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Abstract: Inspired by interlocked oligonucleotides, pep-
tides and knotted proteins, synthetic systems where a
macrocycle cages a bioactive species that is “switched
on” by breaking the mechanical bond have been
reported. However, to date, each example uses a
bespoke chemical design. Here we present a platform
approach to mechanically caged structures wherein a
single macrocycle precursor is diversified at a late stage
to include a range of trigger units that control ring
opening in response to enzymatic, chemical, or photo-
chemical stimuli. We also demonstrate that our ap-
proach is applicable to other classes of macrocycles
suitable for rotaxane and catenane formation.

Synthetic mechanically interlocked molecules[1] have been
demonstrated in a range of prototypical applications includ-
ing catalysis,[2] sensing,[2a,3] materials[4] and as molecular
machines.[5] The underpinning principle behind many of
these applications is that the mechanical bond gives rise to
properties that are not found in the individual covalent
subcomponents, from the trivial but practically important
(e.g., changes in solubility[6]) to the fundamental (e.g.,
unusual stereochemistry[7]). Although synthetic interlocked
molecules were discussed as early as 1912,[8] as with many
things, these concepts were already in use in biological
systems;[9] catenated DNA was observed for the first time in
1967,[10] around the same time as the first synthetic catenanes
were characterized.[11] Later, the threaded structure of
microcin J25, a “lasso peptide”[12] was identified.[13] In both
cases, the role of the mechanical bond is thought to be to
stabilize the biomolecule by protecting it from the action of
nucleases and proteases respectively.

The “caging” of molecules with a desirable function by
including self-immolative[14] units in their structure that are
made labile in response to enzymatic, chemical or photo-
chemical bond cleavage[15] is a well-established concept in
prodrug chemistry chemical biology, and soft materials.[16]

More recently examples have appeared in which a mechan-
ical bond in a rotaxane or catenane is used to cage chemical
or biological activity. In 2009, Papot, Leigh and co-workers
reported a mechanically caged peptidic prodrug in which a
macrocycle encircling an axle protects the peptide from
protease-mediated degradation and inhibits its biological
activity. This activity can be restored when the axle is
removed from the macrocycle by esterase-mediated cleavage
of the stoppering unit.[17] A second generation of this system
responds to β-galactosidase through the cleavage of the
macrocyclic component to release a paclitaxel-based
prodrug.[18] More recently, Lewis, Vilar and co-workers
reported a mechanically caged quadraplex binding Pt
complex whose activity can be restored by esterase-
mediated or photo-cleavage of the axle.[19] The same concept
has also been demonstrated in the context of catalysis; Chiu
and co-workers reported a mechanically interlocked Cu
complex in which the mechanical bond inhibits the catalytic
behavior of the metal ion,[20,21] which can be restored by
cleavage of the macrocycle. Papot and co-workers recently
reported a catenane that achieves a similar function.[22]

Despite the success of the mechanical caging approach, a
drawback of the reported systems is that they are typically
bespoke to a specific application or target. Here we present
a platform approach for the preparation of mechanically
caged structures in which the stimuli responsive unit can be
varied at a late stage in the synthesis. To achieve this, we
applied a Curtius rearrangement strategy to incorporate the
cleavable unit into a common advanced intermediate, and a
self-immolative linker based on a methylene alkoxy
carbamate self-immolative unit[23] to ensure that the mechan-
ical bond is cleaved rapidly without side reactions that lead
to inactive byproducts.
We initially set out to incorporate an o-benzylic ether-

carbamate unit, as previously used by Papot and co-
workers,[18] in a bipyridine-containing macrocycle suitable
for the active template[24] Cu-mediated alkyne-azide cyclo-
addition (AT-CuAAC[25]) reaction[26] such that late stage
attachment of the trigger unit was possible. Accordingly, we
synthesized carboxylic acid macrocycle 1a using a concise
Ni-mediated strategy.[27] Subsequent reaction with diphenyl
phosphoryl azide (DPPA, Scheme 1a) converted 1a to the
corresponding acyl azide that underwent a Curtius
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rearrangement[28] in the presence of phenol to give an
activated carbamate. This was then reacted with alcohol 2a
to obtain macrocycle 3a. Treatment of 3a with a fluoride
source was expected to remove the trigger unit[29] to give

aniline 5a that would then ring open to produce an ortho-
quinone methide.[30]

However, neither 3a nor the corresponding rotaxane
(see ESI) underwent significant ring opening; only trace
amounts of ring opened products were observed by LCMS
analysis. Instead, treatment with TBAF resulted in rapid
conversion to the corresponding aniline (e.g., 5a), which
persisted and underwent alkylation by p-quinone methide 4
to give benzyl substituted aniline 7a. These results indicated
that aniline 5a is kinetically stable with respect to ring
opening, either due to the weak electron donating effect of
the aniline unit or the poor leaving group ability of the
phenolate. Thus, we synthesized macrocycle 3b, in which
the aniline unit is more electron rich, and the leaving group
ability of the phenolate unit is increased. Pleasingly, treat-
ment of 3b or the corresponding rotaxane (see ESI) with
TBAF led to ring opening to give 6b and other ring opened
products as the major species. However, corresponding
alkylated byproduct 7b was also observed.
Although electronically activated macrocycle 3b under-

went ring opening, it is inefficient both from an application
(alkylated aniline 7b was still observed) and a synthetic (9
linear steps from commercial materials, 10% overall yield)
perspective. Thus, we considered other self-immolative link-
ers and identified the recently reported methylene alkoxy
carbamate unit[23] that undergoes cleavage via the corre-
sponding hemi-aminal ether. Thus, we synthesized carbox-
ylic acid macrocycle 8 and successfully applied the Curtius
rearrangement strategy to access macrocycle 9a. Pleasingly,
treatment of 9a with TBAF led to rapid disappearance of
the macrocycle and the appearance of ring opened products
(e.g., 11).

Scheme 1. Synthesis by Curtius rearrangement and ring opening of a) first-generation macrocycles 3 based on an established self-immolative motif
(carbamoyl aniline bearing an ortho leaving group); b) second-generation cleavable macrocycle 9 containing a carbamoyl hemiaminal ether self-
immolative motif. Reagents and conditions: i. DPPA, NEt3, PhMe, 80 °C; ii. 2a, DMAP, NEt3, THF, 50 °C; iii. TBAF (3 equiv.), THF� H2O (3 :1),
37 °C; iv. 2a, DPPA, K2CO3, CH2Cl2, rt.

Scheme 2. Synthesis of macrocycles 9, their conversion to rotaxanes 14
and their subsequent axle-releasing reactions (Ar = 3,5-di-tBu� C6H3).
Reagents and conditions: i. 2, DPPA, K2CO3, CH2Cl2, rt;

[31] ii. CuSO4,
sodium ascorbate, THF� H2O (10 :1), rt, 16 h.[32]
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Carboxylic acid macrocycle 8, which is synthesized in 5
steps from readily available starting materials in reasonable
yield (30% overall, see ESI), can be converted to carbamate
macrocycles 9 in a single step, making it an excellent
platform for developing cleavable macrocycles for mechan-
ically caged molecules. To demonstrate the power of this
approach, we synthesized a family of macrocycles 9b–f

containing previously reported trigger units that respond to
chemical (9b[33]), photochemical (9c,[34]d[35]) and enzymatic
(9e,[36]f[37]) stimuli (Scheme 2), all of which underwent the
expected ring opening reactions (Table 1). We also synthe-
sized benzyl carbamate macrocycle 9g, which failed to ring

Table 1: Summary of the isolated yields for macrocycles 9 and rotaxanes 14, the stimuli they respond to and their observed reactivity.

Entry 9 (yield) 14 (yield) Stimulus 9[a] 14[a]

1 9a (55%) 14a (72%) TBAF[29]

2 9b (42%) 14b (57%)[32] H2O2
[33]

3 9c (41%) 14c (60%) UV (365 nm)[34]

4 9d (39%) 14d (74%) UV (365 nm)[35]

5 9e (45%)[31] 14e (77%) β-galactosidase[36]

6 9 f (48%) 14 f (86%) penicillin G-amidase[37]

7 9g (48%) 14g (75%) TBAF or UV (365 nm)

[a] Indicates whether cleavage was observed under previously reported conditions (see ESI section S7) for the corresponding trigger.

Figure 1. a) 1H NMR (THF-d8 � D2O [3 :1], 500 MHz, 298 K) analysis of
the cleavage of rotaxane 14a: i. rotaxane 14a (‘ is used to signify
signals arising from the minor diastereomer); ii. rotaxane 14a+TBAF
(3 equiv.) after 1 h; iii. axle 15 (labels and colors as in Scheme 2,. b)
LCMS analysis of the cleavage of rotaxane 14e: i. rotaxane 14e; ii.
rotaxane 14e+β-galactosidase after 24 h; iii. axle 15. c) Solid state
structure of NO2-derivative of rotaxane 14g (R = pNO2� C6H4) high-
lighting the steric crowding caused by the interlocked structure. Colors
as in Scheme 2, except O (grey), N (dark blue), H (white).

Scheme 3. a) Synthesis and photochemical cleavage of catenane 17. b)
Synthesis and enzymatic cleavage of paclitaxel-derived rotaxane 20.
Reagents and conditions: i. [Cu(MeCN)4]PF6, N

iPr2Et, CHCl3� EtOH
(1 :1), 60 °C, 4 h (pseudo high dilution); ii. Irradiation (UVA,
λmax=365 nm), CH3CN� H2O (9 :1), rt; iii. [Cu(MeCN)4]PF6, N

iPr2Et,
CH2Cl2, rt, 3 h; iv. β-Galactosidase, phosphate buffer-DMSO (9 :1),
37 °C, 24 h.
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open in response to chemical or photochemical stimuli and
was recovered unchanged after treatment under basic (0.1 M
NaOH, 24 h) or acidic (0.1 M HCl, 24 h) conditions,
confirming that the carbamoyl hemi-aminal ether unit is
robust and thus that ring opening of macrocycles 9a–f takes
place via removal of the trigger.
Pleasingly, when rotaxanes 14, synthesized in good yield

(Scheme 2, Table 1) by reaction of macrocycles 9 with
alkyne 12 and azide 13 under AT-CuAAC conditions,[26]

were subjected to their corresponding uncaging stimulus we
were able to observe the release of axle 15 and the
appearance of the acyclic products of macrocycle ring
opening by 1H NMR (e.g., Figure 1a) or LCMS (e.g.,
Figure 1b)[38] analysis as appropriate. Once again, rotaxane
14g was robust to either chemical or photochemical stimuli.

1H NMR analysis (Figure 1ai) also highlights the unusual
stereochemistry of these molecules; the stereogenic hemi-
aminal ether center renders the macrocycle both chiral
(synthesized as a racemate) and oriented and so the
corresponding rotaxane displays both covalent and mechan-
ical stereochemistry.[7] Thus, rotaxanes 14 are formed as
racemic pair of mechanical epimers (~2 :1 ratio),[39–41] some-
what complicating their characterization by NMR as because
two sets of signals were observed for many resonances (e.g.,
triazole proton Hf), which is exacerbated further in the case
of 14e due to the enantiopure galactose unit.
Unfortunately, in the case of 14 f, we were unable to

observe the desired ring opening behavior; no ring opened
products were detected by LCMS when 14f was exposed to
penicilin G-amidase under conditions that successfully
cleaved 9f. We tentatively attribute the failure of rotaxane
14 f to undergo enzymatic cleavage, despite the confirmed
lability of parent macrocycle, to the steric bulk of the
rotaxane moiety preventing substrate access to the enzyme
active site. Indeed, the solid-state structure[42] of an analogue
of rotaxane 14g bearing a nitro group (R = pNO2� C6H4,

Figure 1c) highlights the globular nature of the interlocked
region of these molecules. This suggests that previously
reported enzymatic trigger units may require re-optimization
for application in interlocked structures.
Bipyridine macrocycles of the form of 9 are versatile

intermediates for the synthesis of interlocked molecules.[43]

Thus, when alkyne/azide pre-macrocycle 16 was used in
place of half-axle components under pseudo-high dilution
conditions (Scheme 3a),[44] catenane 17 was produced from
macrocycle 9c in good yield (74%). As with rotaxane 14c,
irradiation of 17 led to rapid ring opening to release
triazole-containing macrocycle 18. Furthermore, the
AT� CuAAC reaction tolerates a wide variety of functional-
ized substrates. To demonstrate this, we synthesized rotax-
ane 20 (Scheme 3b), a direct analogue of a caged paclitaxel
derivative previously reported by Papot and co-workers,[18]

using macrocycle 9e and paclitaxel-derived alkyne 19[18]

under mild conditions in reasonable yield (51%). Treatment
of 20 with β-galactosidase in vitro resulted in ring opening to
release axle 21 (See ESI, section S7).[45]

Finally, given that many macrocycles for the synthesis of
interlocked structures contain sp3 C� X bonds (X=O or N)
within the macrocycle framework,[1] our late stage Curtius
rearrangement method for installing a cleavable linker has
the potential to be applied in a wide range of contexts. To
demonstrate this, we synthesized crown ether 22[46] that
contains a carboxylic acid moiety and converted it to TBAF-
cleavable macrocycle 23 (Scheme 4). Macrocycle 23 could be
converted to rotaxane 26 under organocatalytic active
template conditions[47] in reasonable yield and, as expected,
underwent rapid ring opening upon treatment with TBAF to
release axle 27.
In conclusion, we have demonstrated a simple approach

to cleavable macrocycles that can be used as a platform for
the synthesis of mechanically caged molecules. The key
feature of our platform is a late stage Curtius rearrangement
that allows us to install the trigger moiety and create a
carbamoyl hemiaminal ether self-immolative unit simulta-
neously. Using this approach, we were able to demonstrate
photo-, enzyme- and chemically-cleaved macrocycles, and
rotaxanes and catenanes derived from them, by making use
of previously reported trigger moieties. Furthermore, we
showed that our platform concept can be extended to
different types of macrocycles such as crown ethers. Macro-
cycles 9 and 20 represent an excellent new resource for the
preparation of mechanically caged molecules. Furthermore,
our Curtius rearrangement approach to install a carbomoyl
hemi-aminal ether self-immolative linker can be extended to
many other macrocycles for the synthesis of interlocked
structures.
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Scheme 4. Synthesis of cleavable crown ether macrocycle, 23 and its
conversion to rotaxane 26 (Ar = 3,5-di-CF3� C6H3). Reagents and
conditions: i. DPPA, K2CO3, CHCl3, 70 °C, 16 h; ii. PhMe, rt; iii. TBAF
(3 equiv.), THF, rt, 24 h.
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Rotaxanes

A. Saady, G. K. Malcolm, M. P. Fitzpatrick,
N. Pairault, G. J. Tizzard, S. Mohammed,
A. Tavassoli, S. M. Goldup* e202400344

A Platform Approach to Cleavable Macro-
cycles for the Controlled Disassembly of
Mechanically Caged Molecules

A mechanical lock with many keys. We
show that a single macrocyclic precursor
can be converted to self-immolative
macrocycles that open in response to
enzymatic, chemical, or photochemical
stimuli. Rotaxanes and catenanes based

on these rings can be triggered to
release their interlocked partner. This
simple macrocycle platform can be used
to accelerate the development of me-
chanically caged molecules.
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