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ABSTRACT: A family of supramolecular four-component
nanorotors was quantitatively self-assembled from two
different zinc(II) porphyrins: one representing the stator
and the other the rotator with DABCO as an
interconnecting axle and copper(I) ions. Rotational
spinning in ROT-1′ occurs at 97 000 s−1 at 25 °C but is
virtually stopped at −75 °C. The activation vs binding data
suggest that spinning is an intrasupramolecular process
occurring to >99.9% without dissociation. Addition and
removal of two further equiv of Cu+ reversibly switches the
mode of the stochastic rotation between pure 180° and
mixed 90°/180° steps and reversibly regulates the speed
between 97 000 and ∼80 000 s−1.

In recent years, artificial molecular machinery1 such as motors,
tweezers, shuttles, and elevators2 have received ample

interest.3 Despite the huge progress in recent years, there are
many challenges left, for example to network two or more
covalent machines and to interface their nanomechanical
features. In contrast to man-made molecular machines, the
nanomechanical ones from nature4 such as F0F1-ATP synthase4b

and bacterial flagella4c are formed by self-assembly. Thus nature’s
suggestion for nanomachines is unmistakable: its most
sophisticated machineries with fascinating emergent properties
only evolve from supramolecular heteroassemblies with covalent
entities being weakly interlaced for superior nanomechanical
operation and not from single covalent molecules.
In contrast to many reports covering fully covalent

machines,1−3,5 only few examples of artificial supramolecular
devices are known,6 such as the supramolecular valves by
Stoddart and Zink,6a,g the nanomechanical tweezers by Aida,6d

and Shionoya’s6b,f,h four-component double-ball bearing com-
plexes.While most examples constitute two- or three-component
assemblies, we present here a family of new four-component
supramolecular nanorotors that undergo fast stochastic rotary
motion. Inspired by a successful self-assembly strategy developed
in our laboratory,7 the design is based on two dissimilar zinc
porphyrins: one representing the rotator and the other one the
stator8 that are cofacially arranged about DABCO acting as a
dynamic axle. However, to quantitatively heterosandwich
DABCO between rotator 1 or 2 and stator 3 or 4 (Chart 1) by
two axial NDABCO−zinc porphyrin interactions (each contribu-
ting 27.6 kJ·mol−1),9 additional directing elements are required
to preclude formation of homosandwich complexes. Thus,
rotator (1 or 2) and stator (3 or 4) are furthermore anchored
together at two trigonal [Cu(phen)(py)]+ sites (vide inf ra for
thermochemical data). Such heteroleptic pyridine and phenan-

throline10 (HETPYP) complexes arise in presence of copper(I)
ions with the phenanthroline (phen) residues being provided
from 3 or 4 and the pyridine/pyrimidine (py) units supplied by
rotator 1 or 2.
To prepare the four-component aggregate ROT-1 = [Cu2(1)-

(3)(DABCO)]2+ (Figure 1A) by self-assembly,7,11 ligand 312 was
first treated with 2 equiv of [Cu(CH3CN)4]PF6 in dry DCM. In
principle, the Cu+ ions may occupy either 5,10- (syn), 5,15- (anti)
or even three or four phenanthroline binding sites on platform 3,
which should result in a statistical mixture due to rapid exchange.
Indeed, protons 9-H at the phenanthroline residues are
diagnostically shifted downfield from 6.92 (in ligand 3) to 7.03
ppm furnishing a single signal for [Cu2(3)]

2+ (Figure 1B).
However, upon further addition of 1 equiv of DABCO and 1
equiv of ligand 110a in dry CHCl3 followed by 3 h of reflux
quantitative formation of the desired complex ROT-1 was
noticed. The two Cu+ ions are now exclusively arranged in anti-
positions. ROT-1 was characterized by 1H NMR, ESI-MS, 13C
NMR, and elemental analysis (see SI). The 1H NMR displays
two diagnostic methylene singlets at −4.54 and −4.57 ppm
corresponding to the DABCO sandwiched between two different
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Chart 1. (A) Ligands 1−4 and (B) Cartoon Representation of
Nanorotors
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zinc porphyrins.13 The pyridine protons c-H and d-H (Figure
1B) are shifted upfield to 7.04 and 6.47 ppm, which is
characteristic for HETPYP complexation. In ROT-1, the highly
symmetric tetrakisphenanthroline platform 3 loses its C4
symmetry upon forming a complex with 1, DABCO, and
copper(I) ions. Diagnostically, ROT-1 now exhibits in the 1H
NMR two different sets (1:1) of protons 9-H corresponding to
rotator-loaded (at 7.10 ppm) and unloaded phenanthroline
subunits (at 6.93 ppm), the latter resembling that in the copper-
free ligand 3 (Figure 1B). An analogous behavior was observed
for other phenanthroline protons in ROT-1 as well, i.e., for 3-H,
4-H, 5-H, 6-H, 7-H and 8-H, when we compare 3 as isolated
ligand with 3 in ROT-1 (Table S1). The assembly is furthermore
identified in the ESI-MS by a peak at 1845.8 Da corresponding to
the doubly charged species ROT-1 after loss of two counter-
anions (PF6

−). Finally, the 1H DOSY proves ROT-1 to be a
single species in solution.
When 2 equiv of Cu+ were added to ROT-1 to generate ROT-

3 = [Cu2(ROT-1)]2+ (Figure 2), the set in the 1H NMR

representing the unloaded phenanthrolines of subunit 3
disappeared. All phenanthroline sites are now loaded with
copper(I) ions and identical, as documented by a single signal for
protons 9-H at 7.09 ppm. Moreover, protons c-H (7.07 ppm)
and d-H (6.53 ppm) of the pyridine units are broadened and
slightly shifted downfield (Figure S8). Two distinct singlets at
−4.54 and −4.57 ppm represent the DABCO protons. An

identical spectrum is received when ligand 3 was reacted with 4
equiv of Cu+ followed by addition of 1 equiv of DABCO and 1
equiv of ligand 1 and refluxed for 3 h. Finally, 1H DOSY proves
[Cu2(ROT-1)](PF6)2 to be a single species in solution.
The highly symmetric structure of ROT-3 as derived from the

1H NMR and the broadened resonances suggests that rotator 1
rapidly oscillates between the two pairs of orthogonal copper(I)-
loaded phenanthroline stations of stator 3 at 25 °C. Insight into
the dynamics of this spinning is obtained by cooling ROT-3 to
low temperature. While at 25 °C proton 9-H ofROT-3 exhibits a
single signal at 7.09 ppm, the spectrum displays two singlets of
equal intensities at −75 °C (Figure 2).14 The two signals at δ =
7.08 and 7.04 ppm are assigned to copper(I)-loaded phenanthro-
line stations that are coordinated and uncoordinated by the
pyridine termini of 1, respectively. As the temperature is raised to
25 °C, the two peaks gradually broaden and coalesce to a sharp
singlet at 7.09 ppm.15 This finding further supports our
interpretation that at 25 °C all four copper(I)-loaded
phenanthroline stations are chemically equivalent, due to fast
spinning at 78 200 s−1, while at −75 °C spinning is almost
stopped. The activation parameters for the spinning process are
determined to ΔH⧧ = 53.0 ± 0.2 kJ mol−1, ΔS⧧ = 26.9 ± 0.7 J
mol−1 K−1, and ΔG⧧

25 = 45.0 kJ mol−1.
For rotary oscillation in ROT-3, two pyridine−Cu+ linkages16

between rotator 1 and stator 3 need to dissociate requiring each
∼18.3 kJ mol−1 as binding of pyridine to a model complex
[Cu(phenAr2)]

+ in DCM was determined to log K = 3.2 ± 0.6,
see Figure S31. The corresponding energy is thermally readily
available at 25 °C suggesting that equally in ROT-1 and the
known ROT-210a a rotary oscillation is populated. However, the
high symmetry in both ROT-1 andROT-2 prevents detection of
such motion by 1H NMR. As a consequence, we designed ligand
212 as an unsymmetric rotator that has an Npyridine−Npyrimidine
separation of 2.9 nm, basically identical to that of the two
pyridine termini in rotator 1. Alike ROT-1 and ROT-2, the four-
component assembly ROT-1′ (or alternatively ROT-2′) was
synthesized from a 1:1:2:1 mixture of 3 (or 4),13b 2,12 Cu+, and
DABCO and characterized in the same manner as ROT-1 (see
SI).
As predicted, at 25 °C the unsymmetric rotator 2 does not

desymmetrize the two opposing copper(I)-loaded phenanthro-
line stations in both ROT-1′ and ROT-2′, suggesting rapid
exchange of pyridine and pyrimidine termini on the NMR time
scale. As before, the dynamics was evaluated using 1H VT-NMR.
Upon cooling ROT-1′ = [Cu2(2)(3)(DABCO)]

2+ to −75 °C,
protons 9-H of both copper-loaded phenanthroline stations split
into two signals at 7.09 and 7.07 ppm (1:1) due to slow exchange.
Those stations are now connected to the pyridine and pyrimidine
terminus of rotator 2.16 Upon raising the temperature, the two
peaks coalesce along with a slight downfield shift resulting in a
sharp signal at 7.10 ppm at 25 °C. The singlet at 6.92 ppm
assigned to protons 9-H of the copper(I)-free phenanthrolines
remains constant over the whole temperature range advocating
against translocation of Cu+ between the two orthogonal pairs of
phenanthrolines and thus for pure 180° rotational oscillations.
Alike the dynamics in ROT-2′ = [Cu2(2)(4)(DABCO)]

2+ was
investigated (Table 1). The comparable activation parameters
and rotational frequencies of nanorotors ROT-1′ and ROT-2′
indicate that copper-free phenanthroline sites, as present in
ROT-1′, do not influence the rotation. Therefore, the observed
spinning in the unsymmetric nanorotors suggests a similar,
nondetectable rotation in the symmetric nanorotors ROT-1 and
ROT-2.

Figure 1. (A) Schematic synthesis of nanorotor ROT-1. (B) Partial 1H
NMR spectra of 3 (CDCl3), 3 + 2 equiv of Cu+ (CD2Cl2), and ROT-1
(CD2Cl2: CDCl3 = 9:1).

Figure 2. (A) Schematic synthesis of ROT-3. (B) Experimental (left)
and simulated (right) 1H NMR spectra of ROT-3 (CD2Cl2/CDCl3 =
9:1) at various temperatures. (C) Experimental (left) and simulated
(right) 1H NMR spectra of ROT-1′ (CD2Cl2/CDCl3 = 9:1) at various
temperatures.
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When 2 equiv of Cu+ were added to nanorotor ROT-1′, the
new aggregate ROT-3′ = [Cu2(ROT-1′)]2+ formed as observed
from NMR, alike ROT-3 (Figure 3). The dynamics in ROT-3′

can be followed from 1H VT-NMR that at −75 °C shows three
sets (1:1:2) of phenanthroline mesityl protons (9-H) at 7.08,
7.06, and 7.03 ppm. Signals of equal intensities correspond to
rotator-loaded phenanthroline stations while the singlet at 7.03
ppm is assigned to the rotator-free copper(I)-loaded stations.
The slightly lower activation barrier ΔG⧧

25 = 43.8 kJ mol−1 and
higher rotational frequency (k25 = 81300 s−1) for the spinning
motion in ROT-3′ compared to ROT-3 is expected because the
Cu+−pyrimidine detachment (15.9 kJ mol−1; derived from log K
= 2.78 ± 0.34 for binding of pyrimidine to [Cu(phenAr2)]

+, see
Figure S31) requires less energy than the Cu+−pyridine
dissociation (18.3 kJ mol−1).
The observed exchange processes in all nanorotors may be

rationalized by either intrasupramolecular spinning of rotators
1,2 against the stator or by a dissociation/reassociation
mechanism (Figure 4). While intrasupramolecular rotation
requires only detachment of the two pyridine and/or pyrimidine

nitrogens of the rotator from the copper(I)-loaded phenanthro-
line stations,16 the dissociation/association pathway additionally
demands cleavage of at least one NDABCO−zinc porphyrin
interaction. The latter was determined as follows: analysis of the
binding isotherm for 3·DABCO by UV−vis using a 1:1 binding
model furnishes the stoichiometric binding constantK11 = 3.47×
105 M−1 (log K = 5.54 ± 0.65, see Figure S32), which gives the
microscopic binding constant Km = K11/2 = 1.74 × 105 M−1.17

Thus, the binding constant K11↔12 = αDABCOKm/2 for the
formation of the ternary complex (3)2·DABCO from the binary
complex 3·DABCO + 3 may be estimated as 0.70 × 105 M−1

using the cooperativity factor αDABCO = 0.8 ± 0.2, as reported
earlier. A binding constant of 0.70 × 105 M−1 for disruption of
one DABCO−zinc porphyrin bond amounts to 27.7 kJ mol−1 in
free energy at room temperature.18 Accordingly, intrasupramo-
lecular spinning requires a minimum energy barrier of 36.6 and
34.2 kJ mol−1 for nanorotors with symmetric rotator 1 and
unsymmetric rotator 2, respectively, while the dissociation/
associationmechanismwould demand aminimum energy barrier
of 64.3 and 61.9 kJ·mol−1 (Figure 4). Clearly, the experimental
barriers ΔG⧧

25 as well as the low positive activation entropies
(Table 1) point toward intrasupramolecular spinning (>99.9%)
for all nanorotors. The small deviation of the experimental
barrier from the ideal intrasupramolecular one based solely on
thermodynamics (for example ΔΔG⧧ = 6.8 kJ mol−1 for ROT-
1′) may arise from some cooperative effects of pyridine/
pyrimidine−Cu+ binding due to the perfect preorientation in the
nanorotor.
Comparing the activation barriers for the spinning in the

nanorotors shows that ROT-3′ has a lower rotational frequency
and thus higher barrier than ROT-1′ by 2.8 kJ mol−1, most likely
due to statistical effects arising from nondirectional 90° vs 180°
oscillatory leaps. The overall rotational process is furthermore
complicated because the phenanthroline stations themselves
constitute almost barrierless side rotors with the side rotators not
necessarily oriented all-syn toward the main rotator 1 or 2 (see
Figure S33). In the fully copper(I)-loaded systems ROT-3 and
ROT-3′, themetal ion in the rotator-free phenanthroline stations
becomes coordinatively unsaturated once the rotator (1 or 2) has
moved to the next pair of stations in the spinning. Thus, the set of
rotator-free phenanthroline stations may rotate about the alkynyl
groups of the stator. As a result, we expectROT-3 andROT-3′ to
undergo mixed 90° vs 180° rotational moves, while ROT-1 and
ROT-1′ operate by pure 180° oscillations. Importantly,
removing Cu+ from ROT-3 and ROT-3′ by adding 2 equiv of
cyclam affords nanorotorsROT-1 andROT-1′ operating along a
pure 180° rotational mode (see SI).
In conclusion, we have synthesized a family of four-component

supramolecular nanorotors that rotate in a stochastic oscillating
manner about a dynamic hinge, resembling closely that in a
rotary sprinkler. The spinning motion takes place by an
intrasupramolecular pathway (>99.9%) as clearly demonstrated
by kinetic and thermodynamic data. Moreover, addition and
removal of metal ions allows reversible regulation of the speed
(97 000 ↔ ∼80 000 s−1) of the nanorotors and their mode of
rotation (pure 180° vs mixed 90°/180° leaps).
This self-assembly protocol constitutes a big step toward

constructing fully operational machinesalike naturethrough
simply mixing dissimilar molecular components, an extremely
versatile strategy that will propel the emerging fields of machine
assemblies. Further speed regulation in nanorotors is currently
underway.

Table 1. Experimental Rotational Frequency at 25 °C and the
Activation Parameters of the Nanorotors

nanorotorsa
ΔH⧧

(kJ mol−1)
ΔS⧧

(J mol−1 K−1)
ΔG⧧

25
(kJ mol−1)

k25
(s−1)

ROT-1′ 47.5 ± 0.6 22.0 ± 0.8 41.0 97 000
ROT-2′ 47.1 ± 0.5 23.0 ± 0.8 40.2 96 300
ROT-3 53.0 ± 0.2 26.9 ± 0.7 45.0 78 200
ROT-3′ 52.8 ± 0.4 31.0 ± 0.9 43.8 81 300

aActivation parameters could not be determined for ROT-1 and
ROT-2 due to their symmetry.

Figure 3. (A) Schematic synthesis of ROT-3′ and a cartoon
representation of the spinning in ROT-1′ (180° steps) and ROT-3′
(90°/180° steps). (B) Experimental (left) and simulated (right) 1H
NMR spectra of ROT-3′ (CD2Cl2/CDCl3 = 9:1) at various temper-
atures.

Figure 4. Schematic energy profiles of the rotational spinning in ROT-3
and ROT-3′ considering different mechanistic scenarios.
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