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Abstract: Several five-component nanorotors ROT-3 that
rotate at different rates were prepared by adding phenanthro-
lines of distinct lateral size as brake blocks to the four-
component nanorotor ROT-2. The brake blocks interfere with
the 18088 rotor causing the rotational frequency to drop from
97 kHz to 5 kHz. The effect of the rotating brake blocks on the
rotational frequency in ROT-3 is accurately predicted by
a nanomechanical model called “conformational slippage”.
For quantification, the interaction of the brake blocks with the
trajectory of the main rotator is gauged based on the number of
interfering vs. non-interfering conformations as computed by
PM6.

Numerous biological machines (kinesin motor proteins,[1a]

ATP synthase,[1b] and bacterial flagella)[1d] are in essence
sophisticated multicomponent heteroaggregates, which main-
tain essential life processes through astonishing nanomechan-
ical movements.[1] For example, the rotation rate of the
naturally occurring bacterial flagellar motor[1d,2] decreases
depending on the concentration of cyclic di-GMP (slower at
higher concentration). The latter eventually activates the
YcgR binding protein to interact like a molecular brake
directly with the stator of the flagellar motor.[2b,c] Such
fascinating modes of action have inspired chemists to design
and investigate de novo artificial (supra)molecular devices
and to control their function by external additives or inputs,[3]

whereby multicomponent machinery[4] represents a particular
challenge. We recently contributed to this area by developing
the four-component supramolecular rotors ROT-1 and ROT-
2 (Figure 1B)[5] which exhibit a rotational frequency of 97 and
81 kHz, respectively, at room temperature. Thus, first exam-
ples impressively demonstrate new properties in supramolec-
ular heteroaggregates.[4] The key challenge of the near future
is thus to establish novel functions in further machines and to
control their action or motion by external stimuli.[4d]

Herein, we will present a small series of new five-
component nanorotors ROT-3 (Figure 1) whose rotational
frequency can be adjusted between 38 and 5 kHz through

variation of the fifth component (1–6). Components 1–6 set
up side rotors that, according to the following data, act as
brakes mimicking speed regulation in the bacterial flagellar
motor.[2b,c] Moreover, the rotational frequency in ROT-3 =

[(ROT-2)(1–6)2] is quantitatively predictable on the basis of
“conformational slippage”. The model describes the braking
effect of two orthogonal side rotors on the main rotor and
thus a new mechanism in the molecular sciences. Although,
the past decade has been distinguished by a plethora of
reports[3] describing molecular devices based on rotational[6,7]

and translational[8] motion, control of speed through braking
interactions has been achieved usually in only rather small
covalent systems.[7e, 9, 10]

For the present study it is important to understand the
modus operandi of our recently described nanorotors[5a] ROT-
1 = [Cu2(7)(8)(DABCO)]2+ and ROT-2 = [Cu4(7)(8)-
(DABCO)]4+ operating via thermally activated leaps. Both
rotors are hetero-zinc(II)porphyrin sandwich structures com-
posed of stator 7 and rotator (= rotor blade) 8 that are linked
by DABCO (= axle) and by copper(I) complexation. The
thermally activated rotation begins with the rate-limiting
endergonic departure of the pyridine/pyrimidine terminals of
rotator 8 from the Cu+-loaded phenanthroline stations of
stator 7 and thus the separation of the heteroleptic pyridine
and phenanthroline (HETPYP)[11] coordination bonds. In
ROT-2, only two out of the four copper(I) phenanthroline
stations of stator 7 are occupied at a given time by binding to
the rotatorÏs termini. As a result, addition of two equivalents
of additives 1–6 will afford the new five-component nano-
rotors ROT-3 = [(ROT-2)(additive)2] via HETPHEN[12] com-
plexation (Figure 1C). Typically, HETPHEN complexes
(logK = 4.92� 0.19 for [Cu(phenAr2)]+ + phen, see Fig-
ure S20 in the Supporting Information (SI)) are ca. 50 times
more stable than HETPYP[11] complexes (logK = 3.2� 0.6 for
[Cu(phenAr2)]+ + py). Thus, any HETPHEN dissociation is
unlikely to occur during rotary oscillations in ROT-3. There
are different rotary leaps, though, in ROT-2 (mixed 90/18088
leaps)[5a] and in ROT-1 and ROT-3 (pure 18088 oscillations).

Synthesis of the nanorotors : Six different additives (Fig-
ure 1A) were used as the fifth component in nanorotors
ROT-3. All ROT-3 are fully characterized by 1H NMR, 1H-1H
COSY, 1H DOSY, ESI-MS, and elemental analysis (see SI).
When 2 equiv of additive 1 was mixed with the four-
component nanorotor ROT-2[5a] in CD2Cl2 :CDCl3 = 9:1, we
obtained quantitatively [Cu4(1)2(7)(8)(DABCO)]4+ = [(ROT-
2)(1)2] = ROT-3,1 (the second number refers to the additive,
here 1) as judged by 1H NMR, 1H-1H COSY, and ESI-MS
data. The 1H NMR spectrum of ROT-3,1 displays two
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diagnostic peaks (1:1) for protons 9-H at 7.10 and 6.00 ppm
(Figure 2) showing the phenanthroline stations to be involved
in HETPYP[11] and HETPHEN[12] complexation, respectively.
The ESI mass spectrum displays two peaks at 1044.5 and
1441.7 Da corresponding to ions after loss of four (!
[Cu4(1)2(7)(8)(DABCO)]4+) and three PF6

¢ anions (!

[Cu4(1)2(7)(8)(DABCO)](PF6)
3+), respectively (Figure 3A).

Finally, the 1H DOSY spectrum showed ROT-3,1 to be
a single species in solution.

Frequency of rotation : Insight into the dynamics of
spinning in ROT-3,1 is obtained by variable-temperature
(VT) 1H NMR spectroscopy. While at 25 88C the mesityl

protons 9-H of both phenanthroline
stations that are involved in HETPYP
complexation exhibit a single signal at
d = 7.10 ppm indicative of fast
exchange, the NMR spectrum at
¢75 88C displays two singlets of equal
intensities at d = 7.10 and 7.07 ppm
(Figure 3B). The splitting arises as the
two Cu+-loaded phenanthroline sta-
tions are no longer degenerate since
they are either coordinated to the
pyridine or pyrimidine terminus of the
unsymmetric rotator 8. Reciprocally, as
the temperature is increased, the two

Figure 1. A) Additives 1–6 as brake blocks. B) Stator 7, rotator 8 and the two known nanorotors ROT-1 and ROT-2 used as reference compounds.
C) General procedure to synthesize the five-component nanorotors ROT-3.

Figure 2. Partial 1H NMR spectra of ROT-1, ROT-2, and ROT-3,1 in CD2Cl2 at 25 88C (*: protons 9-
H of the stator’s phenanthroline ligands involved in HETPYP complexation. #: 9-H of Cu+-free
phenanthroline sites in ROT-1 and of phenanthroline ligands involved in HETPHEN complex-
ation in ROT-3,1, respectively).
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peaks gradually broaden, then coalesce, and finally at 25 88C
form a sharp singlet (d = 7.10 ppm).[13] The rotational fre-
quency at 25 88C (k25) in the five-component nanorotor ROT-
3,1 is determined to be k25 = 35000 s¢1, which is much lower
than that in the four-component 18088 nanorotor ROT-1 (k25 =

97000 s¢1).[5a] Replacement of 1 by other additives, that is, 2–5,
adjusts the speed (k25) over a wide range (Table 1).

Noticeably the rate-determining step in ROT-3 is no
longer controlled by the departure of the rotator from the
copper-loaded stations as in ROT-1, but by a completely
different mechanism.

Braking mechanism : All four phenanthroline sites in
stator 7 and thus in rotors ROT-3 are actually rotors
themselves, here referred to as side rotors, because their
alkynyl linkage to the porphyrin exhibits a low rotational
barrier.[14] Molecular modeling studies indicate that depend-

ing on their conformational orientation the bulky HETPHEN
side rotors in ROT-3, that is, the phenanthroline sites loaded
with brake blocks 1–5, interfere with the trajectory of the
main rotator (Figure 4A). Clearly, obstruction of the main
rotatorÏs trajectory by a single HETPHEN side rotor should
already block rotation, as illustrated in the conformation
ROT-3II (Figure 4C).

To rationalize speed deceleration in ROT-3, we consid-
ered four mechanistic scenarios: 1) gearing, 2) solid-disk
interference (i.e., the fast HETPHEN side rotors generate
a “solid disk-shaped object” in the trajectory of the main
rotator), 3) passage through open conformations, and 4) con-
formational slippage.

Regarding mechanism (1), we consider normal gearing as
unlikely because side and main rotors should operate at
different rates (vide infra). Moreover, since only a one-touch
gearing would apply, the deceleration should not be highly
dependent on the lateral extension of the additive. Thus one
would expect similar rates for ROT-3 with additives 2–4,
which is not the case.

Considering their sub-picosecond time scale for rotation,
the HETPHEN side rotors may be described as solid disk
objects in the trajectory of the main rotator (scenario 2)
requiring strong bending of the rotator about the disk-like
object to avoid interference. Obviously, the larger the radius
of the solid disk object, the slower the rotational frequency of
the main rotor. An assessment of the side rotatorsÏ radii in
ROT-3 by conformational analysis using PM6 (Figure S30)
predicts the following relative rotational speed: 1 (r = 8.2 è)
> 5 (10.0 è) > 2 (11.1 è) > 3 (12.8 è) @ 4 (16.6 è) quite in
contrast to the experimental data for k25 : 1> 2,3> 4,5.

Hypothesis (3) claims that the ratio of obstructing and
non-obstructing conformations dictates the passage of the
main rotator through the rotating side rotors of ROT-3. For
this purpose, the main rotor obviously has to have a signifi-
cantly higher speed than the side rotor in the moment of the
passage, which can be ruled out based on the low rotational
barrier of the HETPHEN side rotor (2 kJ mol¢1; PM6).[15]

Equally, based on classical mechanical considerations (see SI)

Figure 3. Spectra of ROT-3,1. A) ESI-MS in CD2Cl2. B) VT 1H NMR
(600 MHz) in CD2Cl2 (left: experimental; right: simulated).

Table 1: Computed dihedral contact angle (fc), number of non-interfer-
ing conformations (n), slippage constant (z), and experimental vs.
calculated rotational frequencies at 25 88C for ROT-3.

Rotor fc
[a] z

(n)[b]
Expt. rotational
frequency [s¢1]

Calcd. rotational
frequency[c] [s¢1]

ROT-3,1 �10988 0.36 (47089) 35000�920 35200
ROT-3,2 �7088 0.15 (19321) 19080�670 14500
ROT-3,3 �7488 0.17 (21609) 18300�490 16200
ROT-3,4 �4188 0.05 (6561) 5700�180 4900
ROT-3,5 �3788 0.04 (5329) 4900�140 4000

[a] Calculated using PM6, see text. [b] z = (n/129600). 129600 is the
number of all possible conformations. [c] Calculated as follows:
k25 =z Ö 97 000 s¢1. ROT-1 (k25 =97000 s¢1) serves as a reference for
a pure 18088 nanorotor.

Figure 4. A) Partial structure of ROT-3,1 as used in the PM6 computa-
tions. Only the interfering hydrogen atoms of the main and side
rotator at the contact angle fc are highlighted. B) Cartoon representa-
tion of this partial structure at f= 088 and at the angle fc. C) Three
selected conformations of ROT-3 (ROT-3I, ROT-3II, and ROT-3III).
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the main rotor should be decisively slower than the HET-
PHEN side rotors.

As a result of the failure of the hypotheses (1)–(3) we
suggest a new model (4), called conformational slippage,
which is inspired by mechanism (3). This model presumes that
the “diffusive” encounter of the two rotators results initially
in an adjustment of their speeds before the main rotator is
able to slip to the other side, depending on the extent of
conformational aperture.

In the unimpeded rotor ROT-1 the Gibbs energy changes
are best represented by the gray profile in Figure 5A. At the

point at which the pyridine and pyrimidine terminals of the
rotator arm detach from the copper-loaded phenanthroline
stations, the rate-determining reaction barrier (TSI) is
reached. On the ensuing rather shallow local minimum, the
main rotator should easily pass from one side (Figure 5A,
< 9088) to the other (> 9088). In contrast, the rate-determining
barrier in ROT-3 is generated by the encounter of main and
side rotator at ca. 9088.

Let us visualize the encounter of the two rotators each
operating at a different speed with the HETPHEN side rotor
being the faster one (vide supra). As a result, the main rotator
arm is reflected and oscillates back and forth in its local
minimum. During those “diffusive” encounters both rotors
may lose velocity, until they assume the same speed. Only
now, the main rotator may find a passage through the side
rotor depending on the number of unobstructing conforma-
tions (conformational slippage).

In order to assess conformational slippage in relation to
that in the unhindered 18088 nanorotor ROT-1 (97 000 s¢1),[5a]

we simply determined the ratio of noninterfering conforma-
tions to the total number of conformations. For example, in
conformer ROT-3I both side rotators are directed away (fZn33-

Zn116-C183-C184 = 088) from the trajectory of the main rotator and
thus allow uninhibited rotation (Figure 4C). Conversely, in
ROT-3II and ROT-3III either one or both side rotators should
protrude into the main rotatorÏs path (fZn33-Zn116-C183-C184 =�
18088) thus strongly impeding its rotation. Our model now
assumes that the main rotator is able to slip “diffusively” to
the other side depending on the proportion of unobstructed
conformations.

Fortunately, conformational slippage can be assessed
quantitatively by calculating the unobstructing vs. obstructing
conformations. At first, the steric interaction during the
encounter of the two rotators (depending on the angle f) is
determined using single-point PM6 computations. Upon
contact the calculated energy sharply rises, which allows the
definition of a contact dihedral angle fc (Figure 6A).[16] All

conformers between 18088�jf j (side rotator) �jfc j are
considered to interfere with the main rotatorÏs passage
while the others are noninterfering. Based on this angle, the
total conformational space of 129600 independent conforma-
tions (360 × 360, 1 deg steps) may be split into interfering and
noninterfering conformations.

For instance, PM6 computations furnished an angle fc =

� 10988 for ROT-3,1 (Figure 6A, Table 1). Thus, all confor-
mations of the side rotators with an angle jf j between 088 and
10988 should allow passage of the main rotator (Figure 5B).
Noticeably, the other ROT-3 rotors exhibit vastly different fc

values (Table 1) due to the differently sized additives.
The larger the angle fc, the greater the proportion of non-

interfering conformations and thus the higher the rotational
speed. In the case of ROT-3,1, a fc =� 10988 indicates that
82511 out of 129600 conformers, that is, 64 %, prevent
passage of the spinning main rotator (for details of this

Figure 5. A) Schematic Gibbs energy profile of the rotation in ROT-
1 (gray) and ROT-3 (black). B) Pictorial representation of the confor-
mational situation at the HETPHEN side rotor in ROT-3 depending on
the additives (brake blocks). The larger the cut-off angle (fc), the fewer
the number of interfering conformations.

Figure 6. A) Relative energy of ROT-3,1 as a function of the dihedral
angle f of the side rotator as obtained from single-point PM6
computations (dihedral angle N1-Zn33-Zn116-N117 of the main rota-
tor =2588).[19] B) Experimental vs. computed rotational frequency for all
rotors. The solid line represents the linear regression obtained by
applying the conformational slippage model while, for comparison, the
dashed line corresponds to the ideal 1:1 correlation.
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calculation, see Section 7 of the Supporting Information),
while 36% do not interfere with the trajectory. Hence, the
rotational frequency is calculated as k25 = z × 97 000 s¢1 =

0.36 × 97 000 s¢1 = 35 200 s¢1, quite close to the experimental
value of 35000 s¢1 (Table 1). Also for the other nanorotors
ROT-3, this model predicts rotational frequencies that agree
rather well with the experimental data (Table 1, Figure 6B).

Reversible speed regulation in an in situ prepared nano-
rotor has been realized recently by using 6 as the fifth
component.[17] It was shown that photochemical trans–cis
isomerization of 6 led to rotor ROT-3,6 = [(ROT-2)(cis-6)2],
the rotational frequency of which at 25 88C was experimentally
determined as 38 200 s¢1.[5b] Using the above presented model
on conformational slippage, the frequency is calculated to
37200 s¢1 which is in convincing agreement with the deter-
mined experimental data.

The strong decrease of the rotational frequency in ROT-
3,4 and ROT-3,5 raises concern about the integrity of the
assembly as the activation barrier increases. However, even
with the slowest rotor, ROT-3,5, the barrier of 52.3 kJ mol¢1 is
more than 9.6 kJ mol¢1 lower than the lower limit for
dissociation/association (DG25

� = 61.9 kJmol¢1).[18] Thus, far
more than 98 % of the rotary motion will follow the intra-
supramolecular spinning pathway. Actually, the finding of
speed regulation in ROT-3 is compelling evidence for intra-
supramolecular spinning as the dissociative/associative mech-
anism should not respond to the size of the additive(s).

In conclusion, a series of self-assembled five-component
nanorotors have been prepared and their rotational frequen-
cies measured. Depending on the size of the brake blocks, the
frequency of the main rotor has values between 35 and 5 kHz.
The model we developed to explain these results, conforma-
tional slippage, is based on classical mechanics and proved to
be reliable in predicting the rotational frequency in our
nanorotors. To the best of our knowledge, the modus operandi
is unprecedented in (supra)molecular machinery and possibly
could be of importance for flagellar motors.[2b,c]
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