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CONS P EC TU S

T he ability to design and confer control over the kinetics of the
processes involved in the mechanisms of artificial molecular

machines is at the heart of the challenge to create ones that can carry
out useful work on their environment, just as Nature is wont to do.
As one of the more promising forerunners of prototypical artificial
molecular machines, chemists have developed bistable redox-active
donor�acceptor mechanically interlocked molecules (MIMs) over
the past couple of decades. These bistable MIMs generally come in
the form of [2]rotaxanes, molecular compounds that constitute a ring
mechanically interlocked around a dumbbell-shaped component, or
[2]catenanes, which are composed of twomechanically interlocked rings.
As a result of their interlocked nature, bistableMIMspossess the inherent
propensity to express controllable intramolecular, large-amplitude, and
reversiblemotions in response to redox stimuli. In this Account,we rationalize the kinetic behavior in the ground state for a large assortment
of these types of bistable MIMs, including both rotaxanes and catenanes. These structures have proven useful in a variety of applications
ranging from drug delivery to molecular electronic devices.

These bistable donor�acceptor MIMs can switch between two different isomeric states. The favored isomer, known as the
ground-state co-conformation (GSCC) is in equilibrium with the less favored metastable state co-conformation (MSCC). The
forward (kf) and backward (kb) rate constants associated with this ground-state equilibrium are intimately connected to each other
through the ground-state distribution constant, KGS. Knowing the rate constants that govern the kinetics and bring about the
equilibration between the MSCC and GSCC, allows researchers to understand the operation of these bistable MIMs in a device
setting and apply them toward the construction of artificial molecular machines.

The three biggest influences on the ground-state rate constants arise from (i) ground-state effects, the energy required to breakup the
noncovalent bonding interactions that stabilize either the GSCC or MSCC, (ii) spacer effects, where the structures overcome additional
barriers, either steric or electrostatic or both, en route from one co-conformation to the other, and (iii) the physical environment of the
bistable MIMs. By managing all three of these effects, chemists can vary these rate constants over many orders of magnitude. We also
discuss progress toward achieving mechanostereoselective motion, a key principle in the design and realization of artificial molecular
machines capable of doing work at the molecular level, by the strategic implementation of free energy barriers to intramolecular motion.

Introduction
The time scale on which human beings perceive natural

events is a unique one. The random mutations that occur

in our DNA that power evolution by means of natural

selection may appear impossibly slow, while the mo-

lecular machines that support life ubiquitously across the

plant and animal kingdoms may at times seem impossibly

fast. It is essential that we understand the kinetics of
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biological molecular machines, because their efficient op-

eration by dint of complex mechanisms leads to the ability

to support life as we know it on our planet. For example, the

active transport protein bacteriorhodopsin1 is a biological

molecular machine that uses energy in the form of light to

pump protons across the cell membrane against a concen-

tration gradient, that is, away from equilibrium. It is widely

accepted2 that in order for molecular machines to do work

on their molecular environment, for example, pushing a

reaction uphill away from its equilibrium state, they must

rely on a ratchet mechanism. A considerable amount of

theoretical work has been carried out3,4 toward investigat-

ing the possibilities of employing an assortment of different

types of ratchet mechanisms. Despite the variety of pro-

posed ratchet mechanisms that exist, an oft shared compo-

nent of each depends on the ability of the experimentalist,

by means of an applied stimulus, to raise and lower thermo-

dynamic wells, while manipulating the energy barriers that

border these wells, such that the reaction under considera-

tion is liable to proceed along the most kinetically favored

pathway and not necessarily the most favored thermody-

namic one. As a consequence, in order to employ a ratchet

mechanism in the design and synthesis of artificial molecular

machines, a clear understanding of their operation, together

with an ability to control the kinetic pathways involved in their

mechanisms of switching, are requisite.

In the pursuit of artificial molecular machines possessing

functions and operations that find their inspiration in nature,

a vast number of molecular switches have emerged4,5

as prototypes. Some of the most prominent examples are

capable of demonstrating actuation on amacroscopic scale.

Doubly bistable palindromic rotaxanes,6 which can bend

microcantilevers, rotary motors mounted on surfaces that

can rotate7macroscopic objects, and liquid crystalline elastic

polymers, capable of rotating8 a set of pulleys upon exposure

to light, have all been demonstrated. The design and synthesis

of molecular machines capable of doing work at themolecular

scale, however, have been few and far between.

Molecular switches in the form of bistable redox-active

donor�acceptor mechanically interlocked molecules9

(MIMs) are a typeof switch (Figure 1A) capable of undergoing

large amplitude and controllable relative intramolecular

motion. A firm mechanistic understanding of the kinetics

of their switching behavior has been crucial in the develop-

ment of their potential applications in the context of artificial

molecular actuators10 andmuscles,11 nanovalves12 for drug

delivery vehicles, and molecular memory13 devices. In the

case of molecular electronic devices, which employ these

bistable MIMs as their active binary components, the

kinetics governing their ground-state shuttling behavior is

proposed to be directly linked to the volatility of the device.

In order forMIMs to serve asmolecularmachines that can do

work at the molecular level by means of a ratchet mechan-

ism, control over the kinetics of their relative motions is

crucial. In this Account, we analyze our research over the

past couple of decades on the ground-state kinetics of redox-

active bistable donor�acceptor MIMs.

Mechanism of Switching: The Metastable
State
A similar electrochemical mechanism of switching

(Figure 1B) is shared by all the bistable MIMs discussed in

this Account. In the ground state, these MIMs14 exist as a

thermodynamic distribution between two co-conformations

at equilibrium. The more stable one is given the name

ground-state co-conformation (GSCC), while the less stable

one is called the metastable-state co-conformation (MSCC).

FIGURE 1. (A) Generalized graphical representations of a bistable
[2]rotaxane (top) and a bistable [2]catenane (bottom) undergoing rela-
tive translational or circumrotational movements, so as to interconvert
these MIMs between their ground-state co-conformation (GSCC) and
metastable-state co-conformation (MSCC) at rates determined by the
rate constants kf and kb. (B) Electrochemicalmechanismof switchingof a
bistable MIM, which results in overpopulation of the MSCC that persists
for some time before relaxing back to the GSCC by an amount dictated
by theground-state distribution constantKGS= kf/kb. Note that switching
can also occur by reduction in some cases.
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The distribution of MSCC to GSCC is characterized by a

unitless equilibrium constant:

[MSCC]h
KGS

[GSCC]

where KGS is the ground-state distribution constant. The

kinetics associated with this equilibrium can be ex-

pressed as:

[MSCC]h
kf

kb
[GSCC]

where kf is the rate of the forward co-conformational

isomerism, leading to the GSCC, and kb is the rate of the

backward co-conformational isomerism leading, to the

MSCC. From these two equations, the following relation-

ship is apparent:

KGS ¼ kf
kb

In the case of these bistable MIMs, oxidation or reduction

of the unit encircled by a ring in the GSCC results in a loss of

affinity by the ring and is caused typically by the disruption

of the donor�acceptor interactions and Coulombic repul-

sions or both. This loss of affinity leads to a shift in the co-

conformational distribution toward the unit associated with

the MSCC. Return of the unit back to its original oxidation

state results in a scenario where the MSCC is populated

to an extent that is higher than that found under equilib-

rium conditions. Consequently, the concentration of the

MSCC begins to decrease as it is converted more and more

into the GSCC at a rate proportional to kf until equilibrium

is attained. Under the appropriate experimental conditions,

it is possible to detect the change in concentration of the

MSCC as a function of time. For a detailed mathematical

consideration of the kinetics of this mechanistic model,

see ref 31.

The importance of the role played by the ground-state

kinetics in these bistable MIMs first became clear to us in

the context of molecular memory devices, which employ

these MIMs as the active binary components. In 2000, we

reported15 on the fabrication of amolecular memory device

thatutilizes (Figure2) thebistable [2]catenaneC14þ sandwiched

between top and bottom electrodes in a molecular switch

tunnel junction (MSTJ). The structure of these [2]catenane

molecules consists of a π-electron-poor cyclobis(paraquat-

p-phenylene)16 (CBPQT4þ) ringmechanically interlockedwith

a macrocyclic polyether incorporating a redox-active tetra-

thiafulvalene (TTF) along with a 1,5-dioxynaphthalene (DNP)

π-electron-rich unit. The GSCC for this bistable catenane is

definedwhen theCBPQT4þ ringencircles theTTFunit, and the

MSCC is defined when the ring encircles the DNP unit. The

ground-state distribution constant KGS favors
17 theGSCC over

theMSCC by a ratio of approximately 150:1, at least inMeCN

solution. The need to explain this device behavior resulted in

our postulating that after an oxidation/reduction cycle of the

TTF unit, the MSCC, which has the CBPQT4þ ring encircled

around the DNP unit, is trapped kinetically. The existence of

the MSCC is crucial in the design of molecular electronic

devices that employ these bistable MIMs as the active binary

components and has been a prime motivator for conducting

further investigations18 of the ground-state kinetics in these

bistable MIMs.

Kinetics across Different Environments
Although the existence of the metastable state was a crucial

element in explaining the mechanism of operation of mo-

lecular memory devices based on MSTJs, little in the way of

direct observation of this co-conformation was at hand

initially. The situation, however, changed in 2004. Around

this time, we began19 a systematic electrochemical investi-

gation employing variable scan-rate, variable temperature

cyclic voltammetry (CV) to determine the role of physical

environment on the ground-state kinetics in a series of

bistable redox-active MIMs with the focus on the lifetimes

of the metastable states. The bistable MIMs included both

[2]rotaxanes and [2]catenanes, each one incorporating TTF

and DNP units in its polyether dumbbell or ring component,

mechanically interlocked with either the CBPQT4þ or cyclo-

bis(diazapyrenium-p-phenylene)20 (CBDAP4þ) ring. In order

FIGURE 2. Schematic representation of the switching process of a
bistable [2]catenane C14þ, which occurs in the context of a molecular
switch tunnel junction (MSTJ). The MSCC represents the switch-closed
“ON” state and the GSCC the switch “OFF” state.
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to provide a representative example19 of the data obtained

from variable scan-rate CV experiments and its mechanistic

interpretation, consider (Figure 3A) the case of the bistable

[2]rotaxane R14þ composed of the CBPQT4þ ring mechani-

cally interlocked around a dumbbell containing TTF and

DNP units. Quantification of the first oxidation wave arising

from the TTF unit in the second scan at different scan rates

provides a measure of the amount of MSCC present as a

function of time following an oxidation/reduction cycle of

the TTF unit from which the forward rate constant kf can be

extracted. Using thismethodology, the ground-state kinetics

of a series of bistable MIMs were investigated across differ-

ent physical environments.

As a trend, the relaxation rate constant kf of the meta-

stable state of R14þ was observed19,21 (Figure 3B) to de-

crease by over an order of magnitude as the MIMs were

transferred from MeCN solution (ΔGq(kf) = ∼16 kcal mol�1)

to amore viscous polymermatrix (ΔGq(kf) =∼18kcalmol�1).

A self-assembled monolayer (SAM)22 on gold surfaces of bi-

stable [2]rotaxanes similar in structure toR14þbutwithadisul-

fide tether on one end of the dumbbell was also investigated.

The relaxation of the MSCC was observed to be slowed by

about the same amount on moving from MeCN solution to

the SAM, a situation that can be considered as a “half-device”

in relation to aMSTJ. Transferring the bistable rotaxane from

the SAM to aMSTJ led to a decrease in the rate constant kf by

about another 100-fold (ΔGq(kf) = 21 kcal mol�1). These

examples show that the kinetics of the ground-state shuttling

processes depend heavily on their surrounding environment.

Ground-State and Spacer Effects
The free energy barrier governing the circumrotational or

translational motion in a bistable MIM can typically be

divided (Figure 4) into two components. The first component

is a result of what we refer to here as ground-state effects, a

concept that can be thought of as the energy necessary to

break the noncovalent bonding interactions that serve to

stabilize either the GSCC or the MSCC. Usually, these inter-

actions involve9 (i) face-to-face donor�acceptor stacking

between π-electron-rich and π-electron-poor units, (ii)

[C�H 3 3 3O] hydrogen bonding from polyether oxygens

and protons on electropositive carbons, and, in the context

ofwater, (iii) hydrophobic interactions. In the case of bistable

rotaxanes, side-on π�π donor�acceptor interactions, which

FIGURE 3. (A) The structural formula of the bistable [2]rotaxane R14þ

and the dumbbell D, the graphical representation of R14þ, and its sim-
plified electrochemical mechanisms of switching. In the upper right is
the CV of the [2]rotaxane (top) alongwith its free dumbbell (bottom). CV
Data from ref 19. Reprinted with permission from JohnWiley and Sons. (B)
Plot of the kinetic data for the [2]rotaxane, illustrating that the free energy
barrierΔGq(kf) for relaxationof theMSCC increases from16 to21kcalmol�1

upon changing physical environments from solution to SAMs to a poly-
mer matrix to MSTJs. Figure from ref 21. Reprinted with permission from
AAAS.

FIGURE 4. Reaction coordinate profile illustrating the difference be-
tween ground-state and spacer contributions to the free energy of
activation needed to undergo translation.



486 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 482–493 ’ 2014 ’ Vol. 47, No. 2

Bistable Redox-Active Donor�Acceptor MIMs Fahrenbach et al.

usually occur when the secondary donor (or acceptor) unit

on the thread portion of the dumbbell stacks alongside the

outside of the ring, may lead23 to modest contributions to the

ground-state energy worth around 0.5 kcal mol�1. In some

bistable catenanes, this same type of alongside π�π do-

nor�acceptor interaction is enforced17 by the geometric con-

straints of the structure, leading to significantly greater

contributions to the ground-state energy. The second com-

ponent of the free energy barrier consists of the energy

required to translate the ring across the spacer unit that con-

nects the two different π-electron units in the ring or dumbbell

component together: we refer to this component as the spacer

effect.

In order to illustrate an example of the ground-state effect

in action, consider the following series (Figure 5) of three

bistable [2]catenanes: one C24þ, composed24 of a crown

ether incorporating TTF and a dialkyne unit, mechanically

interlocked with the CBPQT4þ ring; another C14þ,

consisting25 of a crown ether with TTF and DNP units; and

a third19 C34þ containing the same crown ether but invol-

ving a CBDAP4þ ring. In the case of the first [2]catenane,

C24þ, the MSCC, which has the CBPQT4þ ring positioned

over the dialkyne unit, is so unstable compared with the

GSCC that the rate of relaxation is too fast to be measured

(ΔGq(kf) < 14.8 kcal mol�1). This rapid relaxation is a con-

sequence of the fact that the π�π donor�acceptor interac-

tions between the dialkyne unit and the CBPQT4þ ring

are extremely weak, most likely as a result17 of the

HOMO�LUMO energy mismatch, so only a small amount of

energy is required to break up these noncovalent bonding

interactions, allowing circumrotation by the crown ether to

occur. In comparison with the second [2]catenane, C14þ, the

π-donor�acceptor interactions of the DNP unit with the

CBPQT4þ ring in the MSCC are very much stronger compared

with those involving the dialkyne, so the energy required for

the crown ether to undergo circumrotation is substantially

larger. The free energy barrier to circumrotation ΔGq(kf) is

16.7 kcal mol�1. In the case of the third [2]catenane, C34þ,

thedonor�acceptor interactionsbetween theDNPunit and the

CBDAP4þ ring are even greater, so the free energy barrier

ΔGq(kf) to circumrotation by the crown ether is raised to

19.2 kcal mol�1. For additional comparisons of free en-

ergy barriers in bistable catenanes and rotaxanes, see

Tables 119,24,26�28 and 2.19,29�33

FIGURE 5. Reaction coordinate profile for a series of three bistable
redox-active bistable [2]catenanes, C24þ, C14þ, and C34þ, in their
ground states. In each case, although contributions to the free energy
barrier for conversion of the MSCC to the GSCC from spacer effects are
the same, contributions from ground-state effects increase the activa-
tion free energy barrier across the series.

TABLE 1. Rate Constants and Free Energy Barriers for the Ground-State
Circumrotation of Some Bistable Donor�acceptor Catenanes under
Various Conditionse

aWith 0.1MNBu4PF6.
bEstimated using computationalmodels. cCalculated from

KGS, see ref14.
dWith 0.1MNBu4Cl.

eΔGq free energy barriers were calculated by
means of the Eyring equation.
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Steric Spacers
Steric spacers can serve to slow the rate of circumrotation or

shuttling significantly in bistable MIMs. We have more

deliberately sought to investigate, in a systematic fashion,

the effect of steric spacers placed between the two π-

electronic units on the translational motion in bistable

[2]rotaxanes. Resorting to employing degenerate systems

in place of bistable ones as models simplifies both the

synthesis and physical characterization. In one particular

investigation, we have examined34 (Figure 6A) the effect

that a series of three differently sized spacers located be-

tween the DNP units has upon the shuttling of the CBPQT4þ

ring. The three spacers examinedwere tetra(ethylene glycol)

(R24þ), terphenylene (R34þ), and diphenyl ether (R44þ), and

perhaps somewhat unexpectedly, although the free energy

barriers, ΔGq, to shuttling are nearly the same in each case,

their activation parameters, ΔHq and ΔSq, revealed signifi-

cant differences. The rotaxane with the smallest enthalpy of

activation (ΔHq = 12.7 kcal mol�1) is the one (R24þ) with the

tetra(ethylene glycol) spacer, but it also has the highest

entropic penalty (ΔSq = �9.3 cal mol�1 K�1). The rotaxane

R44þ with the diphenyl ether has the highest enthalpic

penalty (ΔHq=14.5 kcalmol�1) yet has the smallest entropic

one (ΔSq =�3.2 cal mol�1 K�1). The rotaxaneR34þwith the

terphenylene spacer occupies the middle ground (ΔHq =

13.6 kcal mol�1; ΔSq = �4.8 cal mol�1 K�1). This investiga-

tion has alerted us to the need to consider carefully (i)

enthalpic effects, emanating from steric bulk, and (ii) in-

creases in entropy, which take place at the transition state,

when introducing steric spacers into bistable MIMs. For

additional comparisons of the effects of different steric

spacers on the free energy barriers in degenerate rotaxanes,

see Table 3.35�44

The ability to modulate the kinetics between fast and

slow rates in a reversible manner in a bistable MIM may

have fundamental consequences for the construction of

artificial molecular machines whose operations depend on

employing a ratchet mechanism. In pursuit of this goal,

we designed and synthesized45 (Figure 6B) a bistable

[2]rotaxane, R54þ, incorporating TTF and DNP units flank-

ing a central tetramethylazobenzene steric spacer. When

the azobenzene unit adopts the trans configuration, the

CBPQT4þ ring, which is mechanically interlocked around

the dumbbell component, experiences a smaller free energy

barrier (ΔGq) to shuttling thanwhen the azobenzene unit is in

the cis configuration. The rate limiting step to recovery of the

GSCC is not the shuttling of the ring over the cis-azobenzene

unit but rather the thermal isomerization of the azobenzene

TABLE 2. Rate Constants and Free Energy Barriers for theGround-State Translation of SomeBistable Donor�acceptor Rotaxanes under Various Conditionsd

aWith 0.1 M NBu4PF6.
bCalculated from KGS.

cEA averaged over the specified range of T. dΔGq free energy barriers were calculated by means of the Eyring equation,
unless otherwise noted.
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unit back to its trans configuration. By trans-to-cis isomeriza-

tion of the azobenzene after oxidation of the TTF unit,

relaxation of the MSCC, following reduction of the TTF back

to its neutral form, can be stopped altogether.

Electrostatic Spacers
We later became interested in studying the effect that

electrostatic spacers have on the ground-state kinetics in

bistable MIMs, in the case where a charged ring component

is present. Some of our first investigations involved46,47

examining a variety of different positively charged spacers

incorporated between two DNP units in a series of degen-

erate [2]rotaxanes. One of these charged spacers included47

(Figure 7A) a bipyridinium dication (BIPY2þ) in R66þ. The

rate of shuttling of the CBPQT4þ ring in this degenerate

[2]rotaxane was slowed to such an extent that we were

unable to measure the rate by dynamic 1H NMR spectros-

copy, indicating the free energy barrier to be greater than

17 kcal mol�1 (D2O, 343 K). In order to gain additional

insight into the heights of these electrostatic barriers,

we performed47 an investigation on the kinetics of a host�
guest complex (Figure 7B) in which the host is the CBPQT4þ

ring and the guest is a DNP unit flanked on each side by

covalently attached BIPY2þ electrostatic barriers. The uni-

molecular rate of dethreading of the [2]pseudorotaxanewas

on the order of 10�7 s�1 in 0.1 M NaCl in H2O. In the

knowledge that electrostatic units have a marked effect on

the rate of threading and shuttling, next we incorporated32 a

BIPY2þ unit into a bistable [2]rotaxane R76þ (Figure 7C)

containing DNP and TTF units and investigated the effect it

had on relaxation of the MSCC following an oxidation/reduc-

tion cycle of the TTF. The rate of relaxation kf of the MSCC is

slowed (ΔGq(kf) = 19 kcal mol�1) approximately 100-fold

compared with the analogous bistable [2]rotaxane without a

BIPY2þ electrostatic barrier (ΔGq(kf) = 16 kcal mol�1).

Following these initial studies on degenerate [2]rotaxanes

with electrostatic spacers, we decided to construct a series of

[2]rotaxanes composed of CBPQT4þ rings mechanically inter-

locked around dumbbells incorporating only a central BIPY2þ

unit flanked on either side by oligomethylene chains (Table 3,

row 4) of varying lengths. These rotaxanes devoid of any

π-electron donors were synthesized44 using a threading-

followed-by-stoppering template-directed protocol reliant on

radical�radical interactions. Presumably, since the CBPQT4þ

ringsencircle theoligomethylenechainsasa result ofCoulombic

repulsion from the BIPY2þ unit and do not experience any

stabilizing noncovalent bonding interactions, the free energy

barrier toshuttlingof therings ispurelya resultof theelectrostatic

spacer with no contributions from ground-state effects. As the

oligomethylene chains of the dumbbells grow shorter, the free

energy barrier to shuttling of the CBPQT4þ rings over the central

BIPY2þ becomes less. This observation can be explained by the

fact that the mechanical bond acts to force the CBPQT4þ rings

closer to the central BIPY2þ unit at shorter chain lengths, which

decreases the amount of thermal energy needed from the

environment to clear the free energy barrier to shuttling, despite

raising the repulsive Coulombic energy. In fact, the Coulombic

repulsionenergybecomes so large in thecaseof the [2]rotaxane

with a dumbbell containing only threemethylenes on each side

of the central BIPY2þ, that the one-electron reduced radical

product becomes stable under ambient conditions in an effort

to minimize charge�charge repulsion!

Mechanostereoselectivity
In a recent publication, we introduced the term mechano-

stereochemical selectivity,18 or mechanostereoselectivity,

FIGURE 6. (A) A series of three degenerate [2]rotaxanes, R24þ, R34þ,
and R44þ, with different spacers connecting two DNP units and the
kinetic parameters characterizing the translational motion of the ring.
(B) A bistable [2]rotaxaneR54þ incorporating a tetramethylazobenzene
spacer. In the cis form, the azobenzene acts as a steric barrier, which
effectively prohibits relaxation of the MSCC following an oxidation/
reduction cycle carried out on the TTF unit.
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to describe, in the case of MIMs or host�guest complexes,

translational or circumrotational motions that happen faster

kinetically along one path than another. To be sure, me-

chanostereoselective motion can only be obtained in

TABLE 3. Rate Constants and Free Energy Barriers to Shuttling in Some Degenerate Donor�Acceptor Rotaxanes under Various Conditionsb

aEA averaged over the specified range of T. bΔGq free energy barriers were calculated by means of the Eyring equation, unless otherwise noted.
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nondegenerate systemswhere the free energy barrier to the

relative movement of the ring is smaller along one direction

than it is along theother (Figure 8A), regardless ofwhich path

actually leads to the more thermodynamically stable state.

In this manner, MIMs and host�guest systems can bemade,

in principle at least, to move away from their equilibrium

distribution of co-conformations.

We have witnessed an example18 (Figure 8B) of mechan-

ostereoselectivity in the case of the [2]rotaxane R76þ in-

corporating BIPY2þ, TTF, and DNP units in its dumbbell

component mechanically interlocked with the CBPQT4þ

ring. The mechanism of switching for this multistable rotax-

ane was studied by variable scan rate CV. Upon reduction of

the BIPY2þ units in both the ring and dumbbell components

to their radical cationic state forming the trisradical R73(•þ),

the diradical dication CBPQT2(•þ) ringmoves onto the BIPY•þ

unit of the dumbbell as a consequence18 of favorable

radical�radical interactions. During reoxidation of R73(•þ),

a one-electronoxidationof theBIPY•þ radical of theCBPQT2(•þ)

ring, which is not spin-paired with that of the dumbbell, occurs

first. The resulting CBPQT(2þ)(•þ) monoradical trication ring

is capable of π-electronic donor�acceptor recognition and

so begins to undergo translation. The CBPQT(2þ)(•þ) ring

is confronted with two choices�it can shuttle toward

either the DNP or the TTF unit. We found experimentally that

the barrier to shuttling of the CBPQT(2þ)(•þ) ring toward the TTF

unit is lowerbyabout1.9kcalmol�1 comparedwith thebarrier

for that toward the DNP unit. We speculate that self-folding of

the TTF unit onto the BIPY2þ unit of the ring served to stabilize

the transition state for shuttling along the TTF pathway. This

lower barrier results in the mechanostereoselective transla-

tional motion. Another possible mechanism, which is consis-

tentwith theexperimental data, is one inwhich the freeenergy

barriers for translation of the ring toward DNP or TTF are the

same, while the barrier for back translation onto the BIPY•þ

radical cation is larger by 1.9 kcal mol�1 for TTF as a conse-

quence of ground-state effects, a process for which the kinetics

happen on the time scale of the CV experiment. This mechan-

ism is not one which occurs by mechanostereoselectivity;

rather the TTF unit is simply the more thermodynamically

stable site for the ring to occupy. Unequivocal examples48

of nontrivial mechanostereoselective motion in MIMs are

few and far between and represent a major challenge in

the field.

FIGURE 7. (A) A degenerate [2]rotaxaneR66þ with a BIPY2þ spacer incorporated between twoDNP units. The BIPY2þ unit increases the barrier to shuttling
of the CBPQT4þ ring on account of Coulombic repulsions to such a degree that it was not able to be quantified by dynamic 1HNMR spectroscopy. (B) The
monomolecular dethreading rate constant for the complex 14þ CCBPQT4þ is 5� 10�7 s�1, a value that corresponds to a free energybarrier of 26kcalmol�1.
(C) The switchable [2]rotaxane R76þ, which incorporates a BIPY2þ unit in between TTF and DNP units. The free energy barrier to relaxation of the MSCC to
the GSCC following an oxidation/reduction cycle carried out on the TTF unit is 3 kcal mol�1 larger than that of the analgous [2]rotaxane lacking the central
BIPY2þ spacer.
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Reflections
As our understanding of the kinetic behavior of bistable

donor�acceptor MIMs has progressed, so too have the

creative ways of controlling this behavior been expressed

synthetically through design or physically by means of the

environment in which they reside. Whether by use of steric

or electrostatic spacers in the transition state or through

the rational design of stabilizing noncovalent bonding inter-

actions present in the ground state, the kinetics of bistable

MIMs can be tuned precisely. The use of sophisticated

spacers, which themselves can be switched between multi-

ple states, is likely to lead to complex switching kinetics that

will challenge our ability to be predictive of their behavior.

Nonetheless, the road toward greater sophistication is ex-

actly the one that needs to be taken in order to move

beyond the realm of simple switches into the real world of

molecular machines capable of performing meaningful

work. As a means of increasing this sophistication, the

concept of mechanostereoselectivity has significant practi-

cal importance when it comes to designing systems that

operate by a ratchet mechanism. As a crucial ingredient to

their proposed operations, ratchet mechanisms depend on the

ability of the experimentalist to employ precisely the type of

mechanistic reaction pathways that lead to mechanostereo-

selective motion in the context of MIMs, wherein the energy

barrier along one path is smaller than that along the other. By

making use of both electrostatic and steric barriers, as well as

molecular recognitionprocesses thatcanbe toggledusing redox

chemistry,weenvision thatmechanically interlockedmolecular

machines will be able to drive a system thermodynamically

uphill by appropriately coupling it to the directed motion

brought about by the ratchet mechanism of a mechanostereo-

selective actuation process. The general principles governing

the kinetics of bistable donor�acceptor MIMs described in this

Accountwill informthedevelopmentof sophisticatedmolecular

machines that do genuine work, and we trust that we are one

step more advanced along this path to molecular machines.
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