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Using Molecular Force to Overcome Steric Barriers in a Springlike
Molecular Ouroboros**

By Sune Nygaard, Yi Liu, Paul C. Stein, Amar H. Flood,* and Jan O. Jeppesen*

1. Introduction

Molecular machines[1] and motors[2] are being considered as
miniaturized forms of their macroscopic counterparts. The po-
tential technological applications for these systems are being
actively evaluated using biological systems in terms of active
transport and assembly.[3] These developments are based on

their known performance as autonomous and either linear or
rotary motors for which a large body of knowledge has been
built up through the interplay of experiment,[2a–c, 4] and theo-
ry.[5] Advances towards the synthesis, characterization, and uti-
lization of artificial systems, however, are still ongoing. Of pri-
mary importance are the investigations of machines designed
to utilize the physical laws of motion that emerge at nanome-
ter-length scales while interacting in a wet chemical world and
being buffeted around by random thermal motions in order to
perform predictable functions. This overall goal recalls the ob-
jective of the early steam-engine pioneers to transform random
thermal energy into orderly and directed work. Equally of
interest to chemists is an ongoing exploration of molecular sys-
tems whose structures look like the familiar functioning de-
vices of our world. For the purpose of function, we are borrow-
ing the concepts and theories that have been developed for
biophysics to define the design principles[5] behind controlled
movements at molecular-length scales and, in particular, how
thermal energy is utilized after breaking the intrinsic Boltz-
mann balance, that is, molecular switching,[2h,i] as a means to
promote orderly directed motion—the basis for work.

In order to explore some of these themes, catenanes,[6] rotax-
anes,[7] and other mechanically interlocked molecules[8] have
served as ideal systems on account of the fact that they primar-
ily define one internal coordinate along which motion can
propagate. For our purposes, these studies are focused on a
well-characterized redox-driven motion of a tetracationic
p-electron-deficient ring,[9] cyclobis(paraquat-p-phenylene)
(CBPQT4+), either around or along a single internal coordinate
that is defined by a macrocycle or dumbbell, respectively. The
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A mechanically interlocked and self-complexing molecular ouroboros that incorporates the p-electron-rich monopyrrolo-
tetrathiafulvalene (MPTTF) unit and the p-electron-poor tetracationic macrocycle cyclobis(paraquat-p-phenylene) (CBPQT4+)
has been synthesized and characterized. The molecular ouroboros constitutes an interesting class of redox-active interlocked
molecules that is structurally similar to the image of the Serpent biting its own tail, whereas, and towards advanced functional-
ity, its mode of action resembles a wound spring. Electrochemical methods and short timescale UV-vis-NIR (NIR: near IR)
chemical switching experiments verified the reversible oxidation and reduction of the molecular ouroboros akin to the build-up
and release of tension in a spring. Building out from this concept, it was determined by the time evolution of the 1H NMR and
UV-vis-NIR spectra, however, that the initially interlocked molecular ouroboros is converted into a linear non-interlocked
state by the employment of an appropriate oxidation–reduction cycle. The oxidation-induced dethreading process occurs when
the dicationic MPTTF2+ unit is kept within close proximity to the CBPQT4+ ring by the circular interlocked structure in order
to maintain the electrostatic repulsive force between the MPTTF2+ unit and the CBPQT4+ ring for longer periods of time. The
resulting high-energy, and now tightly wound, interlocked conformation overcomes a steric barrier in many minutes, relaxing
thermodynamically to form the lowest-energy linear state in an irreversible process that would otherwise be kinetically improb-
able without the oxidation.
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motion takes place from a strong[10] p-electron donor, tetrathia-
fulvalene[11] (TTF) to a weaker[10] p-electron donor, naphtha-
lene (NP), and back again. In order to garner a more complete
picture of these motions we measured the thermally equili-
brated energy available for force production using a specifical-
ly designed, sterically locked rotaxane[12] based upon a single
monopyrrolotetrathiafulvalene[13] (MPTTF) unit encircled by
CBPQT4+. Upon sequential formation of the monocation
MPTTF�+ and the dication MPTTF2+, the electrostatic repul-
sion of the tetracationic CBPQT4+ ring generates 5 and
9 kcal mol–1 (1 kcal = 4.184 kJ) of free energy, respectively. Al-
though these values do not directly coincide with ones obtained
from dynamic force spectroscopy,[14] ≈ 65 kcal mol–1, neither do
the experimental conditions—the former and the latter are
measured under equilibrium and nonequilibrium conditions,
respectively. Towards the utilization of this free energy and the
ensuing motion to generate force, a palindromic [3]rotaxane
was designed[15] to display a musclelike contraction and exten-
sion when two CBPQT4+ rings switch their inter-ring separa-
tion from 4.2 to 1.4 nm. When ∼ 6 billion of these [3]rotaxanes
are attached to the top sides of gold-coated cantilevers via a
tether on the CBPQT4+ rings, the cantilevers were observed to
repetitively and controllably bend up and down. In this con-
text, the 9 kcal mol–1 was cooperatively harnessed to bend
against the restoring force of the cantilever (force constant
k = 0.02 N m–1) deflecting it by 35 nm, which is consistent with
10–20 pN of force generation for each of the molecular mus-
cles. While this example demonstrates how the energy of
motion was amplified to overcome the stiffness of a large mi-
crometer-scale cantilever, we have elaborated upon a self-com-
plexing motif[16] (Fig. 1) that uses the energy to perform work
on the nanoscale.

In this study, we will describe the preparation and dynamics
of a molecular ouroboros 14+. The varieties of springlike prop-
erties were characterized in solution through a combination of
electrochemical techniques and both 1H NMR and UV-vis-
NIR spectroscopy (NIR: near IR) for both the starting and re-
dox-switched molecular ouroboros. During these investiga-
tions, we discovered that its behavior is exemplary for illustrat-
ing both a fast timescale tension build-up and release akin to a
spring, and on a slower timescale, the use of that tension, mea-
suring ≈ 9 kcal mol–1, to overcome an internal steric barrier re-
sulting in the unwinding of the ouroboros form into a linear
one.

2. Results and Discussion

2.1. Synthesis

The target compound 1·4 PF6 was prepared by the pathways
shown in Scheme 1. A modular approach was adopted, similar
to previous work[8b,17] conducted in this field of research, in
which the various parts of the target molecule were prepared
individually and joined covalently in the latter steps of the syn-
thetic pathway. The MPTTF derivative 3 and the bulky, hydro-
phobic stopper 4 were coupled via an in situ deprotection of

the cyanoethyl protection group forming the S-nucleophile
with 1.1 equivalents of CsOH·H2O, to give the stoppered
MPTTF derivative 5. The tosyl protecting group on the
MPTTF unit was then removed using sodium methoxide
(NaOMe) in a tetrahydrofuran (THF)/methanol (MeOH) mix-
ture with a total yield of 53 % for the two steps.

The resultant pyrrole nitrogen in 6 was alkylated with the
iodo triethyleneglycol (TEG) derivative 7 in good yield (81 %)
to produce 8. Subsequent removal of the tetrahydropyran
(THP) protection group on 8 with p-toluenesulfonic acid
(TsOH) gave the alcohol 9 in 51 % yield. Esterification of 9
with the carboxylic derivative 10, using 1,3-dicyclohexylcarbo-
diimide (DCC) as the coupling agent, yielded the desired di-
bromide 11 in 94 % yield.

The high-pressure (10 kbar, 1 bar = 105 Pa) reaction[18] be-
tween the dibromide 11 and the dicationic precursor 12·2 PF6

in dimethylformamide (DMF) at room temperature followed
by counterion exchange yielded a green solid, which was found
to consist mainly of the desired self-complexed cyclopha-
ne 1·4 PF6 together with a small fraction[19] of the noncom-
plexed and linear cyclophane 2·4 PF6 in a combined yield of
27 %. The self-complexed cyclophane 1·4 PF6 was isolated
from the mixture by preparative thin-layer chromatography
(PTLC) using acetone (Me2CO)/NH4PF6 (100:1 v/w) as the
eluent.[20]

2.2. Structural Characterization of the Cyclophane Structure
by Mass Spectrometry

The electrospray ionization mass spectrometry (ESI-MS) in-
vestigation of 1·4 PF6 unambiguously confirms the presence of

752 www.afm-journal.de © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2007, 17, 751–762

O O S

S

S

S

S
N

O

N OO

O

N

N

N

N

O

O

Molecular 
Formula

Structural and Functional
Resemblances

+

+

+

+

4PF6
–

1•4PF6

Figure 1. Structural formula of the molecular ouroboros 1·4 PF6, and gra-
phical depictions of an iconic ouroboros (1478 AD) and of a functional
spring.
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the cyclophane structure as three indicative peaks correspond-
ing to the loss of two, three, and four PF6

– counterions. In par-
ticular, the quadruply charged ion [M–4 PF6]4+ is seen at m/z
402.7, the triply charged ion [M–3 PF6]3+ at m/z 585.2, and the
doubly charged [M–2 PF6]2+ at m/z 950.4. It is not possible to
determine whether or not the isolated compound is interlocked
given that the ESI-MS data is identical when comparing the
mixture of 1·4 PF6 and 2·4 PF6 with the PTLC purified 1·4 PF6

sample. More importantly, however, no evidence was found for
the formation of higher molecular weight interlocked isomers,
such as structures that have been described in the past as daisy
chains.[21]

2.3 Structural Characterization by 1H NMR Spectroscopy

The assignment of the 1H NMR spectrum of the self-com-
plex 14+ is complicated by the need to account for the 98 pro-
tons present in the molecule, together with the fact that 14+ ex-
hibits a dynamic behavior at room temperature. However, an
investigation of the 1H NMR spectrum at low temperatures in-
dicates that 14+ exists as a mixture of two interlocked isomers.
The 1H NMR spectrum (500 MHz) of the interlocked com-
pound 14+ recorded in (CD3)2CO at 198 K (Fig. 2) displays
eight signals in the downfield region (d = 9.3–10.0 ppm), to-
gether with eight signals resonating between d = 8.3 and
d = 9.0 ppm.

Further inspection of these signals as substantiated by the
analysis of the 1H COSY data (correlation spectroscopy; see
Supporting Information, Fig. S2) reveals that two sets of sig-
nals are present in each of the regions mentioned above,
each set consisting of four signals with different relative inten-
sities. It is well known[17] that signals in these regions, for this
particular type of compound, can be associated with the reso-
nances for the bipyridinium Ha (d = 9.3–10.0 ppm) and Hb

(d = 8.3–9.0 ppm) protons in the CBPQT4+ cyclophane moiety.
The presence of two distinctive sets of four Ha and Hb resonan-
ces confirms the interlocked nature of the isolated compound
as well as the presence of two isomers (Scheme 2). The four
signals of Ha and Hb arise from a low degree of symmetry and

Adv. Funct. Mater. 2007, 17, 751–762 © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.afm-journal.de 753

S

SSNC

3

S

S
N

S

SS S

S
NR

CsOH / THF
rt / 16 h

O O I

OO

5: R = Ts

Ts

6: R = H

NaOMe
THF / MeOH
reflux / 1 h

53%

4

I O O OTHP
7

S

SS S

S
N

OO
O O R1

NaH / DMF
rt / 3 h

81%

8: R1 = OTHP

9: R1 = OH

PTSA
EtOH:THF
rt / 4 h

51%

N

O

O
OH

O

S

SS S

S
N

OO
O

O

N

Br

Br

O

O

DCC / DMAP 

CH2Cl2  / rt / 2 h

94%

10

11

O O

NN

N N

10 kBar / DMF
RT / 3 days

27%

O O S

S

S

S

S
N

O

N
OO

O

N

N

N

N

O

O

+

+

+

+

12•2PF62PF6
–

4PF6
–

1•4PF6

Br

Br

++

O O S

S

S

S

S
N

O O O

N

O

O

O
N

N

N

N

4PF6
–

2•4PF6

+

+

+

+

+

Scheme 1. Synthesis of the interlocked molecule 1·4 PF6 in the form of a
molecular ouroboros and its linear isomer 2·4 PF6. All acronyms have been
defined in the text.

Figure 2. Downfield and upfield regions of the 1H NMR spectrum
((CD3)2CO, 500 MHz) of 14+ recorded at 198 K.
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the lack of free rotation in the interlocked isomers at low tem-
perature, rendering all positions different within a single bipyr-
idinium unit of the cyclophane. The two species are assigned[22]

to two conformations that differ in the relative orientation of
the MPTTF unit inside the CBPQT4+ cyclophane (Scheme 2).

MPTTF units are normally considered[23] to be isomer-free
in mechanically interlocked [2]rotaxanes, however, the ouro-
boros-like steric constraints of the curved structure creates two
distinct and chemically different ways for the MPTTF unit to
be located inside the tetracationic cyclophane. This situation
emerges when the terminal hydrogen of the MPTTF unit
(HTTF) is facing up and away from the diimidophenylene ring
of the tetracationic cyclophane or down and into it. It is not
evident from these data which conformation is favored at
198 K in (CD3)2CO, but integration of the peak areas (HXy,
HTTF, and SCH2CH2O) allow us to estimate the relative distri-
bution of the two interlocked conformations in 14+ to be on the
order of 6:4 in (CD3)2CO at 198 K.

2.4. Dynamic 1H NMR Spectroscopy

Variable-temperature (VT) 1H NMR
spectroscopy carried out on 14+ in
(CD3)2CO reveals that the resonances as-
sociated with the Ha and Hb bipyridinium
protons (Fig. 3a) of the tetracationic cy-
clophane CBPQT4+, as well as the
SCH2CH2O resonances, are observed to
undergo coalescence with increasing tem-
perature. This is clearly seen for the Ha bi-
piridinium protons, which, as mentioned
previously, are found at low temperature
as 2 × 4 sets of well-defined signals, but
coalesce into three broad signals at ele-
vated temperature.

The coalescence phenomena is also ob-
served for the two different types of
SCH2CH2O protons (Fig. 3b), where it is
possible at low temperature to observe
two sets of signals originating from the
two distinct interlocked conformations of

14+, entirely consistent with the fact that the MPTTF unit is en-
circled in an “up” or a “down” fashion inside the CBPQT4+ cy-
clophane. These signals coalesce into one signal at higher tem-
perature (288 K). Exchange rates, and consequently, activation
energies, can be derived[24] from the coalescence temperatures
of the VT 1H NMR spectra from 203–298 K (see Supporting
Information). It was determined from these measurements that
the free energy of activation (DG�) for the net flipping between
the up and down conformations of the MPTTF unit inside the
CBPQT4+ ring is 14 ± 3 kcal mol–1 at 293 K.

2.5. Photophysical Investigations

The photophysical properties have been studied in air-equili-
brated acetonitrile (MeCN) or Me2CO at room temperature.
Two systems have been investigated, namely: i) the threadlike
component 9 and ii) the self-complex 14+. The UV-vis-NIR
spectrum (Fig. 4) of the self-complexed molecule 14+ displays a
significant change in the visible to NIR region of the spectrum,
where a broad and relatively weak band is observed for the
self-complex at 825 nm (Me2CO: e= 1100 mol–1 cm–1). It is well
known[17,25] that such a band is typical of charge-transfer (CT)
interactions arising from the encirclement of the MPTTF unit
by the tetracationic cyclophane CBPQT4+. The effect of the
solvent on the localization of the CT band is limited.

However, an interesting observation was made during the
UV-vis-NIR absorption spectroscopic investigation of 14+,
namely that there is a pronounced time dependence (Fig. 5) of
the absorption spectrum directly after the solid form of the
self-complexed compound 1·4 PF6 is dissolved in Me2CO.[26]

Initially a green solution with a symmetric CT band centered
at 825 nm is observed. Over a period of ≈ 2500 s (see Fig. S5),
however, a spectroscopic change occurs that ultimately breaks
the initial symmetry of the CT band through the appearance of
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two new absorptions centered at 690 and 410 nm. This initial
spectroscopic change is followed by a second slower process
lasting ≈ 4 h (see Fig. S6), during which time the two new bands
disappear thereby restoring the symmetry of the 825 nm band
but without the full intensity (92 %). There was no evidence of
a similar tendency in MeCN.

The process is found to be entirely reversible through two cy-
cles of dissolution, solvent removal in vacuo, and re-dissolution
in Me2CO. A subtraction of the intermediate time spectrum
(dashed line in Fig. 5) from the initial one looks akin to either
the MPTTF�+ or bipyridinium monocation. The assignment of
these observations to either a structural reorganization or a
change in the redox state was not able to be substantiated by
using either 1H NMR (structurally sensitive) or resonance Ra-
man (electronically sensitive) spectroscopic techniques on ac-
count of the low concentration of the intermediate.

2.6. Electrochemical Investigations

The short timescale (< 10 s) redox-switching properties of
the molecular ouroboros 14+ were determined using cyclic vol-

tammetry (CV) and differential pulse voltammetry (DPV) and
by comparison (Fig. 6) to the threadlike component 9. Con-
trary to all other previous mechanically interlocked (MP)TTF-
CBPQT4+ systems,[6a,8b,12b,15,17b,c,e] and in particular for related
self-complexing systems,[22] the oxidation of the MPTTF unit in

14+ proceeds directly from the neutral form to the dication and
is directly reduced back again in a seemingly simple two-elec-
tron process at an observed half-wave potential of +760 mV
versus SCE (saturated calomel electrode).[27] Consistent with
this interpretation, there is only the one oxidation peak ob-
served in either the CV or DPV response up to +1.6 V.[28] The
separation of the first two-electron reduction of the CBPQT4+

ring into two peaks at about –200 mV is indicative of the inter-
locked character of 14+.[29] Consistent with previous investiga-
tions,[6a, 12b, 30] the oxidation behavior suggests that the MPTTF
unit is tightly encircled right up until the potential (+760 mV)
that it is oxidized to the MPTTF�+ monocation, at which point
it is electrostatically and rapidly repelled out of the central cav-
ity of the CBPQT4+. Once outside, the MPTTF2+ dication read-
ily forms at the same potential as that displayed for the
thread’s stepwise formation of its doubly oxidized form, 92+.
This coupled mechanochemical process results in the appear-
ance of the single two-electron oxidation peak in the CV, rep-
resenting the conversion from 14+ to 16+ while still maintaining
the interlocked structure. The returning sweep displays a
unique feature corresponding to a two-electron reduction peak
indicating that the MPTTF2+ dication is reduced directly back
to the neutral MPTTF0 unit. That is, while the rapid redox-driv-
en movement of the CBPQT4+ ring away from the oxidized
MPTTF�+ monocation is typical,[6a, 8b, 12b, 15, 17b,c,e, 22, 30] the ring’s
equally rapid return has not been observed to this extent until
now, on account of the fact that it is usually held both thermo-
dynamically and kinetically apart[6d, 17e, 31] from the (MP)TTF0

unit. These observations suggest that even though the
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Figure 4. Comparison of the absorption spectra of 14+ recorded in MeCN
(solid line) and Me2CO (dashed line) at room temperature immediately
after their dissolution.

Figure 5. Absorption spectra of 14+ recorded in Me2CO immediately after
dissolving the solid compound (solid line), after 2340 s (dashed line), and
after 14 400 s (dotted line).

Figure 6. Electrochemical responses of the a) half-dumbbell 9 (DPV,
1 mM) compared to the b) DPV and c) CV (200 mVs–1) of the molecular
ouroboros 14+ (0.5 mM). Currents scaled (× 0.5 (a) and × 0.33 (c)) and off-
set for clarity. Glassy carbon working electrode, Pt counter electrode, and
SCE reference electrode, 0.1 M TBAPF6, MeCN, Ar degassed.
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CBPQT4+ ring is repelled sufficiently far away from the site of
charge–charge repulsion (MPTTF2+/+) in order to leave the sec-
ond oxidation potential relatively unaffected, the ring is still
sufficiently proximal to return once neutrality is reestablished.
This behavior, which persisted down to scan rates of 25 mV s–1,
suggests that the molecular ouroboros remains, for the most
part, self-complexed when the dicationic, high energy state 16+

is maintained for less than ≈ 15 s.

2.7. Chemical Oxidation of 14+ Monitored by Absorption
Spectroscopy

It is well known[12] that the stepwise addition of the chemical
oxidant Fe(ClO4)3 to MPTTF derivatives leads to the forma-
tion of the radical cation (MPTTF��) followed by the genera-
tion of the dication (MPTTF2+) and that these species are easi-
ly recognizable on account of their distinct profile in UV-vis-
NIR absorption spectrum. The spectroscopic changes that ac-
company the titrational addition of Fe(ClO4)3 to the green solu-
tion of the interlocked compound 14+ in MeCN at room
temperature (see Figs. S8 and S9) resembles the titrational ad-
dition of the chemical oxidant to the MPTTF model compound
13 (see Fig. S7) with the noted difference in the loss of
TTF → CBPQT4+ CT-band intensity for 14+ during the first oxi-
dation. In particular, it is found that the addition of 1.0 equiva-
lent of Fe(ClO4)3, thereby generating the MPTTF�+ radical cat-
ion, that is, 15+�, leads to the appearance of the two distinct
bands centered at 685 and 430 nm in the absorption spectrum
(Fig. 7). The absorption band at 685 nm appears broadened
and red-shifted by about 50 nm from the spectrum of 13+� (see

Supporting Information). This feature might arise from an
electrostatic interaction with the proximal CBPQT4+ moiety or
as a result of a new CT interaction involving the mono-oxidized
MPTTF�+ unit. Addition of a second equivalent of Fe(ClO4)3

leads to the formation of the dication (MPTTF2+), 16+, which
exhibits two strong absorptions at 525 and 400 nm. The shifts

in band maxima and shape between the chemically oxidized
model compound 132+ and self-complexed 16+ are not as large
as those observed[12] in more sterically restricted [2]rotaxanes,
therefore indicating that the CBPQT4+ ring has moved away
from the cationic MPTTF2+. The reversibility of the molecular
reorganization following the oxidation process observed using
CV, 14+� 16+, was tested by the addition of an excess of the
aqueous reductant ascorbic acid (AA) and was found to regen-
erate the original CT band to 85 % of its initial value.

2.8. Chemical Oxidation Induced Dethreading Experiments
Monitored by Absorption Spectroscopy

Although the loss of intensity for the CT band in the solution
of 14+ following an oxidation–reduction cycle 14+ � 16+ is not
uncommon,[15,32] the extent of the intensity loss was larger than
the usual > 90 % recovery. On the basis of this observation, we
investigated the hypothesis that 16+ can lose its self-complexed
structure by a dethreading process (Scheme 3) to become line-
ar in form. In a series of oxidation–reduction experiments,[33]

the MPTTF2+ dication was generated and its spectrum mea-
sured by the addition of an excess of Fe(ClO4)3 (4 equiv) to a
solution of the molecular ouroboros 14+ in MeCN. The redox-
generated MPTTF2+ dicationic form, 16+, was left at room tem-
perature for different periods of time before being reduced
back to its neutral form (Fig. 7). During the course of this ex-
periment, it is important to note that the marker band for the
MPTTF2+ dication at 525 nm is virtually unaffected (see
Fig. S10), indicating that the oxidized compound is stable. Ad-
dition of aqueous AA to a solution of 16+ after the increasing
time periods regenerated the CT band with increasing losses of
the initial intensity. Maintaining the compound in the doubly
oxidized state for time periods in the range of 1800–9000 s re-
sults in a clearly visible and quantifiable decrease in the CT
band after chemical reduction when compared to the original
solution of 14+, and retaining the compound in the doubly oxi-
dized state for more than 15 h prior to its reduction completely
extinguished the CT band.

The loss of CT-band intensity after reduction of the MPTTF
unit is assigned to the time-dependent dethreading (Scheme 3)
of the interlocked compound 16+ to the corresponding linear
form 26+ in the oxidized state. The barrier of the oxidation-in-
duced dethreading of 16+ is envisioned to be imposed by the
two carbonyl oxygens[34] located 0.5 nm apart (center-to-cen-
ter) on the diimidophenylene ring that serves as the intercon-
nection point between the CBPQT4+ cyclophane moiety and
the remaining half-dumbbell moiety of the molecular ouro-
boros. In order for the molecule to relax slowly from the inter-
mediate high-energy conformation 16+ to the lowest energy
one 26+, we suspect that when the diimidophenylene ring ro-
tates around and within the 0.7 nm cavity (face-to-face) of the
CBPQT4+ moiety 16+, both must twist past each other in order
to minimize van der Waals contact. It is by this route that the
molecular ouroboros harnesses the electrostatic repulsive force
and breaks free from the confines of the mechanical bond.

For this mechanism of motion to be true, the now empty
CBPQT4+ of the reduced 24+ should subsequently be available
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Figure 7. Overview of the spectroscopic changes after the titrational addition
of 1.0 (dashed line) and 2.3 (dotted line) equivalents of Fe(ClO4)3 to a solu-
tion of 14+ in MeCN. The reduction with aqueous ascorbic acid (AA) regener-
ates the CT band to 85 % (dash dotted line) of its initial value (solid line).
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to bind another guest, that is, the Serpent’s mouth is now open
to bite onto another tail. To confirm that the linear form 24+ is
present, we selected a solution sample that offered a partial re-
storation of the CT band to 57 % of its original intensity, there-
by defining a 14+/24+ ratio of ≈ 57:43. When an excess of the
MPTTF thread 13 is added to the solution (see Fig. S11) the
CT band is restored up to 90 %.[35] This observation clearly in-
dicates that the CBPQT4+ cyclophane of the linear 24+ is still
present and intact within the solution and that it is capable of
forming a [2]pseudorotaxane, 13 ⊂ 24+, with the free threadlike
MPTTF unit 13. We excluded degradation based on the integ-
rity of the 525 nm absorption band for 9000 s and longer
(15 h). The rethreading experiment of 24+ also supports the
idea that the doubly oxidized 16+ and 26+ are not breaking apart
into the free MPTTF and CBPQT4+ fragments. If fragmenta-
tion had occurred, the resulting MPTTF moiety, represented as
either a thread or a half-dumbbell, would form a [2]pseudoro-
taxane with the fragmented CBPQT4+ ring. Quantitatively, the
kinetics of the dethreading process was followed by probing
the time-dependent decrease of the CT band located at 830 nm
after each oxidation–reduction cycle, originating from the

MPTTF unit encircled by CBPQT4+ in
any remaining 14+ (Fig. 8). Assuming the
operation of first order kinetics (see
Supporting Information), a DG� value of
22.8 kcal mol–1 at 293 K was obtained for
the oxidation-induced dethreading pro-
cess of 16+ to form the linear doubly oxi-
dized form 26+.

It is evident from the experimental re-
sults that the initially interlocked molecu-
lar ouroboros 14+ can be converted into
the non-interlocked linear form 24+ by
applying an oxidation–reduction cycle for
an appropriate period of time. This behav-
ior constitutes the newest and most recent
example of how to harness the free energy
of approximately 9 kcal mol–1 generated[12]

by the Coulombic repulsion formed be-
tween the doubly oxidized MPTTF2+ unit
and the tetracationic ring component
CBPQT4+ to perform a task that would
otherwise be significantly slower. Conse-
quently, we estimate the barrier of
14+ → 24+ to be ≈ 32 kcal mol–1 at 293 K. In
this case 24+ ends up looking like an image
of the Serpent that has released its own
tail.

2.9. Chemical Oxidation-Induced
Dethreading Experiments Monitored by
1H NMR Spectroscopy

In order to unambiguously confirm the
formation of the linear form, the entire
process was investigated by 1H NMR
spectroscopy. The spectra of 14+ in
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Scheme 3. a) Oxidation–reduction cycle of the interlocked compound 14+ leading to the initial for-
mation of the linear, doubly oxidized compound 26+, which is reduced with AA to form the neutral
linear non-interlocked isomer 24+. b) Addition of the MPTTF thread 13 leads to formation of the
[2]pseudoroaxane 13 ⊂ 24+ thereby partially restoring the intensity of the CT band.

Figure 8. Overview of the decrease observed in the CT band, originating
from remaining 14+ in solution after subjecting the initial solution of 14+ in
MeCN to a chemical oxidation–reduction cycle. The initial solution of 14+

(solid line) was oxidized for either 1800 s (dashed line), 3600 s (dotted
line), 6200 s (dash-dotted line), 9000 s (dash-dot-dotted line), or 55 000 s
(short-dashed line).
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CD3CN was recorded at 298 K before (Fig. 9a) and after oxi-
dation by the addition of 2.0–2.5 equivalents of the chemical
oxidant, tris(4-bromophenyl)ammoniumyl hexachloroantimo-
nate (TASbCl6), and at various times after the oxidation
(Fig. 9b–f). The addition of the chemical oxidant to 14+ led to
two major observations of the peak location and time depen-
dant evolution of the spectrum. The very broad signals as-
signed to either the resonances of the bipyridinium Ha

(d = 8.8–9.2 ppm) or Hb (d = 8.1–8.4 ppm) protons in the aro-
matic region of the unoxidized interlocked compound 14+ sim-
plify into sets of distinct doublets after the compound has been
maintained in the doubly oxidized MPTTF2+ state for more
than 39 min (Fig. 9e).[36] In the case of the Hb protons, a single
doublet consisting of two overlapping doublets is seen at
8.20 ppm after 39 min, whereas the Ha protons are found as
two distinct doublets resonating at 8.80 and 8.89 ppm, respec-
tively. Moreover, the protons associated with the MPTTF2+

unit, HTTF, HPyr, and HSCH2
protons all shifted downfield

(d = 8.96, 8.10, and 3.60 ppm, respectively) relative to the posi-
tion at which they are found in the linear dumbbell compound
11 (d = 6.51, 6.77, and 2.95 ppm, respectively). Previous investi-
gations have shown that this behavior is entirely consistent[37]

with the formation of an unencircled MPTTF2+ dication and
therefore of 26+.

Furthermore, the simplification of the 1H NMR spectrum
upon oxidation for more than 39 min is consistent with the for-
mation of an uncomplexed species 26+, in which the bipyridini-
um units experience greater rotational freedom than in the ini-

tially interlocked compound, 14+, to give a degenerate signal.
Subsequently, the addition of Zn dust reduces the MPTTF2+ to
its neutral form. The spectrum retains its high simplicity as
opposed to the self-complex 14+, and thus unambiguously re-
veals the generation of the uncomplexed linear form 24+ after
the oxidation–reduction cycle (Fig. 9g, for assignments see
Fig. S14).

Secondly, it is evident from the time-lapsed 1H NMR spectra
that there is a dynamic evolution of the doubly oxidized com-
pound. Directly after addition and mixing (≈1 min) of the
chemical oxidant into the solution of 14+, a more complex spec-
trum is observed (Fig. 9b) as compared to the spectrum after
39 min (Fig. 9e). An indicative peak that represents this pro-
cess very well is the dominant singlet at 7.85 ppm (Fig. 9b).
The intensity of this peak rapidly decreases as a function of
time (Fig. 9, marked by dashed boxes), until its disappearance
after 39 min. Quite a few peaks are noted to suffer the same
fate, suggesting that they represent the situation where the
doubly oxidized MPTTF2+ unit is still found in a self-com-
plexed form, that is, 16+. Concomitant with these changes, there
are observed peaks whose intensity increases over the same
time frame, exemplified by the HTTF signal from the doubly
oxidized MPTTF2+ unit observed at 8.96 ppm, thereby con-
firming the formation of 26+. Based on these assignments it is
evident that the chemically induced dethreading process hap-
pens to take place faster under the conditions used for the
1H NMR experiment (TASbCl6), compared to those used in
the UV-vis-NIR absorption experiment (Fe(ClO4)3).

2.10. Springlike Properties of the
Mechanically Interlocked Molecular
Ouroboros

The analogy of a molecular ouroboros
paints a straightforward picture of the
structure that constitutes the interlocked
molecule 14+. However, the structural
analogy of the Serpent biting its own tail
does not entirely represent the complex
and dynamic properties of the interlocked
molecule observed in the various solution
studies. An analogy to a wound spring is
more likely to represent the intrinsic func-
tional qualities of the system. The spring-
like properties of 14+ emerge from a blend
of the curved nature of the interlocked
structure of the molecule with the Cou-
lombic charge–charge repulsion. It is in-
teresting to note that these qualities re-
semble the ones used to describe the
pressure build up that occurs when nucleic
acid is packaged into a virus capsid.[5b]

The initially interlocked molecule 14+ both
energetically and structurally resembles a
spring in its initial state in the sense that it
cannot perform a given task before energy
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Figure 9. Downfield region of the 1H NMR spectra (CD3CN, 500 MHz) of 14+ at 298 K showing
a) the spectrum of 14+ before oxidation and the evolution of the spectrum after the addition of
2.0–2.5 equiv of the oxidant at b) 1 min, c) 3 min, d) 13 min, e) 39 min, f) 360 min [38], and
g) after reduction with Zn powder to generate the neutral, linear form 24+.
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has been fed into the system. For a macroscopic spring this en-
ergy can be supplied by a mechanical winding motion, that is,
torsion, or through a compression of the spring. In this molecu-
lar version, however, one can add energy to increase the ten-
sion in the already mechanically wound structure by providing
either a chemical energy supply as either Fe(ClO4)3 or
TASbCl6 or by an electrical energy supply (CV). The resulting
electrostatic energy mimics the tension buildup of a spring in
the sense that the Coulombic repulsion between the MPTTF2+

unit and the tetracationic cyclophane CBPQT4+ creates a high
energy state of the still interlocked molecule, that is, 16+. This
high-energy conformation returns to the resting state of the
self-complex once the electrostatic energy is removed by re-
duction. Unlike a conventional spring, however, the molecular
ouroboros can be unwound in an irreversible way whereby it
releases built-up tension worthy of ≈ 9 kcal mol–1 by overcom-
ing an internal steric barrier to generate the linear and non-
complexed structure, 26+. This unwinding process is both quan-
tified from the UV-vis-NIR experiment and confirmed
independently from 1H NMR chemical-oxidation experiments.
Just as macroscopic springs operate reversibly, the initially in-
terlocked molecular ouroboros 14+ operates reversibly when
tension is rapidly applied and removed, but performs like a sin-
gle release spring[38] when it spends that tension force irrevers-
ibly to generate the linear form.

3. Conclusions

A mechanically interlocked molecule, 14+, in the form of a
molecular ouroboros has been constructed and shown subse-
quently to display a number of dynamic properties in its inter-
locked ground state conformation, 14+, as well as in the doubly
oxidized 16+ state. The ground state of the compound was
found to exist as a mixture of two interlocked isomers differing
only in the relative orientation of the MPTTF unit found inside
the CBPQT4+ ring component. The interconversion of the two
isomers was followed by dynamic VT 1H NMR spectroscopy
and a barrier of 14 kcal mol–1 was found for the flipping motion
of the MPTTF unit. It was further found that applying an ap-
propriate stimuli (chemical or electrochemical oxidation) to
create the doubly oxidized MPTTF2+ unit initially generated an
interlocked high-energy conformation 16+ that was observed
to relax to the non-interlocked, linear, low-energy state 26+ in
condition-specific time periods; ≈ 30 min for TASbCl6 and
≈ 10 h for Fe(ClO4)3. Subsequently, addition of a suitable re-
duction agent (aqueous ascorbic acid or zinc powder) after the
occurrence of the oxidation-induced rearrangement generates
the linear state 24+ as determined by both UV-vis-NIR absorp-
tion and 1H NMR spectroscopy. The dethreading process to
form 24+ was followed in detail by UV-vis-NIR absorption
spectroscopy which allowed the barrier of dethreading to be es-
timated to 22.8 kcal mol–1 at 293 K for the process that con-
verts 16+ into 26+ using Fe(ClO4)3 as the oxidant. The emerging
springlike qualities arise from the combination of the steric
constraints imposed by the curved interlocked structure and
electrostatic repulsion, and in this instance, represents an im-

portant stepping stone towards performing work on the molec-
ular scale.

4. Experimental

General: All reactions were carried out in an atmosphere of anhy-
drous Argon. Solvents were dried according to literature procedures.[39]

The high pressure experiment was carried out on a Psika high-pressure
apparatus. All reagents used were standard grade and used as received
from Aldrich or Fluka without further purification. Compounds 3,[10b]

4,[40] 7,[41] 10,[8b] 12·2 PF6,[9a] and 13[42] were all prepared according to
literature procedures. Analytical thin-layer chromatography (TLC)
was carried out on Merck DC-alufolien Kiselgel 60 F254 0.2 mm thick-
ness precoated TLC plates. The plates were inspected under UV
light and in some cases developed using iodine vapor. Column chroma-
tography was carried out by using silica gel 60F (Merck, 9385,
0.040–0.063 mm) whereas preparative thin layer chromatography
(PTLC) was carried out on Merck precoated PTLC plates. Deactivated
silica was prepared by adding 2 % triethylamine ((Et)3N) to a slurry of
silica gel in CH2Cl2 followed by removal of the organic solvent by fil-
tration. The deactivated silica was resuspended in fresh CH2Cl2 and
the solvent removed before use. Melting points were determined on an
Büchi melting point apparatus and are uncorrected. 1H NMR spectra
were recorded on a Varian Gemini (300 MHz), a Varian Inova
(500 MHz), or on a Bruker Avance (500 MHz) at room temperature.
Residual solvent peaks were used as an internal standard. Low-resolu-
tion ESI spectra were obtained with a Finnigan MAT SSQ710 triple
quadropole instrument. High resolution MALDI and ESI spectra were
collected with a Fourier transform–ion cyclotron resonance mass spec-
trometer (FT-ICR MS) instrument. UV-vis-NIR spectra were recorded
on a Shimadzu UV-160 instrument or on a Cary Bio 100 instrument.
Electrochemical investigations were performed on a Princeton Applied
Research Potentiostat/Galvanostat Model 263 A. Elemental analyses
were performed by Atlantic Microlab, Inc.

Compound 6: The MPTTF compound 3 (200 mg, 0.41 mmol) and
the stopper 4 (305 mg, 0.44 mmol) were dissolved in anhydrous THF
(15 mL) and degassed (Ar, 15 min). A solution of CsOH·H2O (75 mg,
0.43 mmol) in anhydrous MeOH (3 mL) was added dropwise using a
syringe. The reaction mixture was stirred for 16 h causing the initial
clear yellow solution to become light green and cloudy. The solvent
was then removed in vacuo to yield a yellow solid that was redissolved
in CH2Cl2 (100 mL) washed with H2O (3 × 100 mL) and dried
(MgSO4). Column chromatography (SiO2, eluent: cyclohexane/
CH2Cl2, 1:1 v/v) of the resulting yellow solid gave two broad yellow
bands containing the tosylated product 5 and the detosylated product
6, respectively. The two fractions were combined and concentrated in
vacuo to provide a yellow compound (275 mg) containing the mixture
of 5 and 6, which was dissolved in anhydrous THF:MeOH (1:1 v/v,
100 mL) and thoroughly degassed (Ar, 15 min). Sodium methoxide
(NaOMe; 332 mg, 6.15 mmol) was added in one portion, whereupon
the reaction mixture was refluxed for 1 h. The solvent was removed
in vacuo and the yellow residue was dissolved in CH2Cl2 (100 mL),
washed with H2O (2 × 100 mL), and dried (MgSO4). Removal of the
solvent in vacuo gave a yellow oil that was purified by column chroma-
tography (SiO2, eluent: cyclohexane/CH2Cl2 1:1 v/v). The yellow band
(Rf = 0.15) was collected and the solvent evaporated to give the title
compound 6 (186 mg, 53 %) as a yellow oil. 1H NMR (300 MHz,
CDCl3): d= 1.30 (s, 27 H), 2.95 (t, J= 6.5 Hz, 2 H), 3.75 (t, J= 6.5 Hz,
2 H), 3.82 (t, J= 6.5 Hz, 2 H), 4.08 (t, J= 6.5 Hz, 2 H), 6.53 (d, J= 2.7 Hz,
2 H), 6.75 (d, J= 8.7 Hz, 2 H), 7.02 (s, 1 H), 7.07–7.09 (m, 8 H), 7.21–7.25
(m, 6 H), 8.06 (s, 1 H); MS (MALDI): m/z (%): 872 (5) [M+ + Na], 849
(100) [M+]; HiRes-FT-MALDI-MS: m/z calcd for C49H55NO2S5

+:
849.2831; found: 849.2851; elemental analysis calcd (%) for
C49H55NO2S5: C 69.21, H 6.52, N 1.65, S 18.86; found: C 69.11, H 6.52,
N 1.75, S 18.63.

Compound 8: The MPTTF derivative 6 (530 mg, 0.62 mmol), the
iodo TEG derivative 7 (230 mg, 0.68 mmol), and hexane washed NaH
(74 mg, 3.1 mmol) were dissolved in anhydrous DMF (30 mL). The
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yellow reaction mixture was stirred for 3 h at room temperature. The
solvent was removed under reduced pressure to yield a brown oil,
which was subsequently redissolved in CH2Cl2. The organic phase was
washed with H2O (2 × 100 mL) and dried (MgSO4) before the solvent
was removed in vacuo. The resulting residue was purified by column
chromatography (SiO2, eluent: CH2Cl2/EtOAc 9:1 v/v) and the broad
yellow band (Rf = 0.4) was collected and concentrated to provide the ti-
tle compound 8 (535 mg, 81 %) as a yellow semi-crystalline solid.
1H NMR (300 MHz, CDCl3): d= 1.30 (s, 27 H), 1.68–1.85 (m, 6 H), 2.95
(t, J= 6.5 Hz, 2 H), 3.57–3.84 (m, 18 H), 4.09 (t, J= 6.5 Hz, 2 H), 4.63 (s,
1 H), 6.51 (s, 2 H), 6.77 (d, J= 8.7 Hz, 2 H), 7.06–7.09 (m, 9 H), 7.21–7.25
(m, 6 H); MS(MALDI): m/z (%): 1088 (5) [M+ + Na], 1065 (100)
[M+]; HiRes-FT-MALDI-MS: m/z calcd for C60H75NO6S5

+: 1065.4192;
found: 1065.4142.

Compound 9: The THP-protected alcohol 8 (530 mg, 0.50 mmol)
was dissolved in anhydrous THF/EtOH (40 mL 1:1 v/v) and degassed
(Ar, 15 min). A catalytic amount of para-toluene sulfonic acid (PTSA)
was added to the yellow solution, which resulted in a color change to
green. The reaction mixture was stirred for 4 h at room temperature.
The reaction was quenched by addition of CH2Cl2 (100 mL), and wash-
ing with a saturated aqueous solution of NaHCO3 (100 mL) and H2O
(100 mL). The organic phase was dried (MgSO4) and the solvent was
removed in vacuo, whereupon the residue was purified by column
chromatography (deactivated SiO2, eluent: CH2Cl2/EtOAc 9:1 v/v).
The broad yellow band (Rf = 0.3) was collected and the solvent evapo-
rated to afford the title compound 9 (250 mg, 51 %) as a yellow semi-
solid. 1H NMR (300 MHz, CDCl3): d= 1.31 (s, 27 H), 2.09 (s, 1 H), 2.96
(t, J= 6.5 Hz, 2 H), 3.55–3.84 (m, 14 H), 3.98 (t, J= 6.5 Hz, 2 H), 4.10 (t,
J= 6.5 Hz, 2 H), 6.50 (s, 2 H), 6.78 (d, J= 8.7 Hz, 2 H), 7.06–7.09 (m,
9 H), 7.21–7.27 (m, 6 H); MS (MALDI): m/z (%): 1004 (20) [M+ + Na],
981 (100) [M+]; HiRes-FT-MALDI-MS: m/z calcd for C55H67NO5S5

+:
981.3617; found: 981.3641.

Half-Dumbbell Compound 11: The MPTTF unit 9 (250 mg,
0.25 mmol) and the dibromide 10 (109 mg, 0.27 mmol) were dissolved
in CH2Cl2 (20 mL). DCC (105 mg, 0.50 mmol) and 4-(N,N-dimethyl-
amino)-pyridine (DMAP) (catalytic amount) were added and the yel-
low reaction mixture was stirred for 3 h at room temperature. The sol-
vent was removed, yielding a reddish solid which was purified by
column chromatography (SiO2, eluent: cyclohexane/EtOAc 7:3 v/v).
The broad yellow band (Rf = 0.5) was collected and the solvent re-
moved yielding the title compound 11 (335 mg, 94 %) as a yellow semi-
solid contaminated with traces of DCC byproducts [43]. 1H NMR
(300 MHz, CDCl3): d= 1.30 (s, 27 H), 2.95 (t, J= 6.5 Hz, 2 H), 3.59–3.78
(m, 12 H), 3.80–3.84 (m, 2 H), 4.09 (t, J= 6.5 Hz, 2 H), 4.33–4.37 (m,
2 H), 4.44 (s, 2 H), 4.93 (s, 4 H), 6.51 (s, 1 H), 6.77 (d, J= 8.7 Hz, 2 H),
7.06–7.08 (m, 10 H), 7.21–7.24 (m, 6 H), 7.70 (s, 2 H); HiRes-FT-
MALDI-MS: m/z calcd for C67H74Br2N2O8S5

+: 1354.2388; found
1354.2395.

Self-complex 1·4 PF6: A solution of the dumbbell compound 11
(335 mg, 0.25 mmol) and 12·2 PF6 (278 mg, 0.39 mmol) in anhydrous
DMF (10 mL) was transferred to a Teflon tube and subjected to
10 kbar pressure at room temperature for 4 d. The resulting intense
green solution was directly subjected to column chromatography
(SiO2). Unreacted dumbbell 11 was eluted with Me2CO, whereupon
the eluent was changed to Me2CO/NH4 PF6 (100:1 v/w) and the green
band was collected. Most of the solvent was removed in vacuo, fol-
lowed by addition of H2O (25 mL). The resulting green precipitate was
collected by filtration, washed with H2O (100 mL) and Et2O (50 mL)
providing 150 mg (27 %) of a green solid shown to consist of a mix-
ture[19] of the self-complexed [2]rotaxane 1·4 PF6 and the noncom-
plexed, linear cyclophane 2·4 PF6. The self-complexed cyclophane
1·4 PF6 was separated by preparative thin-layer chromatography of
small batches (15 mg) of the original mixture using Me2CO/NH4 PF6

(100:1 v/w) as the eluent providing the pure 1·4 PF6 (7–8 mg, 50 %) as a
green solid. mp > 215–225 °C (decomposed without melting). Data for
1·4 PF6: 1H NMR (CD3COCD3, 500 MHz, 198 K) d = 1.22 (s, 27 H),
3.06 (bs, 1.2 H), 3.22 (bs, 0.8 H), 3.70–3.75 (m, 6 H), 3.87 (bs, 4 H), 4.02
(bs, 2 H), 4.21–4.25 (m, 4 H), 4.67 (bs, 2 H), 4.76–4.78 (m, 2 H), 5.65 (s,
0.4 H), 5.72 (s, 0.6 H), 6.06–6.27 (m, 4 H), 6.79–6.95 (m 6 H), 7.05–7.20
(m, 10 H), 7.33–7.36 (m, 6 H), 7.90 (s, 0.8 H), 7.99 (s, 1.2 H), 8.14 (s,

0.8 H), 8.19 (s, 1.2 H), 8.41–8.47 (m, 3 H), 8.60–8.65 (m, 3 H), 8.79–8.89
(m, 4 H), 9.17 (d, J= 6.0 Hz; 2 H), 9.57–9.82 (m, 6 H); MS(ESI): m/z
(%): 402.7 (30) [M – 4 PF6]4+, 585.2 (30) [M – 3 PF6]3+, 950.4 (100)
[M – 2 PF6]2+; elemental analysis calcd (%) for C95H98F24N6O8P4-
S5·H2O: C 51.63, H 4.56, N 3.80, S 7.25; found: C 51.49, H 4.94, N 4.01,
S 6.89.

Data for 26+: (Oxidation [44] of 1·4 PF6): 1H NMR (CD3CN, 298 K,
purple): d= 1.26 (s, 27 H), 3.59–3.64 (m, 8 H), 3.84–3.86 (m, 2 H), 3.90
(t, J= 5.5 Hz, 2 H), 4.01–4.05 (m, 4 H), 4.27 (t, J= 5.5 Hz, 2 H), 4.39 (s,
2 H), 4.56 (t, J= 5.5 Hz, 2 H), 5.76 (s, 4 H), 6.21 (s, 4 H), 6.71 (d,
J= 9.0 Hz), (7.18–7.20 (m, 8 H), 7.32–7.34 (m, 6 H), 7.51 (s, 4 H), 8.08 (s,
2 H), 8.10 (s, 2 H), 8.19 (d, J= 7.0 Hz, 8 H), 8.80 (d, J= 7.0 Hz, 4 H), 8.80
(d, J= 7.0 Hz, 4 H), 8.96 (s, 1 H).

Data for 24+: 1H NMR (CD3CN, 298 K, yellow): d= 1.28 (s, 27 H),
2.99 (t, J= 6.0 Hz, 2 H), 3.53–3.77 (m, 14 H), 4.06–4.08 (m, 4 H), 4.32 (s,
2 H), 5.73 (s, 4 H), 6.05 (s, 4 H), 6.64 (bs, 1 H), 6.80 (d, J= 8.5 Hz, 2 H),
7.11–7.16 (m, 10 H), 7.30–7.32 (m, 6 H), 7.50 (s, 4 H), 8.02 (s, 2 H), 8.10
(d, J= 7.0 Hz, 4 H), 8.18 (d, J= 7.0 Hz, 4 H), 8.83–8.86 (m, 8 H).
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