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Nanohoop [c2]Daisy Chain Rotaxane

Jeff M. Van Raden, Nanette N. Jarenwattananon, Lev N. Zakharov, and Ramesh Jasti*[a]

Abstract: Molecules and materials that demonstrate large
amplitude responses to minor changes in their local envi-
ronment play an important role in the development of
new forms of nanotechnology. Molecular daisy chains are
a type of a mechanically interlocked molecule that are
particularly sensitive to such changes in which, in the
presence of certain stimuli, the molecular linkage enables
muscle-like movement between a reduced-length con-
tracted form and an increased-length expanded form. To
date, all reported syntheses of molecular daisy chains are
accomplished via passive-template methods, resulting in a
majority of structures being switchable only through the
addition of an exogenous stimuli such as metal ions or
changes in pH. Here, we describe a new approach to
these structural motifs that exploits a multi-component
active-metal template synthesis to mechanically interlock
two pi-rich nanohoop macrocycles into a molecular daisy
chain that undergoes large conformational changes using
thermal energy.

When downsizing machinery to the nanoscale, the ability to
mimic design principles of macroscopic machinery becomes in-
creasingly difficult. For example, at the molecular scale, objects
undergo sporadic, unplanned movements due to Brownian
motion.[1] However, in the macroscopic world, objects are not
strongly affected by such random motion and as a result, the
planned, orchestrated movement of numerous components in
a machine is readily accomplished. Developing strategies to
overcome hurdles such as this have therefore emerged as a
key focus point for generating new types nanotechnology. Me-
chanically interlocked molecules such as rotaxanes and cate-
nanes represent a unique class of molecules that display prop-
erties of motion common to both micro and macroscopic ob-
jects,[2] suggesting structures of this form can provide a plat-
form to merge macroscopic principles with molecular scale
systems. Importantly, the specific connectivity of the mechani-
cal linkage dictates what type of motion can be harnessed

which, in principle, can be leveraged by a variety of actuation
mechanisms such as pH, metal-coordination, and redox
chemistry.[2]

With a name originating from the similarity between daisy
chain garlands, a less explored, yet particularly powerful me-
chanically interlocked molecular architecture are cyclic and
linear daisy chain rotaxanes.[3] The simplest cyclic form can be
understood as a [c2]daisy chain (Figure 1 a), where c refers to
cyclic and 2 represents the number of mechanically interlocked
components. A prized feature of [c2]daisy chains is the ability
to actuate these motifs between extended or contracted states
(Figure 1 a). This results in muscle-like motion, which can give
rise to large changes in molecular dimensions[3a] and shape.[3c]

Thus, when viewed as components for investigating nanoscale
motion through macroscopic actuation, these structures repre-
sent especially fascinating targets. To date, a majority of the re-
ported daisy chain architectures are actuated through light,[3d]

pH,[3d–g] electrochemical,[3h,i] and metal-coordination-based
mechanisms,[3a,c,j] with thermally actuated systems being rela-
tively rare.[3d] This likely stems from the typical method of prep-
aration, in which interactions such as metal-coordination and
radical–radical pairing template the formation of the desired
daisy chain.[3] These passive-template approaches result in a
mechanically interlocked structure where the employed host–
guest interaction “lives on” in the final product, resulting in
strong intercomponent binding energies.

Figure 1. a) Cartoon illustration showing a contracted and extended state of
a [c2]daisy chain rotaxane. b) All-benzene molecular trefoil knot prepared by
Itami. c) Nanohoop [c2]daisy chain prepared in this work.
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While the mechanical bond allows each component to trans-
late, rotate, or contract relative to each other, it is the molecu-
lar composition of the underlying components that determine
properties such as rate of shuttling, strength of contraction or
mechanism of actuation. Structurally distinct from typical inter-
locked molecules, pi-rich molecular nanocarbons[4] such as cy-
cloparaphenylenes or “nanohoops”[4] have emerged as interest-
ing platforms for modulating and studying motion at the
nanoscale. For example, a recent report by Itami et al. showed
that a fully conjugated all-benzene trefoil knot displays rapid
vortex-like motion at temperatures far below room tempera-
ture.[4l] Additionally, work by Isobe et al. has demonstrated that
nanohoop macrocycles can provide a pathway to ratchet-free
solid-state motion.[4m] Recently, we demonstrated a synthetic
method to thread sp-hybridized fragments (diynes) through
small-diameter pi-rich macrocycles using an active metal
Cadiot–Chodkiewicz template (AT-CC) synthesis.[4n] Fundamen-
tally different from a passive-template strategy, this AT-CC ap-
proach provides a mechanically interlocked molecule that con-
tains no complimentary interaction between macrocycle and
thread component in the final interlocked molecule.[5] As a
result, weaker interaction energies between thread and macro-
cycle are observed.[5c] Encouraged by this prospect and the
emerging properties of nanocarbons,[4] we report here the for-
mation of a [c2]daisy chain rotaxane bearing two carbon-rich
nanohoop macrocycles (Figure 1 c) that have been mechanical-
ly interlocked via two sp-hybridized diyne threads. The key me-
chanical bonds are forged via AT-CC reaction, providing the
final structure in good yield. We show that this structure can
rapidly contract and expand via thermal energy—a rare conse-
quence of both structural composition and the AT-CC method
of preparation.

Our work first began by investigating the feasibility of form-
ing a [c2]daisy chain structure via an AT-CC reaction. We opted
to expand on our recent work with 2,6-pyridine-embedded
nanohoop macrocycles with the understanding that an AT-CC
would likely allow for the formation of the desired structure.
Accordingly, we began by first preparing a new functionalized
nanohoop macrocycle containing an alkyl-linked terminal acet-
ylene (Figure 2). To avoid introducing chirality into the nano-
hoop macrocycle, we targeted the meta-pyridine ring as the
key point for functionalization. The synthesis began (Figure 2)
by first preparing diboronate 1 and pyridine derivative 2 via lit-
erature procedures.[4n] Leveraging our previous synthetic strat-
egy, we found that macrocycle 3 was readily accessed in 70 %
under dilute Suzuki–Miyaura conditions with 1 and 2. Macrocy-
cle 3 was then deprotected with tetrabutylammonium fluoride
(TBAF) followed by reductive aromatization with H2SnCl4 to
give the corresponding benzylic alcohol 4 in 61 % over two
steps. Conversion to the alkyne-functionalized macrocycle was
accomplished via deprotonation with NaH in the presence of
excess propargyl bromide in THF, giving the target macrocycle
5 in excellent yield.

It should be noted that the formation of [cn]daisy chain
structures requires n (n>1) mechanical bonds to be formed,
where n represents the number of units, that is, bonds formed,
that comprise the final structure. While this has been observed

in multi-component active metal template syntheses of cat-
enanes[5d] as well in a related molecular knot,[5f] it has not been
reported for the targeted daisy chain architecture. Accordingly,
with 5 in hand, we then proceeded to explore the formation
of the desired [c2]daisy chain via an AT-CC reaction (Figure 3 a).
We first subjected 5 to our previously reported[4n] AT-CC condi-
tions (toluene, 80 8C, K2CO3, [Cu(MeCN)4]PF6) with 3,5-diester-
functionalized bromo-alkyne 6 (Figure 3) under dilute (5 mm)
conditions, however, after purification, we observed a minor
amount of cross-coupled unthreaded product along with sig-

Figure 2. Synthetic strategy used to access terminal alkyne functionalized
nanohoop 5.

Figure 3. a) Cartoon representation illustrating the targeted synthetic ap-
proach toward 7. b) Conditions used to form [c2]daisy chain rotaxane 7.
c) Partial 1H-NMR spectrum of 7 (CDCl3, 298 K, 600 MHz) showing assignment
of thread protons HA-J.
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nificant amounts of unreacted starting materials. On closer in-
spection of the crude reaction mixture via 1H NMR spectrosco-
py, we observed a small amount of an unidentified third prod-
uct that we anticipated was the desired [c2]daisy chain. Isola-
tion of this product revealed a relatively simple 1H NMR spec-
trum (Figure 3 c) with several proton resonances appearing no-
ticeably upfield (for example, resonance HD)—evidence that
suggested an interlocked molecule (see Supporting Informa-
tion for all spectral data). Mass spectrometry of this product re-
vealed an m/z that corresponded to two macrocyclic units
(m/z = 1542.4724), allowing us to tentatively assign the struc-
ture to that of 7 (Figure 3 a). Intrigued by this small formation
of 7, we then screened various conditions in an effort to selec-
tively prepare this product. We found that when the reaction
was run under dilute conditions (7 mm) at 60 8C using (N,N-di-
isopropylethylamine) DIPEA as base and using a chloroform:e-
thanol (1:1) solvent system,[5d] the desired product 7 could be
isolated in 32 % yield via chromatography. This is rather im-
pressive given the demanding nature of the product—four
separate molecular components must assemble together fol-
lowed by the formation of two mechanical bonds. Thus, the
formation of 7 further demonstrates the ability of the AT ap-
proach to act in multi-component synthesis.

With a sufficient quantity (ca. 20 mg) of 7 in hand, we next
turned to single-crystal X-ray crystallography (SXRC) to confirm
the identity of 7, where we found that suitable crystals for dif-
fraction could be grown via vapor diffusion of pentane into a
concentrated solution 7 in THF. Accordingly, as revealed by
SXRC (Figure 4), 7 is indeed an interlocked structure comprised
of two units of macrocycle 7, that is, a [c2]daisy chain. Unlike
typical [c2]daisy chains, 7 is unusually small due to the macro-
cycles used in the AT preparation. Additionally, 7 is comprised
of all sp2-hybridized macrocyclic components, making it an
overall very rigid system, a feature which was also reflected in
a general lack of solubility in most solvents. Intrigued by the
formation of 7, we then investigated the geometrical features
observed in the solid-state structure (Figure 4). As can be seen,
the macrocyclic fragment is located over the ether-linkage be-
tween the diyne and stopper moiety with a distance of 3.34 �
between the nitrogen of the macrocycle and oxygen atom of
the thread unit being observed (Figure 4 c and 4 d). Notably, a
short contact of 3.03 � was observed (Figure 4 c) which, in
combination with the upfield resonance of HD (Figure 3 c), sug-
gests that C�H···pi interactions may be responsible for the pre-
ferred location of the nanohoop along the thread. Additionally,
various short contacts between the hydrogen atoms of the
methyl ester moiety were found, ranging between 2.44 and
2.90 � from the methyl group to adjacent macrocycle (Fig-
ure 4 c and 4d). Taken together, these distances highlight the
highly crowded environment within the macrocyclic pocket as
well confirm a contracted, rather than expanded, solid-state
conformation of 7.

Upon isolation of 7, we observed strong emission (Fig-
ure 5 a) with a measured emission maximum centered at
517 nm. It is well known that the parent hydrocarbon cyclopar-
aphenylenes ([n]CPPs) possess bright fluorescent features and
red-shifting emissions with decreasing macrocycle size.[4d] As

the diameter is reduced, the fluorescence is no longer ob-
served where a CPP comprised of six aryl rings (i.e. [6]CPP) is
non emissive-a con-sequence of both strain and orbital sym-
metry.[6a] We recently found that the inclusion of meta-substi-
tuted aryl rings breaks orbital symmetry resulting in bright
fluorescence from smaller macrocycles[6b] which provides a ra-
tionale for the observed emission of 7. This was also observed
in our previously reported rotaxanes bearing macrocycles of
similar size.[4n] Additionally, we found that the quantum of
yield of 7 (F= 0.15) was nearly identical to that of our previ-
ously reported [2]rotaxanes, suggesting that the daisy chain ar-
chitecture does not reduce the emission behavior. Lastly, in the
absorption spectrum of 7 (Figure 5 a), two main absorptions
were observed at approximately 330 and 420 nm, which is

Figure 4. Solid-state X-ray structure of 7. a) Space-fill representation of solid-
state structure of 7. b) Stick representation of 7 showing selected distances.
c) and d) Ball and stick representations at two different angles showing se-
lected distances observed within macrocyclic cavity and between ester
moiety. For clarity, all hydrogen atoms are coloured white, carbons grey or
blue oxygen atoms red, and nitrogen atoms blue. Solvent has been omitted.
Blue carbons represent thread and stopper components of 7.

Figure 5. a) Absorption and emission spectra of 7 in dichloromethane.
b) DFT calculated frontier molecular orbitals of 7.
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consistent with our previous report. Of note, DFT calculations
show a spatial separation of the frontier molecular orbitals
(Figure 5 b). While not investigated here, the emerging interest
in nanohoop-based polymers[7a] as well as recent reports of
mechanically interlocked fluorescent sensors[7b,c] suggests that
interlocking nanohoop fluorophores into daisy chain architec-
tures could serve as excellent starting point for the develop-
ment of polymeric sensing materials.

In the presence of certain stimuli such as metals or protons,
[c2]daisy chains can often be switched between either a con-
tracted or expanded muscle-like state.[3] The actuation mecha-
nism is highly dependent on the passive templating method
used to prepare the structure. In contrast to most daisy chain
structures, 7 has no complimentary interactions between the
macrocycle and thread component due to the usage of an AT-
CC method. It has been shown that this results in weak inter-
component binding energies which can allow for less common
stimuli to actuate mechanical motion.[5c] Encouraged by this
observation as well as related work by Takata et al. ,[8] we tar-
geted thermal energy as potential source to actuate 7. To in-
vestigate this, we first carried out variable temperature (VT)
1H NMR on 7 over a temperature range of �60 to 50 8C
(Figure 6). We found that the resonance belonging to (See
Figure 3 for assignments) HD shifts upfield to nearly 1.3 ppm
from 3.0 ppm, indicating stronger shielding at lower tempera-
tures. On the other hand, resonances belonging to HJ and HE

are shifted downfield by nearly 1.0 ppm each, demonstrating
an overall deshielding at lower temperatures. The effect of in-
creased shielding of HD and decreased shielding of HJ and HE

on lowering temperature suggests that as the temperature de-
creases, the macrocycle of 7 begins to reside pre-dominantly
over the proton HD. Taken further, this suggests that at lower
temperatures, the conformation of 7 begins to adopt that of a
contracted form whereas on heating, the macrocycle begin to
participate in rapid shuttling over protons HJ, HE, and HD. This
demonstrates that on the NMR timescale, fast muscle-like ex-
pansion and contraction is taking place and the macrocycle
position, that is, daisy chain state, can be modulated by a de-
crease in temperature.

To further confirm the location of the macrocycle at various
temperatures, we then probed these dynamics via VT selective
1D ROESY on resonance HB (Figure 3 for assignment). At 25 8C
two ROE signals between HJ and HK are observed, suggesting
that the ester moiety is close in proximity with both the ben-
zylic proton (HJ) and pyridyl ring of the macrocycle. On heating
the same sample to 50 8C, ROE signals between these resonan-
ces were still observed, but were significantly attenuated
(Figure 6, right) suggesting a larger distance between each
moiety at elevated temperature. This data supports the notion
that at lower temperature, the macrocyclic ring resides near
the stopper moiety, that is, a contracted form. It should be
noted that temperature changes would be expected to impact
the motion of nearly any molecular object, however, a direct
consequence of the mechanical linkage in systems such as 7 is
that the reduced motion of each bond at lower temperatures
ultimately orchestrates a large amplitude change in molecular
geometry, that is, contraction or extension (Figure 7). Taken to-
gether, these data illustrate that actuation of 7 can be ach-
ieved in an additive-free manner via thermal changes which
we attribute directly to the lack of complimentary interactions
between macrocycle and thread-a feature inherent the AT-CC
method of preparation.

In conclusion, our work here provides the first example of
an usual type of fluorescent, nanohoop [c2]daisy chain formed
without an inherent interaction between each fragment—a
structure which appears to be accessible only through at
active template approach. While the lack of interaction be-
tween each component renders typical stimuli-induced expan-
sion or contraction strategies unamenable, we show that this
structure’s conformation can be tuned via temperature which
may allow for operation under a wider range of environmental
conditions. Additionally, based on DFT calculations, we find
that the frontier molecular orbitals are located between thread
and macrocycle. Specifically, the HOMO is localized over the
macrocycle while the LUMO is localized over the stopper moi-
eties. We expect that by increasing the thread length, the dis-

Figure 6. VT 1H-NMR spectrum of 7 from �60 8C to 50 8C (CDCl3 at
500 MHz). Cartoon illustrations on the right depict the observed motion oc-
curring over the measured temperature range.

Figure 7. a) Cartoon illustration showing two different conformations of
each macrocycle relative to the thread component. Detected 1D selective
ROE signals observed on excitation of HB at b) 25 8C and c) 50 8C.
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tance between these groups can be altered via temperature
changes which may allow for modulation of the emission. Ad-
ditionally, given that a variety of active template reactions as
well as macrocycle compositions are now known, more
common stimuli-induced strategies such as metal-coordination
can likely be leveraged through, for example, as AT copper(I)-
catalyzed azide-alkyne cycloaddition reaction. This work ulti-
mately highlights a new approach to link small carbon nano-
structures with mechanical bonds—a strategy and concept
that we expect will provide new momentum in the emerging
area of supramolecular carbon nanoscience.
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Active Metal Template Synthesis and
Characterization of a Nanohoop
[c2]Daisy Chain Rotaxane

Molecular muscle: The synthesis and
characterization of a fluorescent, small,
pi-rich [c2]daisy chain is described. The
synthesis is accomplished using a multi-
component CuI-catalysed active-tem-
plate Cadiot–Chodkiewicz reaction, ulti-
mately assembling four molecular com-
ponents into a single mechanically in-
terlocked architecture. Through variable
temperature NMR, the motion of this
structure is then described.
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