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Electrostatically-gated molecular rotors 
Binzhou Lin,a Ishwor Karki,a Perry J. Pellechiaa and Ken D. Shimizu*a 

The ability to control molecular-scale motion using electrostatic 
interactions was demonstrated using an N-phenylsuccinimide 
molecular rotor with an electrostatic pyridyl-gate. Protonation of 
the pyridal-gate forms stabilizing electrostatic interactions in the 
transition state of the bond rotation process that lowers the 
rotational barrier and increases the rate of rotation by two orders 
of magnitude. Molecular modeling and energy decomposition 
analysis confirms the dominant role of attractive electrostatic 
interactions in lowering the bond rotation transition state.

The development and study of synthetic molecular devices and 
molecular machines are an exciting new area of research.1–5 An 
important challenge in the field is developing effective methods 
of controlling molecular-scale motion using macroscale inputs 
and stimuli. For example, stimuli used to control the rates of 
rotation of molecular rotors have included: light,6–11 metal 
ions,12–14 hydrogen bonds,15–17 redox,18–20 anions,21 
guests,16,22,23 and protons.24–29 The majority of these systems 
were molecular brakes where the stimuli slowed the rate of 
rotation. More rare were stimuli that increased or accelerated 
the rate of rotations.15,19,29,20,27,28

In this work, we demonstrate the use of attractive 
electrostatic interactions to stabilize tranisition states, lower 
barriers, and increase rates of molecular scale motion. The 
control of molecular-scale motion using electrostatic 
interactions has the potential of being integrated with existing 
micro- and nanoscale devices such as memory and transistors 
that are electrically addressed and controlled.30 In addition, the 
electrostatic gating mechanism could be coupled with electron 
microscopy methods that can manipulate and investigate the 
electronic states of single molecules.31–34

Electrostatic interactions have been employed to control 
the thermodynamic equilibria of molecular devices by 
stabilizing or destabilizing one or more possible states.1,35 
However, there are few examples that use electrostatic 
interactions to control the kinetics and rates of molecular 
motion. The examples we did find used repulsive electrostatic 
interactions to raise barriers such as preventing 
psuedorotaxane dethreading.36 Therefore, the goal of this work 
was to develop a molecular device in which attractive 
electrostatic interactions lower barriers and increase the rate of 
molecular motion by forming stabilizing transition state 
interactions.

Fig 1 a) Schematic representation of the electrostatically-gated rotors 1 which are 
activated by protonation that lowers the rotational barriers by forming attractive 
electrostatic interactions in the bond rotation TS and b) chart of the chemical structures 
of 1, 1•H+, and control rotor 2.
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A challenge in demonstrating electrostatically controlled 
increases in molecular-scale motion is separating the 
electrostatic component from other TS interactions in particular 
the steric interactions. Our recent studies of C=O•••π(phenyl) 
interactions using molecular rotors suggested a possible 
solution.37 The substitutents on the phenyl gates only 
modulated the electrostatic interaction as the steric component 
stayed constant. Thus, in the design of the electrostatically 
gated rotors 1, a structurally similar 3- and 4-pyridyl gate was 
used as the protonation of the pyridyl group would provide 
larger changes in the electrostatic interactions due to the 
presence of the positive charge with minimal change in the 
steric interactions.

The electrostatically gated molecular rotors are based on 
the N-phenylimide framework, which displays restricted 
rotation about the central C-N single bond.16,38,39 Rotors 1(3-Py) 
and 1(4-Py) have 3- or 4-pyridyl electrostatic gates appended to 
the ortho-position of the N-phenyl stator.  The electrostatically 
negative π-face of the neutral pyridyl groups form repulsive 
electrostatic interactions with the imide C=O oxygen in the 
bond rotation transition state leading to a high barrier and slow 
rotation of the succinmide rotor (Fig. 1a). However, when the 
pyridyl gate is protonated in 1(3-Py)•H+ and 1(4-Py)•H+, the 
positively charged pyridinium group forms attractive 
electrostatic interactions with the imide C=O oxygen lowering 
the barrier and speeding up rotation of the succinimide rotor. A 
control rotor 2(Ph) was also prepared with a phenyl gate, which 
lacks a basic pyridyl nitrogen and thus cannot be protonated.

Rotors 1 and 2 were synthesized via the thermal 
condensation of 3,3-dimethylsuccinic anhydride and an ortho-
substituted aniline (AcOH, 140 °C, 24 h).40  The dimethyl groups 
break the symmetry of the succinimide rotor, enabling the rate 
of rotation to be monitored by 1H NMR. For example, the 
succinimide CH2 protons were diastereotopic in the 
unprotonated rotors 1(3-Py), 1(4-Py), and 2(Ph), due to slow 
rotation around the C-N bond at (25 °C) (Fig. 2, 0 eq. MsOH). 
However, when the pyridyl groups are protonated with 
methane sulfonic acid (MsOH), the succinimide CH2 protons 
were in fast exchange and collapsed into a singlet due to fast 
rotation around the C-N bond (Fig. 2a). By comparison, the 1H 
NMR spectra of control rotor 2(Ph) did not change when MsOH 
was added. The diastereomeric succinimide CH2 protons shifted 
downfield but remained in slow exchange (Fig. 2b).

The differences in the rates of rotation and rotational 
barriers were observed by the changes in coalescence 
temperatures (Fig. S12) and quantitatively measured using EXSY 
NMR (Table 1). The changes in rotational barrier were 
consistent with the ability of the pyridinium gates to 
electrostatically lower the rotational barriers of rotors 1. 
Initially, the neutral rotors 1(3-Py), 1(4-Py), and 2(Ph) had 
similar barriers of 18.8 to 20.6 kcal/mol.  On the addition of 3 
equivalents of MsOH, the rotational barriers of the pyridyl 
rotors, 1(3-Py) and 1(4-Py) decreased by 2.1 and 3.2 kcal/mol.  
In contrast, the rotational barrier for the control rotor 2(Ph) 
increased slightly on addition of MsOH.  The changes in barriers 
correspond to increases in the rates of rotation of 32 and 206 
fold for rotors 1(3-Py)•H+ and 1(4-Py)•H+ respectively.

Fig 2. 1H NMR spectra of the succinimide CH2 protons for a) electrostatically gated rotor 
1(3-Py) and b) control rotor 2(Ph) with increasing number of equivalents of MsOH. The 
1H NMR spectra for 1(4-Py) were similar to those of 1(3-Py).
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Fig 3. Rotational barriers for rotors 1(3-Py), 1(4-Py), and 2(Ph) with increasing equivalents 
of methanesulfonic acid (MsOH) in TCE-d2 as measured by EXSY 1H NMR.  

To verify that attractive electrostatic interactions were the 
reason for the lower barriers of the pyridinium rotors, the 
geometries, rotational barriers, and energy decomposition 
analyses were calculated.  The ground state and TS geometries 
(B3LYP-D3/6-311G* with a solvent dielectric of 8.42 for TCE) 
were very similar for the unprotonated and protonated rotors 1 
and control rotor 2. In particular, the TS structures were nearly 
identical as shown in Fig. 4 with the C=O groups pointing into 
the π-face of the perpendicular aryl rings.  The closest contacts 
from the oxygen of the C=O to the aryl rings were also very 
similar (2.42 – 2.58 Å). Most importantly, the rigid framework 
and the perpendicular geometry of the pyridinium rings prevent 
the N-H protons of 1(3-Py)•H+ and 1(4-Py)•H+ from forming 
intramolecular hydrogen bonding interactions that could have 
provided another explanation for their lower barriers.

Fig 4. Calculated (B3LYP-D3/6-311G*) transition state structures for the unprotonated 
and protonated electrostatically gated rotor 1(3-Py) and 1(3-Py)•H+ and control rotor 
2(Ph).

The calculated rotational barriers (∆G‡
calc) from the GS and 

TS structures were also able to reproduce the experimentally 
observed lower rotational barriers of 1(3-Py) •H+ and 1(4-
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Py)•H+ (Table 1).41  The average difference between the neutral 
and protonated rotors for the experimentally measured 
(∆∆G‡

expt) and calculated barriers (∆∆G‡
calc) were  very similar 

(2.7 and 2.8 kcal/mol).

Table 1 Experimental and calculated rotational barriers and rates of rotations.

Rotor ∆G‡
expt

a

(kcal/mol)
∆G‡

calc
b

(kcal/mol)
rotation 

ratec (Hz)
1(3-Py) 18.8 21.9 (20.7) 0.095
1(4-Py) 19.7 20.1 (20.5) 0.025

1(3-Py)•H+ 16.7e 19.0 (13.8) 3.02
1(4-Py)•H+ 16.5 e 17.5 (12.7) 5.14

2(Ph) 20.6 20.9 (22.2) 0.0049

a Rotational barriers measured by EXSY of the 1H NMR in TCE-d2.  b Calculated using 
B3LYP-D3/6-311G* in 1,1,2,2-tetrachloroethane (dielectric = 8.42) at 298.15 K. 
Values in parentheses were calculated in the gas phase at 298.15 K.  c Calculated 
using ∆G‡

expt for 298.15 K.  e 1(3-Py) and 1(4-Py) were protonated by the addition 
of 3 equivalents of MsOH in TCE-d2.

Comparisons of the barriers calculated in solvent (dielectric 
= 8.42) and the gas phase provided the first evidence for 
presence of stabilizing TS electrostatic interactions (Table 1). 
The neutral rotors 1(3-Py), 1(4-Py), and 2(Ph) had similar ∆G‡

calc 
values in solvent and the gas phase. In contrast, the positively 
charged pyridinium rotors 1(3-Py)•H+ and 1(4-Py)•H+ had very 
different ∆G‡

calc values in solvent and the gas phase.  The 
average change in the barrier (∆∆G‡

calc) on protonation for 
rotors 1 was small in solvent (-2.75 kcal/mol) and large (-7.35 
kcal/mol) in the gas phase. These differences are consistent 
with the electrostatic interactions being screened in solvent, 
which reduces their effect on the rotational barriers. 

Direct evidence for the stabilizing electrostatic TS 
interactions in the pyridinium rotors was provided by energy 
decomposition analyses of the non-covalent interactions in the 
transition states (Fig. 5).  The intramolecular interaction 
energies between the imide carbonyl groups (C=O) and the 
aromatic pyridyl, pyridinium, and phenyl gates in the TS (B3LYP-
D3/6-311G*) were calculated using the functional group 
interaction analysis method (fi-SAPT(0), jun-cc-pVZT).42  The 
calculated interaction energy trends mirrored the experimental 
rotational barrier trends. The neutral rotors, 1(3-Py), 1(4-Py), 
and 2(Ph), had destabilizing C=O•••aryl interactions (Etotal = 
11.7 to 13.6 kcal/mol).  Whereas, the positively charged rotors, 
1(3-Py)•H+, 1(4-Py)•H+, had stabilizing interactions (Etotal = -4.4 
and -8.0 kcal/mol). The origins of the differences in the Etotal 

values between the neutral and positively charged rotors were 
evident from an analysis of the component repulsion-exchange, 
electrostatic, induction, and dispersion (Eexch, Eelec, Eind, and Edisp) 
terms. The Eexch, Eelec, and Edisp terms were similar between the 
neutral and positively charged rotors. In particular, the 
similarity in the repulsive Eexch terms provided confirmation that 
the pyridyl gates do not change in size on protonation or 
deprotonate. Only, the Eelec term changed dramatically between 
the neutral and protonated rotors 1.  For example, the change 
in the Eelec term (∆Eelec) between 1(3-Py) and 1(3-Py)•H+ was -
16.2 kcal/mol which was very similar to the differences in the 
total interaction energies (∆Etotal = -17.1 kcal/mol).  Likewise, 

the ∆Eelec (-18.3 kcal/mol) and ∆Etotal (109.8 kcal/mol) terms 
were very similar for 1(4-Py) and 1(3-Py)•H+.  The electrostatic 
nature of the intramolecular C=O•••π(pyridyl) are consistent 
with our recent study, which found that stabilizing 
C=O•••π(phenyl) interactions in neutral aromatic systems were 
dominated by electrostatic interactions.37 Additional SAPT 
analyses were conducted that included the intramolecular 
interactions of the pyridyl/pyridinium group in the ground state 
and transition state (Fig. S13), leading to the same conclusion.  
The electrostatic interactions were the dominant term in the 
change in barrier on protonation and deprotonation of the 
pyridyl gate.

Fig 5 The fi-SAPT (SAPT(0), jun-cc-pVZ) energies for the intramolecular C=O•••aryl 
interactions in the optimized TS structures (B3LYP-D3, 6-311G*) for protonated and 
unprotonated rotors 1 and control rotor 2. 

Finally, the reversibility of the electrostatic gates were 
demonstrated by following four protonation-deprotonation 
cycles using 1H NMR lineshape analysis at 25 °C (Fig. S11).  In 
each cycle, the rotor 1(3-Py) in TCE-d2 was treated with 3 
equivalents of MsOH followed by neutralization by washing 
aqueous NaHCO3 solutions.  The rotor cleanly switched from 
slow-exchange to fast-exchange and back to slow-exchange 
without degradation or formation of by-products. 

Conclusions
Molecular pyridyl rotor 1 was designed in which the rate of 
rotation is accelerated by the formation of attractive through-
space electrostatic interactions. Protonation of the pyridyl 
gates on the stator leads to a positively charged pyridinium 
aromatic surface that forms stabilizing electrostatic 
interactions with the electrostatically negative C=O oxygen 
in the bond rotation transition state.  Dynamic NMR and 
theory concurred that the pyridinium rotors 1(3-Py)•H+ and 
1(4-Py)•H+ had rotational barriers that were 2.7 to 2.8 
kcal/mol lower than the neutral pyridyl rotors 1(3-Py) and 
1(4-Py), leading to increases in the rates of rotation of 32 and 
206 times. Computational modelling and energy 
decomposition analysis were consistent with the formation of 
stabilizing electrostatic interactions in the TS between the face 
of the pyridinium gate and the C=O oxygens in 1(3-Py)•H+ and 
1(4-Py)•H+. Similar attractive through-space electrostatic 
interactions have recently been demonstrated to be able to 
control the thermodynamic equilibrium of conformationally 
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flexible molecules,43,44 contribute to aromatic interactions,45 
and have also been hypothesized to play a key role in the kinetic 
rate enhancement of biological46 and synthetic processes.47–49  
Thus, this study demonstrates that stabilizing through-space 
electrostatic interactions can also be used to control and 
accelerate molecular-scale motion.
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