H, CH2eCH2eCH2), 1.32 (s, 18H, CH3). 13C NMR
(125 MHz, CDCl3): d 158.44, 152.37, 115.27, 108.95, 64.10, 62.01,
46.35, 35.12, 31.58, 29.12. Mass (LCQ): 687 (2 M þ Naþ). (MALDI-
ToF): 333 ([M þ H]þ). IR (KBr pellet) 2109 cm�1 (C]N2).

4.2.8. 3-(3,5-Di-tert-butylphenoxy)hexyl 2-diazoacetate (5b)
Compound 4b (1.0 g, 2.56 mmol) was dissolved in a mixture of

acetonitrile (5 mL) and triethylamine (0.5 mL). A solution of 4-
methylbenzenesulfonyl azide23b (0.722 g, 3.67 mmol) in 5 mL of
acetonitrile was added slowly (±10min). Themixturewas stirred at
room temperature for 6 h. Thereafter, an aqueous solution of
lithium hydroxide hydrate (0.45 g, 11.8 mmol) was added and the
reaction was stirred overnight. The product was extracted with
diethyl ether (2 � 25 mL), and the combined ether layers were
washed with brine (2�) and dried over Na2SO4. The solvent was
removed in vacuo and the product was purified by column chro-
matography with CHCl3 as the eluent. Compound 5b was obtained
as a yellow oil that solidified upon standing (0.762 g, 2.03 mmol,
79% yield). 1H NMR (500 MHz, CDCl3): d 7.01 (t, J ¼ 1.5 Hz, 1H, p-
ArH), 6.75 (d, J ¼ 1.5 Hz, 2H, o-ArH), 4.73 (br s, 1H, CH]N2), 4.18 (t,
J ¼ 6.2 Hz, 2H, AreOeCH2), 3.96 (t, J ¼ 6.1 Hz, 2H, CH2eOeC]O),
1.79 (m, 2H, AreOeCH2CH2), 1.68 (m, 2H, Are-

OeCH2CH2CH2CH2CH2), 1.53 (m, 2H, AreOeCH2CH2CH2), 1.45 (m,
2H, AreOeCH2CH2CH2CH2), 1.31 (s, 18H, CH3). 13C NMR (125 MHz,
CDCl3): d 166.93, 158.61, 152.15, 114.87, 108.79, 67.51, 65.14, 46.16,
34.99, 31.46, 29.39, 28.78, 25.84, 25.72. Mass (MALDI-ToF): 375
([M þ H]þ).

4.2.9. Rotaxane 6a
To a solution of Ru1 (16 mg, 10.87 mmol) in 2.25 mL of 1,2-

dichloroethane (distilled from CaH2) was added compound 5a
(181 mg, 0.543 mmol) dissolved in 1.5 mL of 1,2-dichloroethane.
The mixture was stirred for 2.5 h at room temperature under an
argon atmosphere and then placed on a silica column. Using
dichloromethane as the eluent, the formed homodimer 7a was
eluted first. Rotaxane 6a was subsequently collected by using
CH2Cl2/MeOH 98:2 (v/v) as the eluent. Preparative TLC (eluent n-
heptane/ethyl acetate 6:4 (v/v)) was applied to purify the rotaxane
further. (Yield: 10.5 mg, 5.04 mmol, 46%) of an orange/red solid. 1H
NMR (500 MHz, CDCl3, see Fig. 2 for a detailed peak assignment):
d 8.65 (s, 4H, b-pyrroleH), 8.49 (s, 4H, b-pyrroleH), 7.96 (bs, 4H,
ArH), 7.71 (t, 4H, 3J ¼ 8.0 Hz, ArH), 7.31 (m, 8H, ArH), 7.02 (t,
4J ¼ 1.5 Hz, 2H, ArH), 6.96 (m, 6H, ArH), 6.85 (m, 4H, ArH), 6.75 (d,
4H, 4J ¼ 1.6 Hz, ArH), 6.17 (s, 4H, ArH), 4.38 (bs, 4H, CH2eO), 4.30 (d,
2J¼ 15.9 Hz, 4H, NCH2Ar), 4.18 (bs, 4H, CH2eO), 3.76 (d, 2J¼ 15.8 Hz,
4H, NCH2Ar), 3.59 (bs, 4H, CH2eO), 3.33 (bs, 4H, CH2eO), 3.27 (bs,
2H, AreOCH2), 3.18 (br s, 2H, CH]CH), 2.37 (bs, 4H, CH2eO(CO)),
1.34 (s, 36H, CH3), 0.48 (bs, 4H, CH2CH2CH2). 13C NMR (125 MHz,
CDCl3): d 182.36, 158.57, 158.33, 158.24, 156.78, 152.18, 146.71,
146.57, 144.46, 143.80, 136.71, 134.13, 132.24, 131.55, 130.38, 129.92,
129.22, 128.55, 128.37, 119.83, 117.24, 114.88, 114.78, 111.31, 108.90,
108.62, 84.72, 77.16, 67.49, 66.70, 64.35, 62.02, 44.55, 35.15, 31.74,
31.58, 29.85, 27.44 Accurate mass (Accu-ToF, Naþ-adduct):
2103.75561 (mass difference 4.28 ppm). Diffusion coefficient DOSY:
4.1 * 10�10. IR [KBr] 1935 cm�1 (CO). UVeVis: 415, 532, 536 nm.

4.2.10. Rotaxane 6b
To a stirred, degassed solution of Ru1 (10 mg, 6.79 mmol) in 1,2-

dichloroethane (5 mL) was added a degassed solution of 5b
(127 mg, 0.340 mmol) in 1,2-dichloroethane (1.5 mL) in 3 portions
over 5 min. The mixture was stirred under argon for 3 h. The crude
product was first purified by column chromatography (silica,
gradient CH2Cl2e CH2Cl2/MeOH 9:1, v/v) and then by size exclusion
column chromatography (toluene). Two orange/red fractions were
isolated, of which the secondwas rotaxane 6b (yield: 6mg, 41%). 1H
NMR (500 MHz, CDCl3) d 1H NMR (ppm, see Fig. 6A for a detailed
peak assignment): d 8.58 (s, 4H, b-pyrroleH), 8.49 (s, 4H, b-pyrro-
leH), 7.97 (d, 4H, 3J ¼ 6.7 Hz, ArH), 7.67 (t, 4H, 3J ¼ 8.1 Hz ArH),
7.35e7.21 (m, 8H, ArH), 7.05 (t, 4J ¼ 1.5 Hz, 2H, ArH), 6.94 (m, 6H,
ArH), 6.82e6.75 (m, 4H, ArH), 6.81 (d, 4H, 4J ¼ 1.6 Hz, ArH), 6.14 (s,
4H, ArH), 4.35 (m, 8H, CH2eO), 4.22 (d, 2J ¼ 15.9 Hz, 4H, NCH2Ar),
3.93 (t, 3J ¼ 6.5 Hz, 4H, AreOeCH2), 3.73 (d, 2J ¼ 15.9 Hz, 4H,
NCH2Ar), 3.64 (m, 4H, CH2eO), 3.47 (m, 4H, CH2eO), 3.29 (br s, 2H,
CH]CH), 2.02 (m, 4H, CH2eO(CO)), 1.66 (m, 4H, eCH2e), 1.36 (s,
36H, CH3), 1.57 (m, 4H, eCH2e), 0.52 (br s, 4H, eCH2e), 0.22 (br s,
4H,eCH2e). Mass (MALDI-ToF): 2137 ([M� COþH]þ), 2164 ([M]þ).
IR [KBr] 1936 cm�1 (CO). UVeVis: 415, 535 nm.

4.2.11. Bis(3-(3,5-di-tert-butylphenoxy)propyl) maleate (7a)
This compound was obtained as a side-product during the

synthesis of rotaxane 6a. 1H NMR (500 MHz, CDCl3, ppm): d 7.02 (t,
4J ¼ 1.5 Hz, 2H, AreH), 6.75 (d, 4J ¼ 1.5 Hz, 4H, AreH), 6.25 (s, 2H,
CH]CH), 4.39 (t, 3J ¼ 6.9 Hz, 4H AreOCH2), 4.06 (t, 3J ¼ 6.1 Hz, 4H,
CH2eO(CO)), 2.15 (p, 3J ¼ 6.2 Hz, 4H, CH2CH2CH2), 1.31 (s, 36H, CH3)
ppm.13C NMR (125 MHz, CDCl3, ppm): d 165.3, 158.4, 152.3, 129.9,
115.2, 108.9, 64.0, 62.4, 35.1, 31.6, 28.7 ppm. Mass (MALDI-ToF): 609
([M þ H]þ).

4.2.12. Bis(3-(3,5-di-tert-butylphenoxy)hexyl) maleate (7b)
This compound was obtained as a side-product during the

synthesis of rotaxane 6b. 1H NMR (500MHz, CDCl3): d 7.01 (br s, 2H,
AreH), 6.75 (br s, 4H, AreH), 6.23 (s, 2H, eCH]CHe), 4.19 (t,
3J ¼ 6.9 Hz, 4H, ArOeCH2e), 3.95 (t, 4H, eCH2eOe(CO)e), 1.79 (m,
4H,eCH2e), 1.69 (m, 4H,eCH2e), 1.52 (m, 4H,eCH2e), 1.44 (m, 4H,
eCH2e), 1.33 (s, 18H, CH3). Mass (MALDI-ToF): 693 ([M þ H]þ).

4.3. Crystal structure of Ru1

THF Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication no.
CCDC 1542345. Copies of the data can be obtained, free of charge,
on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK,
(fax: þ44-(0)1223-336033 or e-mail: deposit@ccdc.cam.ac.uk).
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