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Abstract: A [2]rotaxane was produced through the assembly
of a picolinaldehyde, an amine, and a bipyridine macrocycle
around a Cu' template by imine bond formation in close-to-
quantitative yield. An analogous [3]rotaxane is obtained in
excellent yield by replacing the amine with a diamine, thus
showing the suitability of the system for the construction of
higher order interlocked structures. The rotaxanes are formed
within a few minutes simply through mixing the components in
solution at room temperature and they can be isolated through
removal of the solvent or precipitation.

The Copper(I) template system based on 2,9-diphenyl-1,10-
phenanthroline (dpp) ligands,""! introduced by Sauvage and
co-workers in the 1980s,” revolutionized the synthesis of
catenanes, rotaxanes, and knots® and has remained a main-
stay of interlocked molecule synthesis for three decades. In
the early years, the covalent capture of the threaded
intermediates was often carried out through Williamson
ether synthesis,>” but ring-closing olefin metathesis!® and
CuAAC c‘click’ chemistry!” have proved to be effective
methods of choice in recent times.”! Imine bond formation
is a particularly attractive reaction for preparing interlocked
molecules:® it occurs under mild conditions and its reversible
nature allows ‘error-checking’ during the assembly process,
particularly when combined with metal ion coordination.”
Herein, we describe a ligand set featuring a bipyridyl macro-
cycle and a 2-pyridylimine axle assembled around Cu' to form
threaded molecular structures in close-to-quantitative
yields.'""!"] The system is a simple-to-access, high yielding
version of the traditional Sauvage interlocking ligand system.

Upon mixing equimolar quantities of solutions of bipyr-
idyl macrocycle 1, picolinaldehyde 2, amine 3, and Cu-
(MeCN),PF, in MeCN at room temperature (Scheme 1), the
solution immediately turns dark red. 'H NMR spectroscopy
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Scheme 1. Cu'-mediated assembly of [2]rotaxane 4, [3]rotaxane 9, and
imine thread 5. a) Cu(MeCN),PFs, MeCN, RT, 5 mins, 96% (4); 90%
(9). b) MgSO,, CH,Cl,, 318 K, 48 h, 40%.

(Figure 1b) and mass spectrometry (see the Supporting
Information) of the reaction mixture indicate that a single
species, [2]rotaxane 4, is assembled almost quantitatively
within five minutes at room temperature (significantly faster
than imine-based rotaxane formation with octahedral metal
templates®). The use of other solvents, including CH,Cl,,
CHCl;, DMF, MeOH, and THEF, also give high (typically
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Figure 1. Partial '"H NMR spectra (600 MHz, CD,CN, 298 K) for: a) imine thread 5; b) [2]rotaxane 4; c) [3]rotaxane 9; and d) macrocycle 1. Signals
from traces of aldehyde 2 in (a) are colored gray. The spectra for 4, 5, and 9 were measured from the reactions shown in Scheme 1, carried out in

CD;CN with no work up, purification, or isolation procedures.

>80%) yields of 4, but in these cases, the non-interlocked
thread 5 and/or the starting materials are also observed in the
crude reaction mixture. The reason that the yields are so high
for an assembly process that features bidentate ligand motifs
on each component is that the rotaxane is the only possible
product that allows maximal site occupancy®'? with a strict
equimolar ratio of ligands and metal ion, and the reaction is
carried out under thermodynamic control.

The threaded structure of [2]rotaxane 4 is apparent from
comparison of its "H NMR spectrum (Figure 1b) with that of
the non-interlocked thread 5 (Figure 1a) and macrocycle
1 (Figure 1d). As well as shielding of several of the thread
protons (e.g. H,, Hy, H;, Hy, H,) in the rotaxane by aromatic
rings of the macrocycle, the splitting of the macrocycle Hy and
Hi methylene groups into AB systems (Figure 1b) occurs as
a consequence of the macrocycle being threaded by an
unsymmetrical axle. The metal template could be removed by
treating rotaxane 4 with BuyNCN in CHCI; to yield the metal-
free imine rotaxane in high yield (see the Supporting
Information).!"”

Single crystals of the metalated pseudorotaxane deriva-
tive 6 (for synthesis, the see Supporting Information), in
which the bulky stoppers were replaced by methyl groups,
were grown by vapor diffusion of water into a methanol
solution of the pseudorotaxane, and the solid-state structure
was determined by X-ray diffraction (Figure 2a)."¥ The
tetrahedral Cu' ion positions the components in a very similar
co-conformation to that suggested by 'H NMR spectrum of
the structure in CD;CN, with the phenyl rings of the
macrocycle shielding the imine region of the axle and the
bipyridine rings face-on to (and shielding) the phenyl group
attached to the pyridine ring. The X-ray crystal structure of
the reduced form of the pseudorotaxane (7) is shown in
Figure 2b.*! Although the tetrahedral coordination geome-
try of the Cu' remains intact, the relative orientations of the
threaded components is changed somewhat compared to the
imine system, with the macrocycle circumscribing the pyri-
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dine ring of the axle such that the bipyridine rings are no
longer able to m-stack with the thread. The reduced motif can
be used to assemble rotaxanes under kinetic control through
a threading-and-stoppering procedure (see the Supporting

Figure 2. X-Ray crystal structures of the assembly motif in pseudo-
rotaxanes 6 and 7.} a) Imine pseudorotaxane 6; selected bond
lengths: d(Cu-N) =2.009-2.083 A, d(C1-N1) =1.288 A, N-Cu-N
angles: 81.5-141.2°. b) Amine pseudorotaxane 7; selected bond
lengths: d(Cu-N) =2.016-2.203 A, d(C1-N1)=1.473 A, N-Cu-N
angles: 80.7-135.6°. Hydrogen atoms, counterions, and solvent mole-
cules are omitted for clarity. Carbon atoms of the macrocycle are
shown in light blue, carbon atoms of the threads gray; oxygen atoms
red, nitrogen atoms dark blue, and copper atoms orange.
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Information). The Cu' ions can be removed from the reduced
form of the rotaxanes through treatment with an NH;/EDTA
solution (see the Supporting Information). Methods to
directly reduce the imine rotaxanes to amine rotaxanes are
currently being developed in our laboratory.

Replacing monoamine 3 with diamine 8 for the imine
bond forming reaction led smoothly to the formation of
[3]rotaxane 9 (Scheme 1). Again, the assembly of the
threaded product is extremely efficient (90 % yield of isolated
product). The "H NMR spectrum of the [3]rotaxane reaction
mixture prior to work up is shown in Figure 1c, with only
traces of aldehyde 2 (signal at 10.05 ppm) and the [2]rotaxane
corresponding to one ring threaded onto the axle present in
the crude reaction mixture (signal at 8.55 ppm).

In conclusion, we have discovered a simple and effective
ligand set for the assembly of imine-based rotaxanes around
copper(I) ions. The reactions proceed with high yield within
a few minutes at ambient temperature and provide a readily
accessible alternative to the classic Cu'-(dpp), rotaxanes. We
anticipate that this facile method may find application in the
synthesis of a range of interlocked molecular structures.
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was solved by direct methods and refined by full-matrix least-
squares on all F° values to give wR2={Z[w(F,’—F>)/Z[w-
(Fy?)’]}""* = 0.2448, conventional R = 0.0950 for F values of 19324
with Fy?>20(F?), S=0.981 for 1609 parameters. Crystal data
for 7: M,=1095.60 gmol~!, space group P2,/n, a=15.0787(5),
b=15.1937(6), c=22.2986(8) A,  f=92.460(4)°, V=
5103.9(3) A%, Z=4, poa=1426 gem™; Moy, radiation, A=
0.71073 A, u=0.537 mm™, T=150.0(1) K. 18729 points (11357
unique, R;,,=0.0370, 26 < 58.214°). Data were collected on an
Agilent Technologies Supernova diffractometer and were cor-

rected for absorption (transmission 0.926—1.000). The structure
was solved by direct methods and refined by full-matrix least-
squares on all F* values to give wR2={Z[w(F,’—F>)/Z[w-
(Fy»)*}"*=0.0976, conventional R = 0.0598 for F values of 11357
with Fy2 > 20(F,?), S = 1.042 for 669 parameters. CCDC 1013360
and 1013361 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.
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