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Origin of Co-Conformational Selectivity in a [3]rotaxane
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Co-conformational selectivity and structdrenergy relationships in a [3]rotaxane are investigated with a
recently developed multiple-sampling and statistical analysis procedure for modeling interlocked molecules
and mechanical molecular devices. The results presented confirm the experimentally observed co-conformational
selectivity. The theoretical calculations reveal that rimigg interactions are very small and ringhaft inter-
component interactions decide the co-conformational preference. In particular, it is found that stronger ring
binding at the central binding station on the shaft than at either of the two terminal binding stations gives rise
to the observed co-conformational preference. Analysis of radius of gyration data shows that co-conformational
isomerism is not strongly correlated to coiling of the shaft.

1. Introduction the rate of macrocyclic ring rotation in benzylic amide [2]-
. L . . catenanes. Such motions are crucial for switching among
As the drive to miniaturize mechanical devices approaches yterent interlocking positions in catenanes. The fundamental
the nanometer scale, mechanically interlocked molecules, suchyqis for the stabilization of molecular complexes was inves-

8 6-17 - . . .. .
as rotaxanes,® catenaned? ' and knot&are currently at- yigated by Raymo et & employing empirical force field and
tracting considerable interest. A rotaxane is a molecular complex o initio quantum mechanical calculations.

con§isting of two types.of components; a long dumbbell-shaped Previously, we demonstrated a computational procedure
c_haln molecule, Wh'c.h is called the shaft, threads one (or_more) capable of successfully modeling systems of interlocked mol-
ring molecule(s), typically acrown ether(s) or cyclodextrln_(s). ecules?425In this work, the procedure is employed and extended
The components are chemically independent but mechanically, ; investigate a multiply stable cationi¢-8 charge) [3]rotaxane,

interlocked so that the complex cannot be dissociated without J o ¢t o ost compiicated molecular-device systems that has
%een modeled to date. This system is of larger size and greater
topological complexity than any system yet modeled with our
'multiple-sampling and statistical analysis procedure. Additional

table rot 1o & functional molecular devi Id complexities not previously modeled include the involvement
stablé rotaxane o a functional molecular Gevice would appear ¢ v, cyclic ring components and three recognition sites on
to be a small one, hence the current great interest in these,

. 2 he shaft. T | thi , [ 10- -
systems. For example, Chiu el &.reported the fabrication of the shaft. To model this system, abbreviated (10-step) geo

. . ; metrical optimizations were performed for a large set of
a bistable [3]rotaxane. The [3]r_otaxane IS C_O”?P”SGO' of_(_Jne S_haﬁstructures. Statistical analysis of the results yields the strueture
and two crown components, W.'th Fhree cationic recognition sites energy profile. Full optimizations were then carried out for 100
Iocate_d on thg shaft fOT the bmdmg of the two crowns, hence |, energy co-conformations to validate the above-generated
there is a deﬂmengy of rings by d.es'gn' The complex s therefore profile, and to obtain further structural and binding details of
topologically equivalent to a single rung on an abacus. Our the system.
primary goal is to study the multiple stability of this system
and identify the origins of co-conformational selectivity.

Because of their large molecular size, the modeling of such
molecular-based devices is a current major challenge to 2.1. Review of Statistical Sampling Methodology.The
computational chemistry. Only recently have advances in functionality of switchable rotaxanes is typically driven by a
computer hardware and software technology brought molecularchange in charge or electronic state, necessitating that an
device modeling into the realm of possibility. Pioneering explicitly quantum-mechanical electronic structure description
modeling studies include work by Leigh etZlreporting the be employed in their modeling. In light of their large molecular
simulation of the rate of circumrotations in a catenane system Size, this constraint leads to a significant computational chal-
by reduced-dimensional quantum-mechanical modeling. Deleuzel€nge. To meet this challenge we combine efficient semiem-
et al?! provided a theoretical description of the lowest energy Pirical electronic structure methodology with a multiple-
pathway for the circumrotation of macrocycles in a catenane sampling and statistical analysis procedure, the details of which
system by using molecular mechanics (MM) calculations to have been presented elsewh&re.
model the molecular potential energy surface (PES) and In brief, the multiple-sampling and statistical analysis pro-
employing unimolecular reaction rate theory. In another MM- cedure is based on the concept that sampling the molecular

based study, Leigh et &.investigated the factors that affect ~potential energy surface (PES) at pointsar-tolocal minima
(stable co-conformations) will produce an approximation to the

* To whom correspondence should be addressed. E-mail: sohlbergk@ fue density of conformational states (DOCS) function. We
drexel.edu. assume that the PE$ (n the vicinity of any local minimum

10.1021/jp056665a CCC: $33.50 © 2006 American Chemical Society
Published on Web 10/04/2006

synthesized so that the number of inter-component binding
stations is equal to or greater than the number of components
multiple-stability results. The conceptual step from a multiply

2. Theoretical Methods
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can be adequately expressed by a quadratic expansion in normal 7
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We define G(f) to be the sum of conformational states
function (i.e., the number of local minima for which the total
energy is less thaf). It follows that
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Figure 1. Schematic drawings of the components of the [3]rotaxane
complex, which consists of the shatie] and two DB24C81b) crowns.

The shaft is partitioned into 13 segments. For clarity, hydrogen atoms
are not shown.

dG(f)

G(f)= 2

is then thedensity of conformational statésnction (DOCS).
It may be showff that if the values of the coordinates at the
minima o; " are located approximately, the relative error
introduced into the DOCS function is linearly proportional to
the error in specifying they™". It follows that a sample of

important for understanding the origins of co-conformational
selectivity. The three binding sites are indexed as 3, 7, and 11
respectively in Figure 1. Throughout the structural assignment
and data analysis, the “nominal ring plane” (nrp) of a ring is
defined using three of the four bridge C atoms on the two
approximate minima contains qualitatively correct information terminal phenyl rings. The centroid of a ring is defined using
about the DOCS. the atoms C5C11 and C16-C22, which tend to be visually

In the present case, we define the “true” PES to mean that close to the ring plane (see Figure 1b).
given by the AM1 Hamiltoniai® (In this statement we ignore 2.3. Subcomponent Conformational Searchinglo obtain
the approximate nature of the AM1 Hamiltonian and accept the starting structures for the rotaxane components, full torsional-
potential energy surface defined by the AM1 Hamiltonian as space conformational searching was performed for the crown
the “true” surface.) To findpproximateminima in this surface, and the neutral (unprotonated) shaft components separately,
we construct various starting structures from rotaxane compo- using empirical potential methods, which resulted in 29 crown
nents whose structures have been optimized to local minimaand 110 shaft conformations, respectively. From the total 29
using an empirical-potential method. We then refine these crown and 110 shaft conformations, two and 16 unique and
starting structures by abbreviated optimization (partial optimiza- chemically reasonable ones were selected for construction of
tion) based on the AM1 Hamiltonian. The abbreviated optimiza- the [3]rotaxane complex. Of the 29 crown conformations, two
tions have the effect of locating approximately the values of unique ones were selected because only in these conformations
o;°". In other words, they°" found by abbreviated optimization  was the cavity sufficiently large to accept the shaft. Of the 110
are in the neighborhood of the true values, i.e., the minima in shaft conformations, 16 were selected as being sufficiently
f are located approximately. A set of approximate minima gives unconvoluted to thread two rings. Selections were made by
an approximate DOCS. Upon full optimization of all structures, visual inspection using a graphical user interface molecular
the predicted DOCS would converge to the true DOCS. The editor. For each of the 16 shaft conformations, each of the three
details of these steps are presented in the subsections to follow—NH— groups was protonated to forsNH,™— by adding one

We use the term “starting structures” for the un-optimized extra H atom to the sphybridized N atom, and therefore the
rotaxane structures as constructed from the components. Theshaft component takes on+e3 charge.
rotaxane structures after abbreviated structural optimization we 2.4. Complex Structure Creation. With the 16 shaft
refer to as “co-conformations” while recognizing that they are conformers and 2 crown conformers, each choice of shaft
in fact approximationsto co-conformations (as defined by an conformer was then individually integrated with two crown
approximate molecular Hamiltonian). A small subset of these components in all possible combinations. (The two crowns were
structures is subjected to full structural optimization, (again at allowed to take on the same or different initial conformations.)

the AML1 level) and we refer to these as “fully optimized co-
conformations.”
2.2. Structural Fundamentals. The [3]rotaxane consists of

The two crowns were placed around two different segments of
the backbone of the shaft, in an orientation where each of the
two chosen segments pierces through the center of its corre-

one dumbbell-shaped shaft and two identical dibenzo-[24]crown- sponding ring component perpendicular to the nrp of the
8 (DB24C8) components. These components are presented ircorresponding ring. Given the equality of the two rings, we
Figure 1. To assist in building and analyzing structures, 13 sub- consider the first half of the shaft (segments7) for the
divisions of the shaft are defined. These are termed “segments”position of one ring, (the position of the first ring is indexed by
and are indexed-113 as shown in Figure 1. The shaft contains ny1), and the whole shaft (segments 13) for the position of
three—NH,™— groups, which serve as binding sites for the two the other ring (the position of the second ring is indexed by
DB24C8 rings. Note that there are two chemically distinct nypy). Considering steric hindrance, the two terminal segments
binding sites. The two terminatNH,™— groups possess the  may be ignored, as well as structures with very closely spaced
same chemical environment, but the chemical environment of rings. Situations considered here incluge= 2—7, npo = 4 ~

the centra-NH,"— group is unique. This distinction is quite 12 with n,, > (npy + 1). All possibilities for the two ring
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TABLE 1: Possible Locations of the Two Ring Components (cylinders rendering) and four final structures (wires rendering)
Indexed by the Segments of the Shaft where the Rings selected to show the range of final structures produced. These
Encircle final crown ring structures include structures that hgueli-
choice choice no. of tatively differentchirality.
for o for ne2” possibilities As further evidence of the flexibility of the crown ring, we
2 4-12 9 note that in the above sample of ring structures, the RMS
3 512 8 displacement of the atoms during optimization is always in the
4 6-12 7 ; .
5 7-12 6 range 1.2-2.0 A. The RMS maximum displacement over the
6 8—12 5 set of ring structures is 2.8 A. These values are in excess of
7 9-12 4 typical bond lengths, indicating considerable structural distortion
total 39 during optimization.
2The location of the first ring component indexed with. ® The To quantify the production of enantiomers of both “left” and
location of the second ring component indexed wigh © The number “right” chirality, we recognize that the backbone conformation

of PQSSibd'e locations of the second ring for each specific first-ring s et py the dihedral angles and apply the sum of all 24 dihedral
F\/\?Sltl_on. Total number of possible combinations of locations for the angles along the ring backbone as an index of chiralit\We
0 ring components. .

computed for the crown ether ring components extracted from
S100 different optimized rotaxane co-conformers, all of which
started from the same initial crown ring structure. The results
are shown in Figure 3a. Note that tBevalues of the optimized
structures tend to cluster near multiples of 360 degrees, and
both positive and negative values are produced. Structures with
equal but opposite values &f have ring backbones that are
mirror images of each other, i.e., opposite chirality. (Technically,
this statement is rigorous only when all dihedral angles are

and orientations3) for each of the two rings, the total number e_xactly e_qual, t_:)ut opposite in ?‘9”-) The histogram along the
of starting structures for the complex generated through this right vertical axis shows that pairs of enantiomers are produced
procedure is 2246416 x 39 x 2 x 2 x 3 x 3). with near equal probability. Very similar results were found

While the two crown conformers used are chiral because theyfor t.he. second starting ring structure a§ shown in Figure 3_b'
have no mirror-plane of symmetry, they lack any atomic chiral ~!tis important to note that the production of rings of opposite
centers. Consequently, interconversion among various crownCh'ra“tY from a single starting structure does not necessarily
configurations is facile owing to the tremendous flexibility of ~generalize to other rotaxanes. Large crown ethers are figfy,
the crown ether backbor?&28Our procedure therefore focuses but other ring structures used as rotaxane components, in
on generating starting structures that broadly sample the possiblg®articular cyclodextrins, cannot readily undergo such intercon-
positions of the rings relative to the shaft, since a ring can readily version and the procedure for generating rotaxane starting
convert conformation upon structural relaxation. To demonstrate Structures would require sampling both relative position and
this assertion, final structures of the crown ether ring componentsdirection of threadingof the rings upon the shaft.
were extracted from 100 different optimized rotaxane co-  For all 22464 [3]rotaxane starting structures, an abbreviated
conformers, all of which started from the same initial crown geometric optimization consisting of 10 optimization steps was
ring structure. Figure 2 shows the initial crown ring structure carried out at the AM1 level. In the language of our statistical

positions are summarized in Table 1. Some redundancy remain
when one considers the symmetrical connectivity of the shaft.
Next, three possibilities were considered for the orientation of
each crown: 0, 60, and 12@the structure at 180orientation

is roughly equivalent to the one at)0 Taking into account all
the possible combinations of the following parameters: shaft
conformations 16), the positions of the two rings (the total
number is39 as shown in Table 1), and the conformatios (

Figure 2. Initial crown ring structure (cylinders rendering) and four final structures (wires rendering) produced upon optimization of different
starting structures of the [3]rotaxane showing the range of final structures produced.
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100 Ring 1 elsewheré*25the MM3 2006438 force field was selected for
. the conformational searching because it has been reported to
800 ~ . «%e o be capable of predicting structural properties of a wide variety

of molecular systems with reasonable accucy? with
discrepancies between the MM3 predicted structures and crystal
structures generally within the range of experimental uncertain-
ties3° Support for the choice of the MM3 force field also comes
from refs 35, 40, and 41, where the MM3 was reported to be
capable of predicting the low energy conformations of crown
-1200 ' ' ' ' ethers, species related to the ring components of the rotaxane
(] 20 40 60 80 100 . .
structure number considered here. It reportedly works well both in the reproduc-
tion of structuré243and conformational energy diferenc@g!
Ring 2 Abbreviated (10-step) optimizations for all 22464 starting

400 | °* o o ® e, %% 00,0 * L4

0 -

-400
-800

sum of dihedrals (degrees)

p 1200 structures and the full geometrical optimizations for the subset
% 800 - of 100 lowest energy co-conformations were performed at the
g 400 4 semiempirical (AM1) level. All semiempirical calculations
2 (single point and geometry optimizations) were performed with
5 0 the GAMESS progrard? Previous success in treating inclusion
2 00 phenomena with semiempirical methétig® provides support
2 to this approximation. Semiempirical methods, like ab initio
O  -800 - ;
c methods, are based on an inherently guantum-mechanical
7 -1200 description of the electronic structure, which is essential for
0 20 40 60 80 100

modeling different charge states, but unlike ab initio methods
] i _are sufficiently efficient for practical calculations on systems
Figure 3. Sum of the 24 dihedral angles along the crown ether ring f this size. AM1 has been found to be qualitatively acceptable
backbone for each of 100 structures produced by optimization of 100 for intermolecular hydrogen bondigthe dominant interaction

starting structures of the [3]rotaxane, all of which contained the same .
starting structure for the ring. Note that the values tend to cluster near P€tween components here. Its performance is reported to be

multiples of 360 degrees. The histogram along the right vertical axis €specially good if comparisons are to be done within a class of
shows the frequency for each group. Results are shown for each of thecompounds, whereirrelative hydrogen bond strengths are
two starting ring structures3@ and 3b). predicted with high accurady.Additional support for the choice
of AM1 to identify conformational preferences in the present

procedure, this approximation brings the starting structures to rotaxane system comes from ref 48, wherein AM1 calculations
approximate co-conformations as defined by the AM1 Hamil- are reported for 60 conjugated organic molecules, many with
tonian. Next, full geometrical optimizations for the 100 lowest-  structural subunits similar to those of many known rotaxanes.
energy co-conformations were performed at the same level, tolt was found that within the chosen set of compounds,
confirm the structureenergy profile and to obtain some fine  conformational preferences were, “quite satisfactorily calcu-
structural details. lated,” an assertion reinforced by work of ia and Caldag®

2.5. Structural Assignment. Systematic analysis of the co-  QOur calculations neglect dispersive forces, but these are not
conformations was performed for the entire set of structures, expected to be sufficiently large to influence any of the
(those optimized for 10 steps) to draw inferences about the conclusions drawn here. For computational expediency, we have
structure-energy relationship. For each structure, the binding thus far neglected solvents (or supporting surfaces). This
site of each ring component was denoted in terms of the shaftapproximation has been demonstrated to work very well for
segment that pierces through the ring. In practice, this is realizedthe ammonium/crown ether interaction chemistry active in the
by finding the segment for which the distance from its midpoint present syster#f,5°as was also reported previously by Ricketts
to the geometrical centroid of the corresponding ring is a et al! Finally we note that the functionality of interlocked
shortest. Next, each structure was assigned as eitfjacent  molecule systems is embodied in their gross structural features,
(prox) or separated(disf), depending on the relative location  which should be captured accurately even at the semiempirical
of the two ring components on the shaft backbone. Given that |evel of theory.
the three ideal potential binding sites on the shaft are on \We have observed that our approach of multiple sampling
segments 3, 7, and 11 respectively, the ideal distance betweerwith abbreviated optimization requires 485 times less
the two ring components is four segments7¢-3) in prox compute time than full optimization of all structures. (On the
conformations, and it is eight segments1{l—3) in dist basis of a representative subset we estimate the average gain to
conformations. After abbreviated optimization, the segments be x38.)
were numbered so that the sum of the ring positions has the . .
smallest possible value and the binding sites of both rings were 3- Résults and Discussion
updated upon full optimization. 3.1. Results from Abbreviated (10-Step) Geometrical

2.6. Computational Details.Conformational searching of the ~ Optimization. We desire to produce a structural-energy profile
rotaxane components was carried out at the MM level, using for the [3]rotaxane that illustrates the structural and binding
the SCAN module in the Tinker softwafé253%-33 where the preference of the system, including the folding of the shaft and
following modes and parameters are used: (1) automatic the binding preferences of the two rings on the shaft. Toward
selection of torsional angles; (2) setting the number of searchingthis end, 22 464 starting structures were constructed here from
directions for local search as 50; (3) 50.0 kcal motnergy MM optimized components and subjected to abbreviated
threshold for local minima; (4) 0.0001 kcal mélA~1 rms structural optimization as discussed in section 2. Systematic
gradient per atom; (5) setting the time limit for each search with analyses of the results were performed to correlate some
unique starting geometry as 1 h. As discussed at length structural features to energy.

structure number
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Figure 4. Binding sites of the two ring components vs energy of the
[3]rotaxane (referenced to the lowest energy co-conformation found)
based on abbreviated geometrical optimizations. Note that there are
two points per isomer.

Radius of gyration

Figure 6. Best-fit normal distribution vs radius of gyration)(in amu
A2 for dist (left vertical axis) ancprox (right vertical axis) structures.
Actual computed radii of gyration are depicted on corresponding

abscissae.
150

_ €100 - distributions are not significantly different at the 95% confidence
g *é 0 - level. This result is in marked contrast to what was observed
£8 el for the [2]rotaxane system studied in ref 24, where displacement
28 of the ring upon co-conformational isomerization opened up

8 30 ] new possibilities for inter-component hydrogen bonding leading

1 2 3 4 5 86 7 8 9 10 11 to coiling of the shatft.

fing-ring separation: segments 3.2. _FuII Geometrical Opti_mization. As disgussed above_,
Figure 5. Histogram showing the number of conformations vs the an?Iy.SIStc.)f the Co_clonforrpatl?nslfromff’;llbbtrhevthted gelc.>tm(.atrllcal
ring—ring distance in segments based on abbreviated geometric ©PtiMization reveals a structural profile that is qualitatively

optimizations. consistent with experiments.To obtain a more detailed
understanding of the structurenergy correlation and estimate
3.1.1. Co-Conformational Preference:prox or dist. Analy- the activation energy for switching between different co-

sis of the binding sites of the two ring components on the shaft conformations, full geometry optimizations were carried out for
reveals the binding preference of the [3]rotaxane. Figure 4 the 100 lowest energy co-conformations found.
presents the binding situation of both rings relative to the energy ~ 3.2.1. Local Conformational ChangeWe have shown that
for each co-conformation, where all co-conformations within a qualitatively correct structureenergy profile may be extracted
50.0 kcal/mol of the lowest energy co-conformation found were from a set of approximate co-conformations. We now show that
considered. Apparently, the lowest energy unique co-conforma- the effect of full optimization, for both approximageox and
tions (those below 10.0 kcal/mol) have the two rings binding distinitial geometries, is to slide the rings along the shaft and
at positions 3, 8 or 4, 7. Considering that the three ideal potential produce more exagirox anddist co-conformations. Shown in
—NH_"-based binding sites are positions 3, 7, and 11 respec-Figure 7 are the two low-energy approximapgox co-
tively, with the two rings positioned four and eight segments conformations Ta and 7b) and the lowest-energglist co-
away in the adjacent and separated situations respectively, weconfirmation 7). It may be seen that the optimizations bring
deduce that the lowest energy conformations prefer to have thethe rings into the exaqtrox (3, 7) positions 7a) and (7b), or
two ring components binding adjacent to each other instead of exactdist (3, 11) (7c) position. After full optimization, the lowest
binding separately at the two ends. Figure 5 shows a histogramenergyprox co-conformation is favored by 5.61 kcal/mol over
of the number of conformations vs the ringng separation  the lowest energylist co-conformation. (While qualitatively
given in segments. It suggests that most structures have twocorrect, this number is likely to be significantly exaggerated
rings binding at positions 3, 4, or 5 segments apart, and thesedue to the neglect of solvent and counteriéf)s.
situations may be identified gsox structures. On the basis of 3.2.2. Structure and Binding.On the basis of the set of fully
the above two cases, we conclude tlpabx structures are optimized co-conformations, in the low energy regime, all
preferred in the low energy regime oveist structures. This structures take-on co-conformations with the two rings binding
result is fully consistent with the experimental determination on adjacentrox) positions rather than separatetisf) ones.
that prox structures are more enthalpically stable. As shown in Figure 8, among the 100 structures chosen for
3.1.2. Radius of Gyration.To further identify the structural  full optimization, a majority of them (a total of 51) in all energy
features of the ensemble of structures we have studied the radiusanges, and all of them (in total, 16) in the low energy region
of gyration for the shaft in all structures with energ$0 kcal/ (those within 5.43 kcal/mol of the lowest energy co-conforma-
mol. This set contains 7Brox and 27dist co-conformations. tion found) have the two ring components binding at positions
These subsets were analyzed separately. Figure 6 shows th€3, 7), which represents the idgaiox co-conformation. (Note,

probability distribution vs radius of gyration:) for the two however, that the optimizations do not necessarily start with
sets of structuresdist structures show an averaged/alue of an exactprox co-conformation.)

13.16+ 0.43 amu & and prox structures have = 12.98+ The binding situation is further illustrated in Figure 9, which

0.35 amu A is based on the results of the 100 fully optimized co-

While Figure 6 shows some slight difference in the distribu- conformations. Again we see clear evidence tipabx-
tions of u betweendist and prox samples, we cannot say with  conformations are preferred over thist ones in low energy
high confidence that there is a statistically significant difference structures.
in the means. Subjecting the use of two sets of data to statistical 3.2.3. Origin of Co-Conformational Preference.On the
analysis we obtained tatest value f5) of 1.89. At confidence basis of the above discussigmpx co-conformations are favored
level of 95% for a total 105 (78- 27) data points, the tabulated overdistones. To identify the origin of this preference, we have
t value (i) is 1.98, (which is> tcg) indicating that the two carried out calculations of the inter-component interactions. The
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Figure 8. Binding sites of two ring components vs energy of the [3]- < . .
rotaxane (referenced to the lowest energy co-conformation found) based 0+ T L— 0
on full geometrical optimizations. 1 2 3 4 5 6 7 8 9 10

o , ring-ring separation in segments

lowest-energy fully optimizedlist and prox co-conformations Fi 9. Hist deicting th ber of struct the dist
were used, and the finging and ring- shaft interactions were e n2 o ring components (in segments) based on ful
analyzed for the three sub-components. Single-point total geometrical optimizations. The Boltzmann-averaged relative energies
energies for the [3]rotaxane complexes and their isolated (right-hand vertical axis) are depicted by open circles, connected by
components were calculated. The results are shown in Table 2.dashed lines to guide the eye. Note that the minimum energies

This analysis shows that the ringing interaction is very correspond to structures with ringing distances of four or eight
small in bothdist andprox co-conformations. Not surprisingly ~ S€gments, dl_.eprox ar}dfd'St structures. 35% Orf] the S”‘?Ct“rebsf V(‘j’!th a
o . . . : . ring—ring distance of four segments have the two rings binding at
itis weaker in thedist case where the separation of '.[he fngs 1S positions 3 and 7, the exact locations of the two adjacent amide groups
greater. (See top section of Table 2.) As presented in the middlegpresenting the two ideal binding sites.
section of Table 2prox co-conformers have stronger ring

shaft binding and are therefore lower in energy tlist co- full complex, therefore, it is essential to consider subcomponent
conformers, although therox subcomponents taken individually ~ structures over a range of energies, as has been done here.
are slightly higher in total energy than thest subcomponents. As a further test, we computed single point energies for a

This is an important result because it shows that the lowest pair of [2]rotaxanes with a single ring on site 3 and 7,
energy complex is not necessarily constructed from the lowest respectively. (See the bottom section of Table 2.) Since the
energy structures of the sub-components. In constructing theterminal binding sites are chemically distinct from the central
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TABLE 2: Energies of Individual Components and Intercomponent Interactions

energy (hartree)

system prox (3,7) dist (3,11) [2]rotaxene
ringl —223.25560 —223.26271
ring2 —223.25522 —223.25660
sum of the two ring components —446.51083 —446.51932
ring1-ring2 complex —446.51054 —446.51928
interaction in ringl —ring2 complex 0.00028 4.E05
shaft —310.51746 —310.51424
summation of the three subcomponent —757.02829 —757.03356
shaft-ring1-ring2 complex —757.19372 —757.184331
interaction in shaft—ringl—ring2 complex —0.16543 —0.15076
ring (pos3)-shaft complex —533.85425
ring (pos7)-shaft complex —533.85833
interaction in ring (pos3)—shaft complex —0.08119
interaction in ring (pos7)—shaft complex —0.08565

aEach [2]rotaxane is formed by deleting one ring from the full [3]rotaxane complex. pos3 denotes a co-conformation with one ring binding at
position 3, and pos7 denotes a co-conformation with one ring binding at position 7

binding site, the strength of ring binding may differ in these interlocked molecule of greater size and topological complexity
two cases and in fact it is found that the ringhaft interaction than any previously treated. Given that the functionality of
is stronger with the ring on site 7(0.08565 hartree) than on  molecular nano devices is embodied in their gross structural
site 3 (-0.08119 hartree). Given that the two rings are features, the ability to reliably reproduce these gross features
essentially noninteracting, a [3]rotaxane with binding at positions suggest that the modeling technique may be useful to accelerate
3 and 7 is lower in energy than a [3]rotaxane with binding at iterative molecular design and refinement for targeted mechan-
positions 3 and 11. Therefore, we conclude that it is the+ing ical properties.

shaft inter-component interactions that decide the co-confor-

mational preference of the [3]rotaxane. In other words, the  Acknowledgment. This work was funded by NSF Awards
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