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Abstract: A combination of variable-temperatuld NMR spectroscopy and molecular mechanics calculations
have been used to probe the factors that determine the rate of macrocyclic ring rotation in benzylic amide
[2]catenanes. The results show that the interlocked macrocycle dynamics are governed by a delicate combination
of steric effects, intricate inter-macrocyclic arrays of hydrogen bamets; stacking, and T herringbone-type
interactions. A cascade of hydrogen-bond ruptures and formations is the principal event during circumvolution
(complete rotation of one macrocyclic ring about the other) but is accompanied by a series of cooperative
conformational and co-conformational rearrangements that help to stabilize the energy of the molecule. The
experimental picture is consistent both when activation energies are measured from the coalescence of NMR
signals and when rate constants are directly measured by spin polarization transfer by selective inversion
recovery (SPT-SIR) methods. The nature of the circumrotational process means that the precise structure of
the diacylaromatic units has a tremendous effect on the frequency of macrocyclic ring rotation: a 2,5-thiophene-
based catenane rotates 3.2 million-fold faster than the analogous 2,6-pyridine-based system at room temperature!
The polarity of the environment also plays a crucial role in determining the inter-ring dynamics: reducing the
strength of the ground-state hydrogen-bonding network by employing hydrogen bond-disrupting solvents
(methanol, DMSO) increases the rate of rotation by lowering the activation energy for circumvolution (normally

in the region of 1320 kcal mot?) by up to 3.2 kcal moll. This allows exquisite control over the kinetics

of the translational behavior of the individual components of an interlocked molecular system, a key requirement
for their development as nanoscale shuttles, switches, and information storage systems.

Introduction considerable attentidn?® from chemists, physicists, and materi-
als scientists because they combine the possibility of precisely
positioning the individual components of a molecule with that
of changing their relative separation and orientation to order,
ossibly through the influence of external stimuli. Controlling
he location of a macrocycle between two or more nonequivalent

One of the most striking features of catenane and rotaxane
architectures is that their mechanically interlocked components
can, in principle, move relative to one another without breaking
covalent bonds. Such dynamic processes are currently attractin

T UMIST. sites in a catenane or rotaxane has already been achieved as
;nglersit?degl(i)sttugi dilelgcs);gsnab ment of Chemistry. Universit the first step in the development of nanoscale devices utilizing
ress from Octooer 1, . epartment o emistry, university H H

of Warwick, Coventry CV4 7AL, United Kingdom these novel architecturés. However, _molecular machines
(1) (a) de Silva, A. P.; McCoy, C. Rchem. Ind. (London)1994 992. based on catenanes and rotaxgnes will be much more useful

(b) Drexler, K. E.Annu. Re. Biophys. Biomol. Structl994 23, 377. (c) when therate or frequencyof their component translations or

mltﬁfcl,%%%n%ggf&él\m'lggg) 273 (3) 114. (d) Ward, M. D.Chem. rotations are tunable through the judicious choice of their
(2) (a) Anelli, P."L.; Spencer, N.; Stoddart, JJFAm. Chem. So2991, structure and operating environméntUnfortunately, despite

113 51313. (b) Ashton, P. R.; Bissell, R. A.; Spencer, N.; Stoddart, J. F.;

Tolley, M. S.Synlett1992 914. (c) Ashton, P. R.; Bissell, R. A.; @i, (3) For catenanes where structure variations effect circumrotational

R.; Philp, D.; Spencer, N.; Stoddart, J. F.; Tolley, MJSAm. Chem. Soc. dynamics, see: (a) Anelli, P.-L.; Ashton, P. R.; Ballardini, R.; Balzani, V.;
1992 919. (d) Ashton, P. R.; Bissell, R. A.; Spencer, N.; Stoddart, J. F.; Delgado, M.; Gandolfi, M. T.; Goodnow, T. T.; Kaifer, A. E.; Philp. D.;
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Benniston, A. C.Chem. Soc. Re 1996 25, 427. (i) Ashton, P. R; see: (b) Ashton, P. R.; Ballardini, R.; Balzani, V.; Credi, A.; Gandolfi, M.
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tremendous recent advances in the synthesis of catenanes and

A
rotaxaned, little is known about the mechanisms by which (—\
mechanically interlocked components move with respect to each
other. Here we present the first study where experimentally 0] \)

determined energy barriers of macrocyclic ring rotation, one of
the most interesting and important kind of dynamics found in
catenane systems, are accurately simulated by theoretical
modeling studies of the ring rotation mechanism for three
significant examples of benzylic amide [2]catenanes.

Benzylic amide [2]catenants9 are among the most acces-
sible of interlocked molecules, most conveniently produced from
the eight molecule condensations of 1,4-benzylic diamines and B
aromatic 1,3-dicarbonyl chlorides. The hydrogen bond-driven (ii)
process responsible for their assembly is remarkably structurally
tolerant and a diverse series of benzylic amide [2]catenanes has
been produced, many of which exhibit qualitatively very (i) pirouetting of ring A; shuttling of ring B
different dynamic behavior. For example, the macrocyclic rings
of some benzylic amide catenanes, elgand3, rotate rapidly
about one another at room temperature in polar solvents giving .
rise to relatively simpléH NMR spectra® In contrast, the
rings of the pyridyl catenan2 rotate only slowly on the NMR
time scale below 100C and catenanes with substituents at the
5-position of the isophthaloyl unit, such as the methyl-substituted interlocked component it can properly be defined as a “circum-
catenanet, are unable to undergo full circumvolution at 4ll. rotational” or “circumvolutional” action. For the homocircuit
We sought to explain the reasons for these fascinating differ- (i.e., both rings are constitutionally the same) benzylic amide
ences in behavior by correlating experimental data for the rates[2]catenanesl—4 the shuttling and pirouetting processes are
of macrocyclic ring rotation (provided by variable-temperature identical or energetically degenerate and can be conveniently
NMR spectroscopy in both polar and relatively nonpolar thought of as comprising two separate site-exchange processes

(i) shuttling of ring A; pirouetting of ring B

Figure 1. The two possible macrocyclic ring rotations that can occur
in a [2]catenane architecture. For homocircuit catenanes, process i is
identical to process ii; for heterocircuit catenanes, the two processes
are different.

solvents) with modeling studies. (types | and 1) which must each occur at least twice during a
single circumvolution event, as shown fband2 in Figure 2.
o ! The type | process is defined as the complete passing of a
q <= % _@ p-xylylene ring through the cavity of one macrocycle; the type
b NHd HT SN yN Q Il process is the passing of an aromatic 1,3-dicarbonyl unit.
a c <;§- 1 To experimentally probe the dynamics of the benzylic amide
W HN_(O @ o catenane systenis-3 (the energy barrier found for the type |
o \—@J 0 process i4 was the same, within experimental error, as that
found for 1; the type Il process cannot occur) variable-
o temperaturéH NMR spectra were acquired for each catenane
o)_N’—Q*N 0 in solvents that were anticipated to have either small or large
. = H H p 2 effects on the intramolecular, intermacrocycle hydrogen bonding
\ /H,__H which dominates their solid-state structure and is the driving
(o]

force for their formatiorf! 1,1,2,2-Tetrachloroethane (D,-
Cly) proved the most convenient non-hydrogen bond-disrupting
solvent to use because of the wide range of energy barriers
involved (GD,Cly is liquid from 230 to 420 K at atmospheric
pressure) and the generally good solubility of benzylic amide
3 catenanes in this medium (where it was possible to obtain them,
energy barriers measured in CRGIr CD,Cl, proved very
similar to those measured in,B,Cls). For hydrogen bond-
disrupting solvents, the substrate solubilitiesd the temper-
ature ranges requireeimeant []DMSO (a particularly pow-

(4) (a) Schill, G.Catenanes, Rotaxanes and Kn@dtsademic Press: New
4 York, 1971. (b) Amabilino, D. B.; Stoddart, J. Ehem. Re. 1995 95
N 0 2725. (c) Sauvage, J.-;Acc. Chem. Redl99Q 23, 319. (d) Gibson, H.
"@" W.; Bheda, M. C.; Engen, P. TProg. Polym. Scil1994 19, 843. For
octaamide benzylic amide catenanes, see: (e) Johnston, A. G.; Leigh, D.
A.; Pritchard, R. J.; Deegan, M. BAngew. Chem., Int. Ed. Endl995 34,
; ; i 1209. (f) Johnston, A. G.; Leigh, D. A.; Nezhat, L.; Smart, J. P.; Deegan,
Experlme?tal Measurement of Macrocyclic Ring M. D. Angew. Chem., Int. Ed. Engl995 34, 1212. For amphiphilic
Rotational Energy Barriers benzylic amide catenanes, see: (g) Leigh, D. A.; Moody, K.; Smart, J. P.;

. : : Watson, K. J.; Slawin, A. M. ZAngew. Chem., Int. Ed. Eng1996 35,
The additional degrees of freedom inherent in catenane and;y-°c - benzylic amide rotaxanes, see: (h) Johnston, A. G.: Leigh, D. A

rotaxane architectures include both the spinning of a macrocyclic Murphy, A.; Smart, J. P.; Deegan, M. D. Am. Chem. Sod996 118
ring about a fixed axis (“pirouetting”) and the movement of a 10662. (i) Leigh, D. A; Murphy, A.; Smart, J. P.; Slawin, A. M. Zngew.

macrocycle between two or more points on a rotaxane or Chem., Int. Ed. Engl1997 36, 728. For a class of amide-based catenanes
where the macrocyclic rings cannot circumrotate, see: (j) Hunter, G. A.

catenane thread (“shuttling”, Figure 1). If a pirouetting or am. chem. Sod992 114, 5303, (k) Vagtle, F.; Dunnwald, T.: Schmidt,
shuttling operation leads to the complete rotation of a particular T. Acc. Chem. Res.996 29, 451.
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Figure 2. Site-exchange processes for macrocyclic ring circumvolution in homocircuit benzylic amide [2]catenahesda})?2.
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Figure 3. *H NMR spectrum (300 MHz) ofl in [Dg]DMSO at 297 K.

erful hydrogen bond-accepting solv®ntas used for processes inter- and intracomponent conformational, co-conformatiénal,
with coalescence temperatures greater than room temperatureand hydrogen-bonding motif interconversions, are rapid on the
while CD;OD was used to measure energy barriers below the NMR time scale under these conditions. In contrast, iD£
freezing point of DMSO (291 K). Cly at 297 K (Figure 4, spectrum [B]) the resonanced a@ifre
Dynamic 'H NMR Spectroscopy. For the original benzylic ~ 9enerally much broader artd/o sets of signals are observed
amide [2]catenanel, an indication of the importance of for the xylylene ring protons (b and H) and benzylic
intercomponent hydrogen bonding on the dynamics of macro- Methylene protons (Hand H), indicating that now either the
cyclic ring rotation is evident merely from inspection of the P& I Or type Il exchange process is slow on the NMR time
room temperaturéH NMR spectra in the two different types scale. In fact,_ since there |s“only one rey:songnce In spectrum
of solvent systems. The 29741 NMR spectrum ofL in [Dg]- [B] for.Ha, which lies on the nortl°rs.outh. axis, the slower
DMSO (Figure 3) contains the minimum number of signals (e, h_|gher energy barrllerz Process in th's. case must be type
possible (e.g., all 16 xylylene aromatic protons, &bpear as a II. This is confirmed byH,'H-COSY experiments that show
singlet) indicating that both type | and Il processes, and other (6) “Co-conformation” refers to the relative positions and orientations
of the mechanically interlocked components with respect to each other (Fyfe,

(5) Arnett, E. M.; Mitchell, E. J.; Murty, T. S. S. Rl. Am. Chem. Soc. M. C. T.; Glink, P. T.; Menzer, S.; Stoddart, J. F.; White, A. J. P.; Williams,
1974 96, 3875. D. J. Angew. Chem., Int. Ed. Engl997, 36, 2068).
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Figure 4. 'H NMR spectra (300 MHz) ofl in C,D,Cl, at 337 K (A), 297 K (B), and 257 K (C).

that the resolved hland H; resonances are not coupled to each the north-south ends are nef.e., the type | process i is
other (they would be coupled if it were the “nofrtBouth” ends slower than the type Il process!
of the macrocycles that were nonequivalent2df Figures 2a Heating of 1 to 337 K in GD,Cls causes theH NMR
and 5). Furthermore, therHand H, resonances can be assigned spectrum (Figure 4, spectrum A) @fto become as simple as
as the “west” and “east” xylylene rings, respectively, since in the room-temperature spectrum (Figure 3) ip]@MSO, i.e.,
the absence of type Il processes only the west half of the the type Il exchange becomes rapid on the NMR time scale.
macrocycle experiences shielding effects from the enveloping The energy barrier for the type Il processloin C,D,Cls, can
macrocycle (cf. théH NMR spectrum of the methyl-substituted  be calculatetifrom the coalescence temperature and the limiting
catenanei*). chemical shift difference of theshprotons to be 14.5 kcal mol
Significant differences between the room-temperatuia,€ at 307K (Table 2). Cooling to 257 K (Figure 4, spectrum [C])
Cly 'H NMR spectra of catenands(Figure 4, spectrum B) and  leads to freezing out of the type | process. At this temperature
2 (Figure 5) reveal that the structure of the diacylaromatic unit the H;, resonances of are resolved into two distinct signals
of a benzylic amide catenane has a major effect on the pathway(Hra and Hgp) which *H,'H-COSY experiments confirm are
adopted for the macrocyclic ring rotation process. In contrast coupled. However, it is evident from Figure 4 that other
to 1, two sets of resonances are observed for theptdtons dynamic conformational and/or co-conformational interconver-
(Haz and Hyp) of 2 and the xylyl ring resonances {Hand H,) sions are also becoming slow on the NMR time scale at this

appear as an ABB' system }ndicating that the eastwest (7) (a) Sutherland, I. OAnnu. Rep. NMR Spectrost971, 4, 71. (b)
halves of each macrocycle are in fast exchange at 297 K whereassandstim, J.Dynamic NMR Spectroscapicademic Press: London, 1982.
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Figure 5. 'H NMR spectrum (300 MHz) o2 in C,D,Cl, at 297 K.
temperature and the precise coalescence temperatures for various 90°
signals are difficult to determine accurately, as are the limiting
chemical shift differences in slow exchange regimes. Quantita-
tive information about the differences in the rates of macrocyclic
ring rotation for1—3 were thus obtained using a combination
of coalescence temperature measurements and dynamic spin di selpw &
polarization transfer by selective inverse recovery (SPTSIR)

experiments.

The SPT-SIR Technique. The ratesK) and energy barriers aq
of shuttling and spinning processes in interlocked systems haveFigure 6. Pulse sequence for spin polarization transfer by selective
previously?-3 only been measured experimentally by the standard inversion recovery (SPT-SIR) NMR experiments. linitial delay;
NMR coalescence methddwhich gives the rate of intercon- selpw = soft selective inversion (18p pul_se for>1/difference in
version between two states at the coalescence temperaigyre ( freduency of the exchanging signals; sidariable delay encompassing
of the signals, or by simulatidnof the line shape of the g‘ce J;g?t‘fograme of signal exchange; pw hard 90 pulse; aq=
exchanging signals close 1. However, both these methods a '
have practical and theoretical limitations associated with them. Correlating the loss of signal intensity at the nonirradiated site
The determination ofT; is inherently subjective and often  gyver time allows calculation off and thusk at a given
difficult if the signals are even partially obscured or well- temperature. Since only a relative loss of intensity is measured
separated (for example, where aromatic shielding of a proton it does not matter if one of the two exchanging resonances is
is involved in one state but not in the other). Furthermore, opscured, or even if both are unless the overlapping resonances
variable-temperature broadening of signals occurs for many gre themselves exchanging on a similar time scale. SPT-SIR
reasons other than the rate of site eXChange inClUding SOIVentCan even be carried out on Systems where the coalescence
viscosity changes over the temperature range, poor Shimmingatemperature cannot actually be reached (€ ¢, C;D-Cly). A
temperature variation through the sample, precipitation at low fyrther advantage is that since SPT-SIR can be achieved over
temperatures, aggregation effects, and, as described above fo range of temperatures for a molecule, batd and AS of
1, the S|0Wing down of other structural and conformational Spinning or Shutt“ng processes can also be Convenienﬂy and
exchange processes in the molecule. In the case of benzylicaccurate|y calculated by this method. (Previousht andAS
amide catenanes, this last complication includes both €hair have been measured by carrying out coalescence measurements
chair and chairboat/twist boat conformational interconversions ¢ different field strengths or line shape analysis.)
of each macrocycle along with the interchange between different  The SPT-SIR experiments were performed on catenanés
intercomponent hydrogen bonding motifs. with the pulse sequence outlined in Figure 6 at a range of

An alternative NMR method for directly determining the rates temperatures where the signals for two sites were in slow
of dynamic processes is proton SPT-8Which has none of  exchange (for example,sHand H, in Figure 4, spectrum B, to
the disadvantages listed above but must be carried out atdeterminek for the type Il process fot in C,D,Cly at 297 K).
temperatures where the proton resonances for the two sites are After an initial delay (d1) of>5xT; of the observed nuclei,
resolved, i.e., in slow exchange. At temperatures where site a soft 180 pulse (selpw) was applied for 1/Af (Af = frequency
exchange lifetimesz, are of the same order of magnitude as difference between the two sites) seconds to one of the
the longitudinal relaxation times of the nucl&i(r~%) can be exchanging sites (e.g.). A delay (d2) allowed exchange of
conveniently and accurately determined by selective inversion the sites after which a hard 9pulse (pw) was applied to acquire
of the signal due to the nuclei at one site with a soft°l@@ise the complete spectrum. By varying d2 over a range (typically
leading to a corresponding loss of intensity of the signal due to from 1ms to 10s) whose limits were short and long with respect
the nuclei at the other site dependent on their rate of exchangeto the site exchange lifetime, a series of spectra were collected
where the intensityl, of the signal for the nonirradiated site

>5xT) 0.1ms —>10s

(8) (a) Dahlquist, F. W.; Longmur, K. J.; Du Vernet, R. 8. Magn. ; ; i
Reson.1975 17, 406. For recent examples, see: (b) Ben-David Blanca, varied (e.g.., Table 1) .accordlr.lg to th? rate of site exchange and
M.; Maimon, E.; Kost, D.Angew. Chem., Int. Ed. Engl997, 36, 2216. T, by the biexponential function (which holds when< Ty):
(c) Kelly, T. R.; Tellitu, I.; Sestelo, J. PAngew. Chem., Int. Ed. Engl.
1997, 36, 1866. (d) Abdourazak, A. H.; Sygula, S.; Rabideau, PJWAm. I(t) =1, — Yexp(t/t) + Zexpt/T,) Q)

Chem. Soc1993 115 3010. (e) Frim, R.; Zilber, G.; Rabinovitz, M.
Chem. Soc., Chem. Commui991, 1202. For a review of 2D methods for . . . . Lo .
determining the kinetics of exchange processes, see: (f) Perrin, C. L.; Wherel(t) is the signal intensity at timein seconds|., is the

Dwyer, T. J.Chem. Re. 199Q 90, 935. signal intensity ford, = o, andY andZ are constants.
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Table 1. Experimental Datafor the Direct Determination ok for Table 2
the Type Il Process of in C,D,Cl, at 297 K by Selective Inversion f
Recovery of b N N requency,
AGH, AG* 93 Hz of
dy, s |(observed) I(calculated) difference kcal kcal circmvolution
-1 -1

0.0001 18.59 18.55 0.042 catenane solvent processol™t T,K mol at 298 K

0.0002 18.24 18.29 —0.045 isophthl C,D.Cl4 | 12.3 280 123 72

0.0005 17.51 17.52 —0.008 12.26 258

0.001 16.31 16.32 —0.006 12.27 253

0.002 14.18 14.17 0.009 12.28& 248

0.005 9.41 9.39 0.02 12.22 243

0.01 5.01 5.02 —0.01 isophthl C,D.Cl, 1 1452 307 145

0.02 2.07 2.12 —0.05 14.47 297

0.005 1.74 1.84 -0.1 14.47 293

0.1 2.75 2.77 —0.02 14.48 288

0.2 4.60 4.53 0.07 14.4% 283

0.5 9.16 9.02 0.14 isophthl CDsOD | [ 16 000

1 14.42 14.37 0.05 Isophthl CDsOD¢ 1 11.3% 233 113

2 19.98 20.17 —0.19 11.34 230

5 24.12 24.19 —0.07 11.3¢ 228

10 24.66 24.53 0.13 11.28& 225

a|(observed)= observed intensity of ki I(calculated)= intensity a Calculated by coalescence measuremér@alculated by SPT-SIR.
of Hy, calculated froml(t) = l. — Y exp(—t/t) + Z exp(—t/T1) with ¢ AG* too low to measure because of insolubility of substrate at low
the best-fit parametets = 24.53;Y = 17.97;7 = 0.0066;Z = —23.68; temperatures® Similar values ofAG* were obtained with a solvent
T, = 1.2. Error in data fitting ofr = +0.00009.kog7 = 151+ 3 L. mixture of 10%CROD and 90%CDGl or C,D,Cl,.

Table 3
26- W frequency,
B e + AG*T, AG*zg& ) (HZ) Of.
kcal kcal circmvolution
22 catenane  solvent processol T,K mol?  at298K
. A pyridyl 2 C;DCl, I 11.3% 238 11.3 0.003
18t 11.3% 235
| 11.39 233
I 11.3P 230
T 14 ‘!" pyridyl 2 C,D,Cl,4 20.50 373 205
5 20.46 368
R I 20.6F 363
b5 20.52 360
= . pyridyl 2 [Dg]DMSO I c 0.2
pyridyl 2 [Dg]DMSO |  17.% 373 179
18.08 363
17.9% 358
17.88 353
17.8% 343
17.8% 340
S A abSee Table 2¢ AG* too low to measure because of freezing point
d2[s] of solvent.
Figure 7. Five parameter biexponential fit for the experimental data Table 4
(Table 1) for the direct determination kffor the type Il process of
in C;D,Cl, at 297 K by SPT-SIR of H. frequency,
AG*T, AG¢298, ) (HZ) Of_

7, and hencek, was obtained by fitting (e.g., Table 1 and kca}'l kc"i'l circmvolution
Figure 7) the observed intensities of the nonirradiated peak to cgtenane solvent _processnol”® T,K _mol at298 K
the five parameter biexponential eq 1. tE!OpE3 CZDZC:4 I a 5 9600

Having established directly (SPT-SIR) or indirectly (from ~ tMoph3  CDCla ﬁ'g? ggg 116
coalescence measurements) for the resolvable type | and I 1162 222
processes for catenan&s 3 in both types of solvent, energy 11.62 220
barriers were estimated using an extrapolation (eq 2) of the thioph3 CD;OD Il c 28 000
Eyring equation which assumes that all of the molecules thioph3 CD:OD? | ~ 10.99 210 11.0
reaching the exchange process transition state cross to the other ié'gi %g;

7 .
side: 10.93 200
_ a See footnotes, Table 3.° See footnotey, Table 2.¢ See footnote
AG* = aT[10.319+ log(T/K)] ) o Tameld
wherea = 4.575x 1073 (for AG* in kcal mol2). of both coalescence and SPT-SIR NMR experiments are

To provide a common framework for comparing the dynamics summarized in Tables-24. The errors in the absolute values
of the different catenanes and different solvent types, the sameof AG* are estimated a#0.2 kcal moft! and include ap-
equation was used to estimate circumvolution rates at 298 K, proximations inherent in the Eyring equation, instrumentation
under the assumption that this energy barrier is rate determiningand, where used, the NMR method of coalescence. Errors in
and is passed twice in a single circumvolution event. The results the relative values oAG* (e.g., the differences betweexG*
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for 1, 2, and3 in particular solvents or the decreasesAG* has made it a standard complementary tool of experimental
upon addition of CROD to a GD,Cl,4 solution) are certainly ~ work. As usual, the synergy with the experimental results is
much smaller, particularly when based lomeasured by SPT-  the best criterion by which to judge the accuracy of the method.
SIR (as shown by the error treatment of the experimental dataLocation of the stationary points comes with the important
in Table 1), and overall are estimated4ad.1 kcal mof™. advantages of (i) being able to depict the structure of the
Rates of Circumrotation. The results outlined in Tables molecule when it passes through the (highest) barriers along
2—4 confirm quantitatively that benzylic amide catenanes as a the circumrotation pathway and (i) being able to represent the
class exhibit truly extraordinary structure-dependent dynamic infinitesimal motion responsible for the circumrotation at the
behavior. In GD,Cls, the macrocyclic rings of the thiophene- top of the barrier(s). The combination of the two pictures
based catenargrotate 3.2 million times faster (9600 compared affords genuine physical insight into the circumvolutional
with 0.003 Hz) at room temperature than the pyridine analogue motion of the interlocked macrocyclic rings and the factors that
2! Having such a wide time scale available for dynamic govern the process.
processes augurs well for “designing in” the particular operating  The calculations reported here are for isolated molecules, the
frequency required for using these types of mechanically inclusion of polarization and viscosity effects was not attempted.
interlocked subunits in nanoscale devices. Some of the key The results are, accordingly, best compared with the NMR data
reasons behind these remarkable variations in dynamic propertie®btained in apolar solvents. We emphasize that the present
were elucidated through modeling studies and are discussed irsimulations have only a qualitative or semiquantitative value,
the following section. but it is expected that while some of the energies of the transition
The differences between the rotational energy barriers in polar states may be affected by factors not considered in this treatment,
and nonpolar solvents illustrate that in addition to varying the the geometrical nature of the passing through of the aromatic
catenane structure, the nature of the local environment can bel,3-dicarbonyl and thp-xylyl units will remain essentially the
used to “fine-tune” energy barriers and therefore allow even Same since they are mainly governed by intramolecular,

greater control over circumvolution rates. A 3.2 kcal nfol ~ intermacrocycle interactions.

decrease inAG* is observed (a 220-fold circumvolution The NMR studies ofi—3 prove that site-exchange between
frequency increase at 298 K) farwhen changing solvent from  the various interchangeable protons occurs with specific as-
C,D,Cls to CD:OD. However, the same reduction in aettion sociated energy barriers. In all three cases the complete
energy can be achied using a 9:1 @D,Cl,/CDsOD mixture! circumvolution of a macrocyclic ring is accomplished in (at

Accordingly, the room temperature (for example) rates of least) four steps (Figure 2a,b). Each step has its own barrier
circumvolution of1 can be chosen to be any value between 72 which, to a first approximation, is likely to be due to the bulkiest
and 16 000 Hz by controlling the concentration-%) of groups of a fragment that passes through the cavity of the other
CD30D added to a solution df in C,D,Cls. This appears to macrocycle. Since the X-ray structure of the isophthaloyl
be a powerful general method for controlling the dynamics of catenane X) was availablé? a series of rigid rotations was
benzylic amide catenanes since similar trends (albeit over applied to the coordinates of one of the two macrocytl@he

slightly smaller frequency ranges) are seen for caten2aesl molecular geometries generated in this way were then optimized

3 and in peptide-based molecular shutfles. with the aim of locating energy minima and transition stafes.
The transitions states for the threading through of the two

Modeling the Circumrotational Process different phenyl units were located and subjected to a shake up

) procedure to ensure that they corresponded to the lowest energy

As demonstrated by thtH NMR energy barrier measure-  ransition states. In Table 5, the characteristics of such states
ments in different types of solvent, the principal events are summarized for the isophthaloyl)( pyridyl (2), and
surrounding the circumrotational process entails hydrogen bondthiophenyl @) catenanes. ThaG¥ is obtained with the entropic
breaking and formation. Because of the flexible nature of the factor calculated in the harmonic approximation.
catenanes, the molecules can readily rearrange to create other Tp¢ modeling results obtained are in good-to-excellent
weakly binding interactions. The circumrotation must therefore agreement with the experimental NMR data. The strong effect
occur as a cooperative process of assembly and disassembly of, the barrier to the passage of tiexylyl group upon

hydrogen bonds (be they normal or bifurcatedjstacking substitution of the phenyl group of the isophthaloyl moiety by
interactions, and phenybhenyl T-shaped herringbone interac- 5 pyridine ring is particularly well simulated. Also the decrease

tions. The exponential increase in the number of variables 10 o the activation energies for the circumvolution of the thiophene
consider requires a computational approach able to unravel thegatenane is well-reproduced. Only partial agreement is found
complex features of such a dynamic system. Molecular o the pyridyl catenane: the larger barrier is predicted ac-
mechanics is particularly well-suited for this sort of problem.
Two possible treatments come to mind: the first is to run a  (9) () Dudek, M.; Ponder, J. Comput. Chem1993 16, 791. (b)

; ; ; ; _Kundrot, C.; Ponder, J.; Richards, F..Comput. Cheni991, 12, 402. (c)
molecular dynamics simulation of the catenanes where circum Ponder, J.: Richards, B. Comput, Chent987 8, 1016.

rotation would appear as a “rare event’. The second is t0  (10) (a) Allinger, N. L.; Yuh, Y. H.; Lii, J.-H.J. Am. Chem. S0d989
explore the potential energy surface in terms of stationary points, 111, 8551. (b) Lii, J.-H.; Allinger, N. L.J. Am. Chem. Sod.989 111,
local energy minima, and transition states. The calculated 8566. () Lii, J.-H.; Allinger, N. L.J. Am. Chem. Sod989 111, 8576.

barri | th int . Id th (11) Some of the required parameters of the MM3 force field (e.g., the
energy barriers (plus the zero point energies) wou €N pending and torsional energy contributions arising from conjugated amide

correspond to the enthalpic contribution of the conformational groups) were not available from commercial or public domain sources and

and co-conformational modifications. We favored this second Were extrapolated from similar, parametrized functional group types.

: : fren ; : : (12) Deleuze, M. S.; Leigh, D. A.; Zerbetto, F. Manuscript in preparation.
approach despite the considerable difficulty in dealing in a In this paper a full description of the many minima energy structures and

systematic way with the very large number of stationary points transition states of the benzylic amide catenanes will be given along with
of the co-conformational potential energy surface of these full details of the modeling methods.

molecules. The calculations were performed with the TINKER (13) For the purposes of this study, a transition state is defined as a point
) on the potential energy surface whose energy gradient with respect to nuclear

suite of prograntsusing the MM3 force field** The choice displacements is zero and whose Hessian matrix is characterized by only
of the force field was made because of its widespread use thatone negative eigenvalue.
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Table 5.  MM3 Characterization of the Transition States for the interaction between a nitrogen atom with the core of a phenyl

Passing of Various Groups in the Circumrotation of the Isophthaloyl group (both of which have a negative charge leading to a

(1), Pyridyl (2), and Thiophenyl (3) Catenanes destabilization that is reflected in the dramatically warped shape
AEF,  AHY, transition state of the phenyl group ir2), (b) because the additionahdoNH

+ a i
catenane processmorl mo S\ Gt frequency omi  bond reverts to thexorotamer in the transition state thereby
isophthl | 121 106 —6.5 12.6(12.3) 19 Er?akmg tfhi thk"ro(lj N(pyr)l-)H—dl\_l brldge,lgn(_j (C.). berc]:gusde the
isophth1 I 144 137 —46 151 (145) 19 alance of the hydrogen-bonding contributiorfirs s ifted to
pyridyl 2 | 186 17.6 —9.8 20.5(20.5) 31 one pair of bifurcated hydrogen bonds and two regular hydrogen
pyridyl2 1l 148 141 —12.7 17.9(11.3) 17 bonds in the transition state.
thioph3 [ 12.0 111 1.9 10.5(11.6) 11 i iti i ;
thioph3 t 53 50 -121 86() 33 (iv) The tr§n5|t|on st'at? for the”pass.lng through of the pyridyl
I 54 47 —15 42() 34 fragment (Figure 8d) is “parallel” as in the case of the type Il
I 54 53 —02 52¢) 33 process inl. It has two pairs of bifurcated hydrogen bonds

and one regular hydrogen bond and the same number of
N(pyr)---H—N bridges as the low-energy structure (Figure 9b).
(v) The low-energy structure o8 is relatively poor in
| hydrogen bonds compared to thosel@ind2 and contains only
four O---H—N regular hydrogen bonds. The transition state
for the passing through of thexylyl unit (Figure 8e) is similar
to that of 1 (Figure 8a), i.e., through a “perpendicular”
arrangement. The strength of the interactions is now decreased
The simulations provide the description of the molecular by the smaller size of the five-membere_d thiophe_ne ring which
allows the system to release some steric constraints and avoids

shape at the transition states which are shown in Figure 8the ossible insuragence of repulsion between a negativel
together with the nuclear displacement that triggers the catenane P Y P 9 y

rearrangement toward the minima. Some features of the polarized S atom and the negatively polarized core of the passing

transition states are immediately evident, others are morepheny_ll_ﬂng' . for th . f the thioph .
difficult to visualize using this two-dimensional representation (vi) The transition state for the passing of the thiophene unit

(the coordinates of the structures are provided as Supportingfl_':h'.gur,e 8f) is calculated to ]E)ethmuph Iowerdthﬁn atll'l'tthe ofthti(s.
Information), and the following features are of particular IS 1S a consequence of the increased Tiexipiiity ot this
interest: macrocyclic ring system which is also reflected in that more

(i) The geometry (Figure 8a) of the transition state for the than one transition state is found for this site exchange. A
9 ry (g unifying feature of all these transition states, however, is that

passage of p-xylyl unit of one (yellow) macrocycle of catenane - . .

e . . they resemble the global energy minimum (Figure 9c) with a
1inside the cavity of the other (green) macrocycle is character- - / p e
; . : stack of four parallel thiophene rings (labelet-r—z—x" in
ized by one fewer pair of bifurcated hydrogen bonds than the Figure 8)
X-ray structure (Figure 9a). However, thexylyl fragment 9 :

forms a phenytphenyl T-shaped interaction with thecH b Twol_furth(_aorl pow:ts are wprth emtprt1_a3|z_|ng:ht_htre”f|rst IS thtatd
hydrogen of an isophthaloyl group of the other macrocycle enzylic amide caténane circumrotation IS a highly concerte

which helps to reduce the energy of this structure. This process that occurs via the disruption and partial reconstruction
arrangement leads us to call this type of transition state of_the|r intricate hydrogen bonding networks. To %Ccomm(’d?‘_te
“perpendicular”. A further stabilizing interaction is due to one EE'S :he c_atetn?nes igsort ftto ? nll(J_mbe_rtof e>;_ped|entrs] ent|a|I|ng
of the two pairs ofr-stacks of the X-ray structure that is now € transient formation Ofr-stacking Intéractions, phenyl
upgraded to ar-electron triple decker sandwich (labele-* phenyl T-shaped interactions and amide bond rotamerization
7—a" in Figure 8a) which reduces considerably the energy required for the rotational
(ii) From the structure of the transition state shown in Figure process. Thg second point is that the gpatlal_(re)arrangem(_ants
8b, it can be seen that the passage of an isophthaloyl udit of of the atoms in each transition state furnish a simple explanation

; . . for the large variation in dynamic behavior observed experi-
also occurs via a&-electron triple decker sandwich, an arrange-

ment which directly reduces the steric interactions as well as mentally through the NMR experiments. In particular, the
contributing some additionat—z stabilizing interactions lead- increase in the barrier (from the isophthaloyl to the pyridyl

; > N ; " ) o catenane) for the passage of fhraylyl unit is caused by the
lsrlgtgsrtl(; g eglnnle I}:jrah p;rgllgln tgimﬂgogséafésﬂgfttr:nSgi'ror;f combined effect of depriving the system of a binding phenyl
bifurcated h ()Jl/ro en gondg that were present in the pX-ra phenyl T-shaped interaction and replacing it with the interaction
structure ydrog P Y between two negatively polarized centers, plus a steric constraint

. . that forces the rotamerization of a NH group fremdoto exo
(iid) The Iow-energy cp-conformgr l,Jt,'I'Zed (Elgure 9b) for by breaking a positive (hydrogen bonding) interaction in the
the pyridyl catenang is slightly but significantly different from

ridyl catenane.
the X-ray structure of the isophthaloyl catenatl {he principal pynay

h being that £ th idv] les h Overall, the theoretically determined activation barriers
change being that one of the pyridyl macrocycies has an compare extremely well with those determined experimentally.
additionalendo(to the macrocyclic cavity) NH bond rotamer.

This allows both an additional N(pyf)H—N bridge and three Although, the full exploration of the potential energy surface

. . . n nami f the circumrotation is still in progr
pairs of blfurcat_ed hyd_rogen bonds instead of the two r?‘g“'ar Srgsgr{t ?esSEsole;de UCS ig beolfg\t/g thsats\t/ve ha?/(g gcgs'?l?rid the
and the wo pairs of bifurcated hydrogen ppnds found in the essence of benzylic amide catenane circumvolution.
X-ray structure ofl. In general, the transition states of the
pyridyl catenane (Figure 8c,d) still closely resemble those of Conclusions
its isophthaloyl analogue. The large energy difference between Solvent effects and structural modifications can induce large
the passing of the respectiyexylyl moieties arises from (a)  variations in the rate of circumrotation of benzylic amide
substituting the phenylphenyl T-shaped interaction with the catenanes [which can range from the sub-microsecond time scale

aThe experimental value inD,Cl, (from Tables 2-4) is given in
parentheses.

curately, but the second barrier is overestimated by 6.6 kca
mol~1. This result, along with its very strong entropic contribu-
tion, makes us believe that, in contrast to the other five transition
states, solvent effectsnot included in the simulatiorsmay be
very important in the energetics for this site exchange.
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Figure 8. Catenane co-conformations and infinitesimal displacement vectors of the transition states for (a, upper left) the papsigtylafimit

of the yellow macrocycle through the cavity of the green macrocycle in the isophthaloyl catenane (type | prage$s upper right) the passing

of an isophthaloyl unit of the yellow macrocycle through the cavity of the green macrocycle in the isophthaloyl catenane (type Il ptiic@ss in
middle left) the passing of a-xylyl unit of the yellow macrocycle through the cavity of the green macrocycle in the pyridyl catenane (type |
process ir2); (d, middle right) the passing of a pyridyl unit of the yellow macrocycle through the cavity of the green macrocycle in the pyridyl
catenane (type Il process B); (e, lower left) the passing of pxylyl unit of the yellow macrocycle through the cavity of the green macrocycle

in the thiophene catenane (type | proces8)in(f, lower right) the passing of a thiophene unit of the yellow macrocycle through the cavity of the
green macrocycle in the thiophene catenane (type Il proce3s Mitrogen atoms are shown in blue; oxygen, red; hydrogen, white; and sulfur,
orange.

(e.g., thiophene catenardeat elevated temperatures in polar tions. Although these are the principal factors governing
solvents) to many hours to achieve a single circumrotation (e.g., circumrotation, the negative effects of amiegmide hydrogen
pyridine catenan@ at low temperatures in nonpolar solvents)] bond breaking are partially countered by a large number of
allowing tremendous control over the kinetics of a mechanically cooperative conformational and co-conformational rearrange-
interlocked molecular system. A combination of NMR spec- ments that bring about the formation of multiple inter-macro-
troscopy and molecular modeling explains the reasons behindcycle z—x stacks, T herringbone interactions and other hydro-
this by showing that the steric effects associated with the passinggen bonding motifs thereby reducing key energy barriers along
of bulky groups that hinder macrocycle circumrotation are the circumrotational pathway and speeding up the macrocyclic
accompanied by a cascade of hydrogen bond ruptures/forma-ring rotation process.
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Figure 9. Low-energy hydrogen-bonding motifs for (&)(taken from the X-ray crystal structdfe (b) 2, and (c)3.

Experimental Procedures

NMR experiments were carried out on Bruker AC300 (300 MHz)
or Varian 500 (500 MHz) spectrometers (SPT-SIR experiments).

[2](1,7,14,20-tetraaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tet-
rabenzocyclohexacosane)-(¥',14,20-tetraaza-2,6,15,19-tetraoxo-
3,5,9,12,16,18,22,25-tetrabenzocyclohexacosane)-catenane ().
To a stirred solution of triethylamine (1.19 g, 11.8 mmol) in anhydrous
(stabilized with amylenes not ethanol) chloroform (130 mL) under argon
were added isophthaloyl dichloride (0.87 g, 4.3 mmol) in anhydrous
chloroform (130 mL) andp-xylylenediamine (0.58 g, 4.3 mmol) in
anhydrous chloroform (130 mL) simultaneously, over 30 min using
motor-driven syringe pumps. The mixture was allowed to stir overnight
and was then filtered. The filtrate was washedhwit M aqueous
hydrochloric acid (3x 200 mL), then 5% aqueous sodium hydroxide
(3 x 200 mL), and finally water (3x 200 mL). The organic layer

was then dried over anhydrous magnesium sulfate and concentrate

under reduced pressure to afford 0.23 g (20.1%) of cateridnéHigh
purity material was obtained by recrystallization from
dimethylformamide: mp 318C (decomposesfH NMR (300 MHz,
[De]DMSO) 6 8.62 (8H, s, H-d), 8.05 (4H, dJ = 1 Hz, H—c), 7.88
(8H, dd,J =8, 1 Hz, H-b), 7.50 (4H, tJ = 8 Hz, H—a), 6.75 (16H,
bs, H-f), 4.01 (16H, bs, H-e); 13C NMR (75 MHz, [DsJDMSO) ¢
168.9, 141.3, 138.4, 133.7,132.4, 130.8, 130.0, 46.9; FAB-M$BA
matrix): m/z 1065 (M + H)*, 533 (M/2 + H)*. Anal. Calcd for
C64H5603Ng: C 722%, H 53%, N 10.5%. Found C 719%, H 5.5%,
N 9.8%.
[2](1,4,7,14,17,20-hexaaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-
tetrabenzocyclohexacosane)-(#,7,14,17,20-hexaaza-26',15,19-
tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocyclohexacosane)-cat-
enane (2 To a stirred solution of triethylamine (0.40 g, 4 mmol) in
anhydrous chloroform (100 mL) under argon were added pyridine-
2,6-dicarbonyl chloride (204 mg, 1 mmol) in anhydrous chloroform
(20 mL) and p-xylylenediamine (136 mg, 1 mmol) in anhydrous
chloroform (20 mL) simultaneously, ove h using motor-driven
syringe pumps. The mixture was allowed to stir overnight and was
then filtered. The filtrate was washed it M aqueous hydrochloric
acid (3 x 60 mL), then 5% aqueous sodium hydroxidex30 mL),
and finally water (3x 60 mL). The organic layer was dried over

[Dg]DMSO) 6 9.28 (4H, m, H-t), 8.79 (4H, m, H-c), 8.158.52 (12H,
m, pyridyl), 6.88 (8H, dJ = 7 Hz, H-€), 6.49 (8H, dJ = 7 Hz, H-e),
4.61 (8H, dJ = 5 Hz, H-d), 3.82 (8H, d,J = 5 Hz, H-d); 13C NMR
(75 MHz, [Dg]DMSO) § 167.8, 167.1, 153.4, 153.2, 142.3, 140.7, 132.5,
132.0, 131.7, 129.4, 129.1, 128.7, 46.6, 44.1; FAB-MS\BA
matrix): m/z 1069 (M + H)*, 535 (M/2 + H)*. Anal. Calcd for
CeoHs208N12: C 67.4%, H 4.9%, N 15.8%. Found C 67.1%, H 5.0%,
N 15.3%.
[2](1,7,14,20-Tetraaza-2,6,15,19-tetraoxo-4,17-dithia-9,12,22,25-
dibenzo-3,5,16,18-dicyclopentocyclohexacosane);{Z -dithia-1',7',-
14 ,20-tetraaza-2,6',15,19-tetraoxo-9,12,22,25-dibenzo-3,5,16 ,-
18-dicyclopentocyclohexacosane)-catenane (8)To a stirred solution
of triethylamine (0.58 mL, 4 mmol) in anhydrous chloroform (100 mL)
under argon were added thiophene-2,5-dicarbonyl chloride (209 mg, 1
mmol) in anhydrous chloroform (20 mL) anxylylenediamine (136
g, 1 mmol) in anhydrous chloroform (20 mL) simultaneously, over
h using motor-driven syringe pumps. The mixture was allowed to
stir overnight and then filtered. The filtrate was washed with 1 M
aqueous hydrochloric acid (3 60 mL), then 5% aqueous sodium
hydroxide (3x 60 mL), and finally water (3x 60 mL). The organic
layer was then dried over anhydrous magnesium sulfate, concentrated
under reduced pressure, and purified via column chromatography (3%
MeOH in dichloromethane). The first fraction eluted was identified
as the [2]catenan&) (68 mg, 25%):*H NMR (300 MHz, [Ds]DMSO)
0 8.01 (8H, t,Jpc = 5 Hz, H-b), 7.04 (16H, s, H-d), 6.64 (8H, s, H-a),
4.15 (16H, dJ = 5 Hz, H-c);**C NMR (300 MHz, [D;]DMSO0) 164.7,
145.8, 142.2, 133.4, 131.7, 47.2; FABM8z 1089 (M + H)* and
545 (M/2+ H)*. Anal. Calcd for GgH4s0sNgSs: C 61.8%, H 4.4%,
N 10.3%, S 11.8%. Found C 61.7%, H 4.8%, N 10.2%, S 11.7%.
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